
Experimental and numerical
investigations of sprays in two
stroke diesel engines

MEK

Department of
Mechanical
Engineering

Fluid Mechanics

Technical
University of
Denmark

Bjarke Skovgård Dam
PhD thesis

May 2007

DCAMM Special Report No. S99





Experimental and numerical
investigations of sprays
in two stroke diesel engines

Ph.D. Thesis by Bjarke Skovg̊ard Dam

Fluid Mechanics

Department of Mechanical Engineering

Technical University of Denmark

Lyngby, 2007



ii

Experimental and numerical investigations of sprays
in two stroke diesel engines

Bjarke Skovg̊ard Dam

Copyright c© Bjarke Skovg̊ard Dam, 2007

Submitted Ph.D. thesis in Mechanical Engineering.
Department of Mechanical Engineering
Technical University of Denmark
DK-2800 Kgs. Lyngby, Denmark
May, 2007

Report MEK-FM-Phd 2007-01 / ISBN 978-87-7475-344-5

Pages: 186

This thesis is typeset using LATEX

Cover graphic: 10 consecutive images of diesel spray obtained at 50,000
frames per second.



Preface

This dissertation is submitted in partial fulfillment of the requirement for
obtaining the degree of Doctor of Philosophy in Mechanical Engineering.
The dissertation is also submitted as partial fulfilment of the degree of Er-
hvervsPhD (Industrial Doctor of Philosophy). The dissertation is based on
research carried out during the period September 2003 to May 2007 at MAN
Diesel, Copenhagen and at the Department of Mechanical Engineering, Fluid
Mechanics Section and Energy Engineering Section, at the Technical Univer-
sity of Denmark. The work was carried out under the guidance of Section
Manager Ph.D. Stefan Mayer, Associate Professor Ph.D. Knud Erik Meyer
and Associate Professor Ph.D. Spencer C. Sorensen and was funded by MAN
Diesel and the Danish Ministry of Science, Technology and Innovation.

I would like to thank my supervisors for their helpfulness and many in-
spiring conversations. Without your help this thesis would not have been
possible.

I would like to thank MAN Diesel for supporting the project. I would
also like to thank all the people at the company for their help and support.
Especially, I would like to thank my colleagues in Department LDF, Process
Development, and Department LDR, Research Laboratory. Special thanks
to Senior Research Engineer, Egon Jensen, whose hard work and innovative
solutions made the experimental work possible.

I would also like to thank my colleagues at the Fluid Mechanics Section
for the friendly environment.

In addition, special thanks goes to Professor Ph.D. Rolf Reitz for letting
me stay at The Engine Research Center at the University of Madison, Wis-
consin in the fall 2004 and for his inspiring supervision during my stay. Also
many thanks to all the great people at The Engine Research Center.

My special thanks shall go to my beautiful wife, Birgitte, for her love
and devoted support when things seemed gray and to my lovely daughter
Katharina whose smile light up my day. Also my biggest gratitude to my
family and friends for their support.



Abstract

The control of the injected spray is important when optimizing performance
and reducing emissions from diesel engines. The research community has
conducted extensive research especially on smaller four stroke engines, but
so far only little has been done on sprays in large two stroke engines. The
latter is the subject of this dissertation.

The theory and experimental findings on diesel sprays are investigated,
including e.g. spray parameters and droplet break up. It is found that no
complete theory is yet present and large challenges lie ahead. Generally, there
is fairly good consensus on which physical quantities have an effect on the
spray characteristics, but there are some discrepancies. It is found that small
differences in setup have large effects on the spray characteristics, especially
differences in nozzle layout have shown a large effect. The nozzles of large
two stroke engines both have different scales and other designs than those
used in the literature, so extending results from the literature will require
experiments on this particular type of setup.

Numerical investigations of diesel sprays are performed using the Eule-
rian/Lagrangian engine CFD code Kiva. In agreement with other authors
it is found that cell sizes applicable in Kiva are inadequate to capture the
scales of the spray. Different approaches on compensating for the too large
grid are tested, and it is concluded that the problem of artificial diffusion of
momentum is the most critical to be solved. A criterion is derived for an ab-
solute maximum grid size for achieving reasonable momentum transfer from
liquid to the gas phase. Even smaller cell sizes are required for e.g. resolving
gradients in the flow field.

An experimental setup is constructed, investigating sprays at atmospheric
conditions, using nozzles and an injection system identical to those of large
two stroke diesel engines. Specially designed single hole nozzles enables in
nozzle pressure measurements. A number of experimental methods are suc-
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cessfully tested, including a high speed imaging system using reflected light,
a low cost shadowgraph system, integral mass measurements and transient
total momentum measurements. A device for qualitative measurements of
spray momentum distribution is also tested but needs further improvements.
The measurements are used to quantify the spray by e.g. finding spray angle,
penetration and discharge coefficients. A cross correlation analysis is success-
fully conducted on data series of spray width, giving the average velocities
of the spray borders at different positions.

The experimental methods are used on four configurations of single hole
injectors. It is found that hole type and upstream conditions has an effect on
both the amount of injected mass and momentum and on spray angle. Some
configurations had the nozzle slide removed to get very stable upstream con-
ditions, which results in a spray with asymmetrical spray distribution. There
is a dense main spray carrying the main part of the momentum, and besides
that there is a disperse region traveling with a lower velocity. The source for
the asymmetrical spray is the upstream conditions, including differences in
nozzle phenomena. For nozzles with the slide, typical turbulent sprays are
observed but border velocity calculations indicate a disperse region close to
the nozzle. The asymmetrical spray distributions means that care should be
taken when using spray parameters like spray angle, for e.g. inlet conditions
for CFD computations.



Resumé

Det er vigtigt at kontrollere sprayen n̊ar ydelsen og forureningen fra en diesel
motor skal optimeres. Derfor er der mange steder blevet udført omfattende
forskning inden for dette omr̊ade, specielt p̊a mindre fire takts motorer.
Forskningen inden for sprays i store to takts motorer er derimod begrænset,
hvorfor det er emnet for denne afhandling.

Teorien og de eksperimentelle resultater inden for diesel sprays er blevet
undersøgt. Der findes endnu ikke en komplet teori og der er mange udfor-
dringer at tage fat p̊a. Der er rimelig god enighed om, hvilke fysiske parame-
tre, der har betydning for sprayen, men der findes dog nogle uoverensstem-
melser. Dette skyldes blandt andet, at sm̊a ændringer i setup kan give store
ændringer i spraymønsteret. For eksempel kan ændring i forstøverdesign have
en stor effekt. Forstøvere fra store totakt dieselmotorer har b̊ade en anden
skala og andet design end forstøvere undersøgt i litteraturen, hvilket gør at
eksperimenter er nødvendige.

Numeriske undersøgelser af diesel spray er foretaget med motor CFD ko-
den Kiva. I overensstemmelse med andre, blev det fundet, at de mulige net-
størrelser i Kiva er utilstrækkelige til at opløse sprayens skalaer. Forskellige
metoder til at kompensere for dette er undersøgt og det er konkluderet, at det
største problem er kunstig diffusion af momentum. Der er udledt et kriterium
for den maximale cellestørrelse for at f̊a en fornuftig momentumoverførsel fra
væskefasen til gasfasen. Der kræves endnu mindre netstørrelse for f.eks. at
opløse gradienter i strømningen.

En eksperimentel opstilling er lavet til spray undersøgelser under atmos-
færiske forhold, med brug af forstøvere og indsprøjtningssystem svarende til
det for store to takt dieselmotorer. Speciel fremstillede ethuls forstøvere
giver mulighed for m̊aling af tryk inde i forstøveren. Et antal metoder er
testet med succes inklusiv, høj hastigheds video med brug af reflekteret lys,
shadowgraph, integral massem̊aler og transient total momentum m̊aler. En
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m̊aler til at finde spray momentum fordelingen er blevet testet, men kræver
yderligere forbedringer. Målemetoderne er brugt til at kvantificere de enkelte
sprays bl.a. ved at finde spray vinkel, penetration og spray momentum. Der
er lavet en kryds-korrelations analyse af dataserier af spraybredden, hvilket
har givet gennemsnitshastigheden af spray kanten ved forskellige positioner.

De eksperimentelle metoder er brugt til at sammenligne fire forskellige
konfigurationer af enkelthulsforstøvere. Hultype og strømningsforhold før
hullet har betydning for b̊ade indsprøjtet masse og momentum, samt for
spray vinklen. To konfigurationer havde glideren fjernet fra forstøveren for
at f̊a meget stabile opstrøms forhold, hvilket resulterede i en spray med asym-
metrisk fordeling af sprayen. Sprayen best̊ar af en tæt primære spray som
indeholder hovedparten af momentum og ved siden af en spredt sekundær
spray, med en lavere hastighed. Kilden til den asymmetriske spray er op-
strøms forholdene inklusiv forskellige forstøver fænomener. For forstøvere
med glider ses en typisk turbulent spray, men de beregnede hastigheder af
spray kanten indikere at der er et omr̊ade med en spredt sekundær spray tæt
p̊a forstøveren. Den asymmetriske fordeling af sprayen gør at man skal passe
p̊a n̊ar man bruger f.eks. spray vinkel til randbetingelse for CFD beregninger.
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Chapter 1

Introduction

Diesel engines are among the most effective engines in the world. The high
efficiency has been obtained through continuous research and development
since the first diesel engine was built by Rudolf Diesel.

In later years there has been an increasing awareness of the environmental
effects of engines, which e.g. has lead to emission regulations on automotive
engines. These regulations have been tightened significantly and further re-
strictions have already been agreed upon. This has lead the automotive
industry to increase research into new techniques, being necessary for com-
plying with future regulations (Somhorst and Juhlin, 2005; Johnson, 2006).

The research of large two stroke engines is lacking behind automotive en-
gines. Firstly, testing large two stroke engines is very expensive due to the
very large size. Furthermore, the number of engines are limited. In spite of
this, the fuel economy and reliability of large two stroke engines far exceeds
the level for the automotive area, and a large two stroke diesel engine has a
thermal fuel efficiency above 50 % (Henningsen, 1998).

For large ships, some countries/states have had emission regulations in
harbours or close to shores, but international agreement on emission regula-
tions was not obtained until 1997.

The international rules were decided by the Internationale Maritime Or-
ganization (IMO) in ’Annex VI of Marpol 73/78 - Regarding the prevention
of air pollution from ships’. The document was ratified in 2004 and entered
into effect in May 2005. Following this all ships built after 1 January 2000
and with a power output above 130 kW must comply with the regulations
(MAN B&W Diesel, 2004b).

The regulations state that the emission of NOx must be below 9.8-17
g NO2/kWh depending on the rated engine speed or exhaust gas cleaning



2

Figure 1.1: Soot and NOx production as function of temperature and equiv-
alence ratio (Katimura et al., 2002).

system. The maximum allowed sulfur in fuel is 4.5 %, which in certain ge-
ographic areas (e.g. the North Sea) is further limited to 1.5 %. Individual
countries can set further regulations on NOx, sulfur or other emission com-
ponents (MAN B&W Diesel, 2004b).

In the future, further restrictions are expected. Some countries have pro-
posed a tightening of 25-30 % on NOx together with regulations on CO, HC
and soot (MAN B&W Diesel, 2004b).

It is generally accepted that increasing the combustion temperature will
increase the fuel efficiency and thereby reduce CO2. Furthermore, soot is
reduced at high temperatures. On the other hand, NOx increases with higher
temperature, giving a tradeoff between NOx with soot and efficiency. For
small engines a substantial research effort is devoted to low temperature
combustion, since a combination of temperature and equivalence ratio with
low NOx and soot has been found. The equivalence ratio is the fuel oxidizer
ratio of the mixture compared with the stoichiometric mixture and equals
1 if there is just enough oxygen to fully combust the fuel. An example of
the relation for NOx and soot is shown in figure 1.1. The low temperature
combustion regime is at present not interesting for large two stroke engines,
instead the focus is on other concepts. In figure 1.2 Henningsen (2006) shows
which measures are expected to be necessary to reach a certain level of NOx

reduction.
The different concepts will not be described here, but many of the con-
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Figure 1.2: Measures for NOx reduction for large marine engines in compari-
son with the 17 g NO2/kWh IMO limit (Henningsen, 2006). Left side of chart
shows which regulations a given NOx will fulfill, while the right side shows
which measures are necessary to obtain the reduction. EGR stands for Ex-
haust Gas Recirculation, while SAM stands for Saturated Air Moisturising.
SCR is catalytic cleaning of exhaust.

cepts aim at reducing local temperatures, reducing oxygen in the engine,
increasing the heat capacity of the air or optimizing the engine process. Fur-
ther information on emissions and reduction of emissions of large two stroke
engines can be found in e.g. the work by Henningsen (1998); MARINTEK
(2000); MAN B&W Diesel (2004a).

MAN B&W Diesel (2004a) has found fuel valve and nozzle optimization,
injection timing tuning, fuel water emulsification, EGR and SCR to be the
most proven methods for NOx reduction.

The engines of MAN Diesel complies with the IMO-regulations (MAN
B&W Diesel, 2004a), but extensive research is conducted in order to keep the
high efficiency, while being able to comply with future regulations. Further-
more, the company has developed the ME-Engine, which is an electronically
controlled engine that enables easier and more flexible control.

The ME-engine can utilize one or more of the above mentioned concepts
e.g. injection timing tuning, but a deeper understanding of the processes
within the combustion chamber of a two stroke diesel engine is necessary
for this to be done efficiently. This project is, together with several other
activities, aimed at creating large two stroke diesel engines which remain
highly efficient while having lower emission than present levels.
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Figure 1.3: schematic pictures of a large two stroke diesel engine (MAN B&W
Diesel, 2005).

One of the controlling parameters for the combustion, and thereby the
emission products and engine efficiency, is the injection of fuel into the com-
bustion chamber. The present project is aimed at the fuel spray injected into
the combustion chamber and the modeling of the physical processes of the
injection. Without a detailed knowledge of the spray processes, there is little
chance of utilizing models for combustion, NOx and soot formation.

There are several aims, but the most important are:

• Investigation of spray phenomena related to large two stroke engines.

• Establishment of data for validation and boundary conditions for com-
putational codes, e.g. CFD codes (Computational Fluid Dynamic), for
large two stroke diesel engines.

• Investigation of CFD model and its submodels for large two stroke
diesel engines.

1.1 Large two stroke engines

It is outside the scope of this thesis to describe large two stroke diesel engines
in detail, but a short description of the concept and size will be presented.
Schematic pictures of an engine is given in figure 1.3.
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(a) (b) (c) (d) (e)

Figure 1.4: Schematic engine cycle for two stroke compression ignition en-
gines with uniflow scavenging (MAN B&W Diesel, 2005).

The engines are two stroke compression ignition engines with uniflow
scavenging. The principle of the cycle is given in figure 1.4 and can be
shortly described as:

a) 1. stroke, the scavenging of air (intake of fresh air)

b) 1. stroke, compression to an elevated temperature and pressure.

c) 2. stroke, injection of fuel which is evaporated by entrainment of hot air.
The evaporated fuel ignites and combustion occur.

d) 2. stroke, the high pressure from the combustion drives the piston down
giving power. The gas is expanded.

e) 2. stroke, the combustion products escapes the cylinder by opening the
exhaust valve.

The engine range for two stroke engines at MAN Diesel is given in figure
1.5. The bore of the engines range from 26 cm to 98 cm. The engine speed
is at full load up to 250 rpm for small bore and down to 60 rpm for large
bore. The engines can be ordered with up to 14 cylinders and power of 100
MW. A visualization of the size of the largest and smallest engine is given in
figure 1.6.
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Figure 1.5: The engine range for two stroke engines at MAN B&W Diesel
(MAN B&W Diesel, 2005).

Figure 1.6: Visualizing of the size of the largest and smallest engine at MAN
B&W Diesel (MAN B&W Diesel, 2005).
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1.2 Outline of the thesis

This thesis is divided into a disclosable and a non-disclosable part which can
be read separately. The outline of the disclosable part is as follows:

In the present chapter the background for investigating sprays in large
two stroke diesel engines is given.

In chapter 2 the theory of diesel sprays and droplets are presented together
with a review of the experimental findings for diesel sprays.

In chapter 3 the CFD code of Kiva is presented, together with the sub
model used, which relates to diesel sprays. Furthermore a number of numer-
ical studies regarding grid resolution are presented.

In chapter 4 a review of experimental methods for diesel sprays are pre-
sented. Chapter 4 also includes a description of the experimental methods
used in this study and a presentation of the results.

Chapter 5 will shortly explain how the experimental data could be used
for validation of CFD codes.

The final chapter 6 will summarize the main results and conclusions and
outline the suggested path for future work.

Nomenclature is given in Appendix A.



Chapter 2

Theory section

2.1 Spray and droplets

This thesis consider sprays and droplets, and begins with some definitions:
A spray is at Webster.com (2005) defined as: a jet of vapor or finely

divided liquid, which is also the definition in the following. More specifically,
the subject is on sprays from diesel nozzles, where the spray is created by
injecting a liquid with very high velocity through a small hole. When the
liquid exits the nozzle it is broken into filaments or droplets and the liquid
then creates a spray together with the surrounding air.

2.1.1 Dimensionless numbers

Several dimensionless numbers are used in spray theory in order to distinguish
between different physical regimes in particular break up regimes.

The well known Reynolds number (Re) is used in many areas of fluid
mechanics and expresses the ratio of inertia to viscosity. In spray theory, a
droplet Reynolds number (Rel) is defined, using kinematic viscosity of the
liquid νl, the droplet diameter d, and the droplets relative velocity to the
surrounding fluid ur,

Rel =
dur

νl

. (2.1)

The Weber number (We) is found to be an important parameter in droplet
theory. The Weber number relates the surface tension that tries to keep the
droplet together to the inertia forces that tries to pull it apart. Using the
surface tension coefficient σ, both a Gas Weber number (Weg) and a Liquid
Weber number (Wel) can be defined using the gas density (ρ) and liquid
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density (ρl),

Weg =
ρu2

rd

σ
, (2.2)

Wel =
ρlu

2
rd

σ
. (2.3)

The Ohnesorge number (Oh) has also been celebrated as an important
parameter for droplet relating the viscous and surface tension forces. Using
the liquid dynamic viscosity µl, Oh is defined as

Oh =
µl√
ρlσd

=

√
Wel

Rel

. (2.4)

2.1.2 Spray regimes

Sprays have been studied for more than a century but are still under research.
Through studies by different researchers, it is found that the spray is influ-
enced by a large number of parameters e.g. internal nozzle flow including
cavitation, spray velocity profile, turbulence at nozzle exit plus physical and
thermodynamic states of liquid and surrounding gas (Lin and Reitz, 1998).

Sprays are usually classified into four spray regimes defined by their ap-
pearance (Lin and Reitz, 1998)

Rayleigh regime Droplet diameter is larger than jet/spray diameter and
liquid break up occurs many nozzle diameters downstream of the nozzle.

First wind induced regime Droplet diameter in the order of the spray
diameter. break up occurs many nozzle diameters downstream of the
nozzle.

Second wind induced regime Droplet diameter smaller than the spray
diameter. break up starts some nozzle diameters from nozzle.

Atomization regime Droplet diameter much smaller than the jet diameter
and break up starts close to the nozzle exit.

The four regimes are visualized in figure 2.1.
For a given spray, the regime will depend on the dimensionless numbers

(We, Oh, Re). An example of the Rel and Oh dependence is given in figure
2.2.

Diesel sprays are in the atomization regime (Schneider, 2003), and the
other regimes will not be treated further here. For more details see the
extensive literature on the subject by e.g. Hiroyasu and Arai (1990); Lin and
Reitz (1998); Schneider (2003); Reitz and Diwakar (1986); Sirignano (1999);
Sirignano and Mehring (2000); Lefebvre (1989).
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(a) Rayleigh (b) First wind (c) Second wind (d) Atomization

Figure 2.1: Spray regimes.

Figure 2.2: Spray regimes as function of Rel and Oh number (Reitz, 1978).
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Sorrounding gas

Internal
nozzle flow

Liquid coreDisperse regionEvaporated region

(Gas) penetration, S

Liquid penetration, L_liq

Liquid core, L_b

Figure 2.3: Regions in a diesel spray.

2.1.3 Diesel spray

A diesel spray consists of different regions within the spray which are effected
by both the surroundings and the conditions before the nozzle exit.

Four regions in and around a diesel spray can be defined: The liquid core
region, the disperse region, the evaporated region and the surrounding gas.
Furthermore, there is a internal nozzle flow which will be described later.
The regions are visualized in figure 2.3. The figure also shows the names for
the lengths of the regions, which will be defined in section 2.1.4. The regions
can be identified by the subprocesses which happens within them.

Liquid core Close to the nozzle there is believed to be a liquid core of fuel.
This liquid stream is broken into droplets (and filaments) through what
has been named primary atomization.

Disperse region In the disperse region, surrounding gas is entrained into
the spray and the droplets are broken up into smaller droplets (this is
often called secondary break up). Droplets in the region will collide
with each other and will thereby either break up or coalesce (merge to
larger droplets). Due to the often high temperature of the entrained
gas the droplets will also evaporate.

Evaporated region In this region all droplets have evaporated. Gas is still
entrained into the spray from the surrounding gas. It is usually in and
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Figure 2.4: Definition of spray angle. Reproduced from Naber and Siebers
(1996) with permission.

around this region the combustion happens.

Surrounding gas The volume of gas surrounding the spray.

2.1.4 Spray parameters

A number of parameters are defined in order to characterize a spray under
certain conditions. Some commonly used parameters are:

S (Gas) Penetration: The penetration length is the distance from the
nozzle to the point where there is no more fuel vapor (See figure 2.3).

Lliq Liquid penetration: The liquid penetration length is the distance from
the nozzle to the end of the liquid phase (See figure 2.3). The liquid
penetration reaches a quasi steady length, which is the one referred to
in later sections.

Lb Liquid core: The liquid core length is the distance from the nozzle to
the end of the unbroken liquid phase (See figure 2.3).

Θ Spray angle: The spray angle is used to define the size of the spray. It
is defined as the quasi steady angle of the spray, which is reached after
the passing of the spray head. There is slight difference in different
authors definitions of spray angle. A widely used definition is given in
figure 2.4 where the angle is defined as the angle of the spray at half the
gas penetration length. A local spray angle Θl(x) can also be defined
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Figure 2.5: Definition of geometric spray angles. Left figure shows horizontal
plane following center of nozzle hole and right figure shows vertical plane.

as the angle of the spray at a given distance from the nozzle. This is
also shown in figure 2.4.

gx, gy (Geometric) Deviation spray angles: The (geometric) deviation spray
angles are used to define the direction of the spray. The nozzle axis
is defined as the axis following the center of the nozzle hole, and the
spray axis as an axis defining the center of the spray. Figure 2.5 shows
the horizontal deviation angle gx and the vertical deviation angle gy.

SMD Sauter Mean Diameter (also called D32): The droplet size in the spray
is usually characterized with its SMD. SMD is defined as

SMD =

∑

d3

∑

d2
. (2.5)

SMD is proportional to the surface to volume ratio and has the advan-
tage that even if the droplets are not spheres their surface to volume
fraction is equivalent to a sphere and therefore they heat up and evap-
orate in the same way.

Air entrainment: The amount of air entraining into the spray.

Fuel vapor concentration: The mass ratio of fuel vapor to air.

2.1.5 Internal nozzle flow

The internal nozzle flow consists of a number of complex processes. The
processes affect the velocity, turbulence and the effective nozzle hole area at
the nozzle exit and thereby the spray.
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Figure 2.6 shows a conceptional drawing of the processes in a nozzle. The
figure shows a slide valve, but the processes are the same in other types of
nozzles. The internal nozzle processes are:

Wall boundary shear flow The flow will be influenced by the boundary
layer at the walls. The boundary layer is especially important for the
pressure drop in the system before reaching the nozzle chamber.

Turbulence and vortex flow The internal nozzle flow is turbulent and
possesses transient vortical structures.

Separation and cavitation At the nozzle hole inlet the large velocity gra-
dients will create separation zones. In these separation zones the pres-
sure will approach vapor pressure of the fluid thereby creating gas bub-
bles. This is called cavitation.

Cavitation bubbles and hole flow In the nozzle hole the cavitation bub-
bles form a gaseous or multiphase region. The region can be either the
whole or part of the hole and can in some cases create a gaseous layer
between fuel and wall. In regions without cavitation bubbles there will
be a wall boundary shear flow.

The internal nozzle flow is complex and is not yet fully understood. It
is well known that the internal nozzle flow has a great effect on the spray
and thereby the engine combustion. Turbulence from the internal nozzle
flow and from cavitation is believed to enhance the spray atomization and
thereby creating smaller droplets and faster evaporation (Roth et al., 2002).
Cavitation can affect the effective nozzle diameter and thereby the mass and
momentum distribution at the exit. In some cases asymmetrical cavitation
is also believed to change the spray direction away from the direction of the
nozzle hole (Gavaises and Andriotis, 2006). The effect of the internal nozzle
flow is normally incorporated into the spray models via discharge coefficients
defining the mass and momentum flux at the nozzle exit. See further details
in section 2.2.1. For more on cavitation, see section 2.2.9.

2.1.6 Liquid breakup

As mentioned above, liquid break up happens both as a break up of the liquid
core (primary break up) and as a break up of the droplets further away from
the nozzle (secondary break up).

The main break up mechanism for the primary break up of a diesel spray is
due to the Kelvin-Helmholtz (KH) instabilities, while the secondary break up
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Figure 2.6: Internal nozzle flow in a slide valve. From point A to B the flow
is inside the shaft, as indicated by the dotted lines.

is due to both Kelvin-Helmholtz (KH) and Rayleigh-Taylor (RT) instabilities
(Xin et al., 1998).

2.1.6.1 KH instabilities

KH instabilities evolve due to the relative velocity between liquid and the
surrounding gas. Figure 2.7(a) shows a schematic picture of a liquid filament
that experience KH instabilities. The relative velocity creates shear stress
on the liquid surface, which in turn creates waves on the surface. The waves
grow and when they become large enough the forces cause droplets to break
off the liquid surface.

2.1.6.2 RT instabilities

The RT instabilities happens on droplets due to the deceleration of the
droplet. When the droplet is decelerated it is flattened and waves are created
on the backside of the droplet. These waves grow and reach a size where the
droplet is split up into smaller droplets. A schematic presentation of the RT
instabilities on a droplet is given in figure 2.7(b).



2.1 Spray and droplets 16

(a) KH instabilities (b) RT instabilities

Figure 2.7: Schematic presentation of droplet formation from KH and RT
instabilities. Λ is wavelength, ur is relative velocity. Figure (a) reproduced
from Reitz (1987) with permission.

2.1.7 Droplet regimes

In the secondary break up the droplets are broken up into smaller droplets.
This happens through different types of droplet break up, with the Weber
number (WEg) being the controlling parameter (Lee and Reitz, 2001; Pilch
and Erdman, 1987). There are small differences in authors classification of
the regimes and in which sub regimes they use. The classification according
to Lee and Reitz (2001) is given in figure 2.8.

The phenomena of the different regimes are (Lee and Reitz, 2001; Pilch
and Erdman, 1987):

Deformation and flattening All droplets (also in other regimes) will de-
formate and flatten due to the relative velocity between the liquid
and gas. Under certain conditions oscillations can result in vibrational
break up (Pilch and Erdman, 1987), but this break up mechanism is
very slow compared to the other types.

Bag break up The droplets flatten and, starting from the stagnation point,
a small hollow bag is blown downstream while still attached to a toroidal
rim. The bag bursts into small fragments while the rim breaks up into
larger fragments.

Boundary layer or ’shear’ breakup The theory is that the boundary layer
is developed on the droplet and the accelerated surface liquid layer is
then stripped from the drop. Lee and Reitz (2001) questions this the-
ory for not fitting with flattening of the drop, seen in experiments and
from dimensionless analysis.
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Figure 2.8: Summary of break up regimes for liquid droplets (Lee and Reitz,
2001).
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Figure 2.9: Conceptual drawing of KH-RT break up of a diesel spray. Re-
produced from Lee and Park (2002) with permission.

Stretching and thinning breakup The flattened drop decrease in thick-
ness from center to edge. The edge thickness is so small that it is bent
to follow the gas stream and small droplets are blown off (Liu and Reitz,
1997).

Catastrophic breakup The droplet is flattened into a sheet and then breaks
up into fragments due to waves created by RT instabilities. At the edge
of the fragments it is believed that KH instability creates waves that
break the fragments up into tiny drops (Lee and Reitz, 2001; Hwang
et al., 1996).

The dominant type of break up in diesel is believed to be catastrophic
break up. This is due to the high velocity especially close to the nozzle, which
gives a high droplet Weber number.

2.1.7.1 Diesel spray break up

For diesel sprays a conceptual picture of the liquid break up mechanisms is
given in figure 2.9. In region A (primary break up) only the KH instabilities
has an effect, while in region B (secondary break up) both types of insta-
bilities have effect. This is the well known KH-RT model, whose numerical
implementation will be discussed in section 3.1.5.
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2.1.8 Droplet collision

Droplet collision is important in diesel sprays, especially due to the dense
spray region with a high droplet number density (Post and Abraham, 2002b).

Several studies of binary droplet collision have been made and five possible
outcome of a collision are found (Post and Abraham, 2002b; Ashgriz and Poo,
1990; Qian and Law, 1997):

Bouncing A gas layer is trapped between the two droplets and pressure can
raise between the two deformed droplets. The rise in pressure will push
the two droplets apart and their surfaces will never meet.

Slow coalescence A gas layer is trapped between the two droplets. If the
relative velocity (Weber number) is slow enough, the air has time to
exit so the droplets surfaces can touch and coalescence.

Coalescence At higher relative velocity (Weber number) the gas layer can
be absorbed into the liquid and the droplets hit each other and are
permanently merged into one droplet.

Stretching separation - Near head on separation The droplets hits each
other and are temporarily merged into one droplet, but due to excess
kinetic energy the merged droplet is separated into two or more new
droplets.

Reflective separation - Off-center separation The droplets are scattered
upon impact into a number of smaller droplets.

The following parameters are defined to characterize collision of droplets:
Weber number (Wec), the impact parameter B and the droplet ratio ∆.
Collisions are also affected by for example gas pressure and droplet properties
e.g. water vs. hydrocarbons(Qian and Law, 1997). A review of droplet
collision by Orme (1997) showed collision outcome to also depend on liquid
properties, with dependence on surface tension and viscosity of the droplet
and density, pressure and viscosity of the surrounding gas.

Given that d1 and d2 are the diameters of the smaller and larger droplets,
respectively, ∆ is defined as

∆ =
d1

d2

. (2.6)

The definition of the droplet collision Weber number is based on the liquid
density ρl and the relative velocity between the droplets as

Wec =
ρl | u1 − u2 | (d1 + d2)/2

σ
, (2.7)
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Figure 2.10: Diagram illustrating the parameters used for impact parameter
B defined in equation 2.8. Reproduced from Post and Abraham (2002b) with
permission.

where u1 and u2 are the two droplets velocity vectors. B is defined as

B =
b

(d1 + d2)/2
, (2.8)

where b is the distance from the center of one droplet to the relative velocity
vector placed in the center of the other droplet as illustrated in figure 2.10.
B = 0 with direct head on collision, while B = 1 the droplets are just grazing
each other (Post and Abraham, 2002b).

An example of a collision outcome as a function of B and Wec is given
in figure 2.11, which shows a dependency on both Weber number and im-
pact parameter. In the review by Orme (1997) the boundaries between the
different types of collision outcome are found at different places for different
hydrocarbons.

2.2 Experimental findings in literature

In order to study correlations for diesel sprays it is useful to define some key
parameters.

The density ratio ρ̃ is defined using the liquid density ρl and the gas
density ρ as

ρ̃ =
ρl

ρ
. (2.9)
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Figure 2.11: Collision outcome map for tetradecane droplets in nitrogen en-
vironment at 300 K, 1 bar. Reproduced from Post and Abraham (2002b)
with permission.

The effective nozzle diameter df is defined from the nominal nozzle diameter
d0 and the area discharge coefficient Ca (accounts for flow area loss),

df =
√

Cad0. (2.10)

The Bernoulli velocity Ub is defined using Pf and Pa which are the fuel
pressure in the nozzle and the ambient pressure at nozzle exit, respectively.
The fuel velocity Ul is defined from the Bernoulli velocity and the velocity
contraction discharge coefficient Cv (accounts for head loss through orifice)

Ub =

√

2
Pf − Pa

ρl

, (2.11)

Ul = CvUb. (2.12)

In the following section parameter relations to the total discharge coefficient
Cd will be presented.

2.2.1 Discharge coefficients

The flow from a nozzle hole has a non uniform velocity profile and might have
a non uniform density profile due to cavitation as shown in figure 2.12 (a).
This flow is normally characterized by a flow with same mass and momentum
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Figure 2.12: Simplification from real flow to flow with same mass and mo-
mentum flux. Reproduced from Payri et al. (2005) with permission.

flux, but constant velocity Ul and a reduced area A, as shown in figure 2.12
(b).

To describe this flow, three coefficient are typically used: Discharge co-
efficient Cd, area contraction coefficient (loss in flow area) Ca and velocity
coefficient Cv (loss in velocity). The coefficients are interrelated by the equa-
tion

Cd = Ca Cv, (2.13)

implying that any two can characterize mass and momentum flow.

The discharge coefficient Cd represents the ratio of measured mass flow
(ṁl) to the theoretical mass flow (ṁB) with full nozzle area and Bernoulli
velocity

Cd =
ṁl

ṁB

=
ṁl

A0ρl

√

2[Pf − Pa]/ρl

. (2.14)

Cd is found by measuring the liquid mass flow rate ṁl and A0 denotes the
nominal nozzle hole area.

Cd can be split into an area loss and a velocity loss,

Cd =
ṁl

ṁB

=
A

A0

Ul

UB

. (2.15)
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The area contraction coefficient Ca represents the loss of flow area due to
bubbles of cavitation and due to an non uniform velocity profile at the exit
(Siebers, 1999)

Ca =
A

A0

. (2.16)

Siebers (1999) determined Ca from spray momentum measured with force
transducer and the relation

Ca = 2A0C
2
d [Pf − Pa]/Ṁl, (2.17)

with Ṁl being the momentum rate.
The velocity coefficient Cv represents the loss of velocity compared to Bernoulli
velocity as

Cv =
Ul

UB

=
Ul

√

2[Pf − Pa]/ρl

. (2.18)

Ul and UB are the actual (average) fuel velocity and the theoretical Bernoulli
velocity.

A momentum coefficient Cm can also be defined as the ratio of the ac-
tual momentum flux Ṁl compared with the theoretical Bernoulli momentum
flux(Payri et al., 2005),

Cm =
Ṁl

A0ρlU2
B

=
Ṁl

2A0[Pf − Pa]
. (2.19)

The relation between Cm and the other coefficients is

Cm = Cd Cv = C2
v Ca. (2.20)

Siebers (1999) finds that the discharge coefficient remains nearly constant
at about 0.7, but that the area contraction coefficient decreases with increas-
ing injection pressure from about 0.9 to 0.8. The velocity coefficient showed
to increase with the injection pressure from about 0.9 to 0.95.
Naber and Siebers (1996) reported typical values of Ca in the range of 0.8-1.0.
The coefficient used for high temperature and density conditions by Siebers
(1999) and Naber and Siebers (1996) are measured at ambient conditions.

Payri et al. (2005) measured at chamber conditions of up to 100 bar
and find Cm independent of cavitation. Payri et al. (2005) also investigated
the relationship between the other coefficients and cavitation, which will be
treated in section 2.2.9.
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2.2.2 Liquid core

The existence of a liquid core close to the nozzle in a diesel spray is debated
in the literature. Smallwood and Gülder (2000) found no existence of a liquid
core and conclude that diesel sprays have undergone complete atomization
near the nozzle. This is supported by Yue et al. (2001) who find no liquid
core close to the nozzle. Others, e.g. Hiroyasu and Arai (1990) find a liquid
core.

Very recent and initial results by Linne et al. (2006) show that the ques-
tion about a liquid core is very complex. Linne et al. (2006) find that the
spray does not have a fully continuous and fully unbroken liquid core, but
that the core consists of very large liquid structures and voids. These liquid
structures are much larger than the droplets produced by the spray and in
many cases these structures are continuous over a long distance. The pres-
ence of voids becomes more profound moving away from the nozzle exit.

A commonly used correlation for the liquid core of sprays is the break up
length from (Levich, 1962).

Lb = CL

√

ρl

ρ
d0 = CL

√

ρ̃ d0 (2.21)

where CL is a constant, dependent on the nozzle.
By measurements Hiroyasu and Arai (1990) find the same dependence on
density and diameter, while the constant CL in equation 2.21 is

CL−Hiroyasu = 7.0 (1 + 0.4
rr

d0

) (
Pa

ρl U2
l

)0.05 (
l0
d0

)0.13 (2.22)

Where rr is the round radius and l0
d0

is the aspect ratio of the nozzle. Since
the first and last part are nozzle dependencies and the middle part is a very
weak dependency, it is clear that the equation by Hiroyasu and Arai (1990)
shows the liquid core being dependent on the density ratio, orifice diameter
and on the nozzle.

2.2.2.1 Conclusion: Liquid core

The presence of a liquid core in diesel sprays is widely debated.
The correlation on liquid core shows a dependency on the quare root of

the density ratio, on the orifice diameter and on individual nozzle effects.
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2.2.3 Spray angle

The spray angle is considered an important part of spray characterization,
and Wakuri et al. (1960) find it closely related to the spray (gas) penetration.

Initially, the evolution of the spray results in a transient spray angle at
each position, due to the passing of the spray head. This is followed by a
period of relatively constant quasi steady angle, which is not dependent on
position and time. The initial spray angle is larger than the quasi steady
angle (Naber and Siebers, 1996).
Authors use slightly different definitions of the spray angle. Using the def-
inition in Naber and Siebers (1996), which was shown earlier in figure 2.4,
the quasi steady spray angle Θ is the angle measured at half the penetration
length. As also seen in figure 2.4, the local angle at the spray head is much
larger.
The findings of a quasi steady spray angle implies constant air entrainment

Entrainment ∝ ρ d0 Ul tan(Θ/2). (2.23)

For the non evaporating case, Naber and Siebers (1996) find the spray angle
dependent on the density ratio (ρ̃) since the angle gets larger when gas density
increases.

tan(Θ/2) = CΘ1 (1/ρ̃)0.19, (2.24)

where CΘ1 is a constant depending on the nozzle.
Naber and Siebers (1996) conclude that the effect of injection pressure on
the spray angle is insignificant. Later work by Siebers (1999) concludes that
neither fuel type nor the ambient gas temperature has a significant effect on
the spray angle.

Schneider (2003) has reviewed spray angle measurements and concludes
that the density ratio is generally found to be an important parameter to-
gether with the nozzle geometry. Only a few studies show dependency on
injection pressure.

Arrègle et al. (1999) have conducted non evaporating measurements and
find a dependency on air density and nozzle diameter which they relate to
the l0/d0 dependence found by other authors.

Measurements by Hiroyasu and Arai (1990) show angle dependency on
the density ratio with an exponent of 0.26.

Naber and Siebers (1996) find that vaporization reduces the spray angle,
but the reduction decreases with increasing density ratio. The largest factor
is expected to be contraction of the vaporized fuel as a result of cooling
of entrained hot gases. Siebers (1999) proposed a correlation for the spray
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angle, which take the evaporation into account

tan(Θ/2) = CΘ2 [(1/ρ̃)0.19 − 0.0043 (1/ρ̃)0.5], (2.25)

where the first exponent of 0.19 agrees with non evaporative sprays, and the
second exponent 0.5 is to incorporate evaporation effects. CΘ2 is a constant
for each individual nozzle.

Investigation of equation 2.25 shows a very small effect of the evaporation
on the spray angle.

Measurement from Schneider (2003) shows under evaporating conditions
angle dependency on gas density with an exponent of 0.17.

2.2.3.1 Conclusion: Spray angle

The following conclusions are found for the spray angle

• Quasi steady spray angle is reached after passing of the spray head.

• Quasi steady spray angle implies constant air entrainment.

• No significant effect of injection pressure.

• Spray angle is a function of orifice geometry parameters (sharp vs.
smooth edge, aspect ratio, orifice orientation etc.) and the density
ratio.

• Evaporation has an effect on the spray angle, but the effect is small.

2.2.4 Liquid phase penetration

The liquid phase penetration is defined as the quasi steady length the liquid
phase reaches. This length is a balance between the injected fuel and the
evaporation process (Siebers, 1999). In measurements in an optical engine
Espey and Dec (1995) find that the liquid length is established before ig-
nition occur, and that combustion only shortens the length slightly. This
result yields that the primary source of energy is hot air entrainment into
the spray. Furthermore, they find that liquid penetration is almost linear
with crank angle position until it reaches a maximum length, whereafter it
remains nearly constant for the remaining of the fuel injection. A higher
temperature of the surrounding air will decrease the liquid penetration, since
it increases evaporation.
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Siebers (1999) has done investigations on liquid phase penetration for
diesel spray conditions based on earlier published work (Siebers, 1998). The
dominant trends for liquid length are:

1. Decreases linearly with decrease of orifice diameter.

2. Insignificantly affected by injection pressure.

3. Decrease with increasing gas density or temperature, but in a nonlinear
manner.

4. Increasing with decreasing fuel volatility.

5. Decreases linearly with increasing fuel temperature.

6. For multi component fuels the liquid length is controlled by the lower
volatility fraction.

Of these trends the two first are the most revealing. Siebers (1999) finds that
the observations strongly suggests the mixing process to be the controlling
parameter, and not the interphase transport rates of mass, momentum and
energy at the droplet surface. These mixing processes are determined by the
turbulence generated by the spray.

Siebers (1999) argues from jet theory that an increase in injection velocity
will equally increase the mass flow rate of fuel and entrained ambient gas at
any axial location. This means that injection pressure (injection velocity)
does not affect the length it takes to entrain enough air to vaporize the gas.
On the other hand a given change in orifice diameter, d0, result in a mass
flow rate increase with d2

0, but in a linear increase in the entrained air. Thus
a linear increase in axial length for evaporation.

Based on energy, mass and momentum balances, Siebers (1999) has de-
rived a liquid length scaling law:

Lliq =
a1

b1

√

ρ̃

√
Ca d0

tan(Θ/2)

√

(
2

Br(Ta, Pa, Tl)
+ 1)2 − 1 (2.26)

Br =
Za(Ts, Pa − Ps) Ps Mwl

Zl(Ts, Ps) [Pa − Ps] Mwa

=
ha(Ta, Pa) − ha(Ts, Pa − Ps)

hf (Ts) − hl(Tf , Pa)
(2.27)

Lliq is quasi steady liquid penetration length, h is the specific enthalpy of fuel
and ambient gas and Z is compressibility, Mw is the molecular weight, B is
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the mass flow ratio between fuel and air. The subscripts are a for ambient
gas, l for fuel and s for saturated fuel vapor condition at the liquid length.
The equations are solved by first solving iteratively for the unknown Ts in
equation 2.27 and then substituting Br into equation 2.26. For details see
Siebers (1999).
The last square root term in equation 2.26 accounts for effects from the en-
ergy equation on liquid length, while the other terms are due to mass and
momentum transport.
Siebers (1999) finds the constant b1 to be 0.41 for a wide range of single com-
ponent fuels. The constant a1 is to account for effects of the sprays radial
velocity and density profile and is the same constant later used in equation
2.32.
There is an indirect effect on the liquid penetration from the orifice diameter
through the spray angle.

Siebers (1999) find that if the gas temperature or gas density increases,
the final temperature of the fuel phase increases. It is found that fuel does
not reach its critical temperature, even at extreme densities or temperatures.
Vaporization happens through subcritical vaporization processes. Siebers
(1999) states that the use of atmospheric pressure boiling point to correlate
liquid length in the literature, only applies for fuels with similar thermody-
namic properties.

The constant liquid length is found to be a mean effect by Siebers (1998).
He finds that the instantaneous liquid length fluctuates up to ±11% around
the mean value.

Kim and Ghandhi (2001) measured liquid penetration at evaporating con-
ditions, and finds results fitting the above model by Siebers (1999). Desantes
et al. (2005b) also concluded that their experiments follow Siebers (1999)
hypothesis. Desantes et al. (2005b) further concludes that effective nozzle
area and spray cone angle are important when modelling liquid length, but
that also other factors such as nozzle hole cavitation has an effect.

2.2.4.1 Conclusion: Liquid penetration

From the above results the following conclusion can be made on liquid phase
penetration.

• Liquid penetration increases linearly with an increase of orifice diame-
ter.

• Liquid penetration is insignificantly effected by injection pressure.
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• A quasi steady liquid penetration length is reached. There are fluctu-
ations around this length.

• Liquid penetration depends on the spray angle.

• Liquid penetration is dependent on the nozzle design, since the nozzle
design will affect the spray angle and discharge coefficients.

• Evaporation of the spray is controlled by mixing but not controlled
by local mass, momentum or energy transport. This means that the
droplets are small enough for surface processes to be relatively fast
compared to mixing processes.

• Kinetic energy does not affect evaporation.

• Fuel does not reach its critical temperature.

• Evaporation happens as a batch distillation type process, as liquid
length depend on the lowest volatile component.

• The primary source of energy is hot air entrained into the spray, and
not the combustion.

2.2.5 (Gas) Penetration

Gas penetration, also called Penetration, is the length from the nozzle to the
the tip of the gas phase of the fuel and will be denoted S in the following.

Penetration has been investigated for decades. Wakuri et al. (1960) find
from momentum theory and experiments that after the injection begins there
is a squareroot spray dependence on nozzle diameter, injection velocity and
time. Furthermore Wakuri et al. (1960) find a dependency on gas density and
spray angle. Naber and Siebers (1996) derives a spray penetration correlation
using integral control surface techniques and finds that there are two domains
of penetration. One in the beginning, dominated by the injected fuel and one
later, dominated by the entrained air. These two domains are called the short
(gas) penetration and long (gas) penetration. In the following the result of
different authors will be compared.

2.2.5.1 Short (gas) penetration

Naber and Siebers (1996) and Hiroyasu and Arai (1990) both find the same
form of expression describing the short gas penetration:
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Sshort = Cshort

√

2
Pf − Pa

ρl

t = CshortUbt (2.28)

Cshort−Naber = Cv (2.29)

Cshort−Hiroyasu = 0.39 (2.30)

Because of the dominance of the injected fuel, the short penetration has
a linear dependency on time. In the version of Naber and Siebers (1996)
the short penetration only depends on the the injection velocity, with the
velocity coefficient Cv being 0.68-0.76 in the nozzles of their study. Hiroyasu
and Arai (1990) instead find a constant of 0.39.

Schneider (2003) finds good agreement with the constant proposed by
Hiroyasu and Arai (1990), while Araneo et al. (1999) had better agreement
with Naber and Siebers (1996). Both Naber and Siebers (1996) and Araneo
et al. (1999) conclude that the model by Hiroyasu and Arai (1990) only works
for high gas densities.
Schneider (2003) explains the differences for the short correlation by the fact
that Naber and Siebers (1996) have a very fast opening of the nozzle and
therefore reaches the maximum injection rate very fast. This can also ex-
plain the difference in transition length and time, as discussed below.
Sazhin et al. (2001) also finds a linear dependency on injection velocity, which
supports the above equations. Sazhin et al. (2003) made further theoretical
considerations about the early penetration also considering evaporating and
breakup processes. These results indicate a dependency on the breakup pro-
cesses.

2.2.5.2 Long (gas) penetration

Naber and Siebers (1996), Hiroyasu and Arai (1990), Sazhin et al. (2001),
Dent (1971) and Wan and Peters (1999) all finds correlations for the long gas
penetrations, which all have a similar form:

Slong = Clong

√

√

√

√

√

Pf − Pa

ρa

d0 t

= Clong

√

1√
2

Ub

√

ρ̃ d0 t (2.31)

Clong−Naber =

√

√

√

√

Cv

√
2 Ca

a1 tan(Θ/2)
(2.32)
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Clong−Hiroyasu = 2.95 (2.33)

Clong−Sazhin =

√

√

√

√

√
2 Cd√

1 − αv tan(Θ/2)
(2.34)

Clong−Wan =

√

√

√

√

√
2

βwCw

(2.35)

Clong−Dent ∼
(

294

Ta

)0.25

(2.36)

Ta is the ambient temperature and αv is the volume fraction of fuel in the
spray. In a realistic spray αv ≪ 1. The constant a1 is found to 0.66 and
accounts for effects of the sprays radial velocity and density profile (Naber and
Siebers, 1996). Cd, Ca and Cv are the discharge coefficient, area contraction
coefficient and and velocity coefficient, respectively, see further in section
2.2.1. βw is a spray spreading coefficient and Cw is a coefficient to take the
volume fraction into account.

In agreement with Wakuri et al. (1960), the correlations show a square
root dependency on injection velocity, time, density ratio and nozzle diame-
ter. This is due to entrainment of air into the spray and thereby momentum
exchange from the spray to the entrained air. Both Naber and Siebers (1996)
and Sazhin et al. (2001) show this dependency by mass and momentum anal-
ysis. Naber and Siebers (1996) also state that df ρ̃1/2 has been used for a
long time to scale density differences in transient sprays, and account for a
additional momentum of the spray.

There is a general agreement between authors on the main parameters
which are important, but they differ on which other proportions are impor-
tant. Dent (1971) observes a small dependency on gas temperature, which
is not found by Hiroyasu and Arai (1990) and Naber and Siebers (1996).
Schneider (2003) also finds a small dependency on temperature but shows
good agreement with Hiroyasu and Arai (1990) and Naber and Siebers (1996)
at high temperature and gas density.
The work by Morgan et al. (2001) also show a dependency on temperature,
but only at high injection pressures.

The dependency on spray angle found by both Naber and Siebers (1996)
and Sazhin et al. (2001) can directly be linked with the spray volume and
thereby the momentum exchange. Wan and Peters (1999) account for this
through the spreading coefficient βw. Both Sazhin et al. (2001) and Wan and
Peters (1999) have parts to account for the small effect of volume fraction.

Arrègle et al. (1999) finds spray tip penetration dependence proportional
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to a number of parameters:

Slong ∝ d0.523
0 P 0.283

f ρ−0.242 tan(θ/2)−0.5 t0.523 (2.37)

By comparing equation 2.37 with the finding of the other authors, the coef-
ficients match fairly well. One difference is that Arrègle et al. (1999) does
not take the ambient pressure Pa into account, which probably due to low
ambient pressure of their experiment.

Other factors have to be considered when comparing evaporating and non
evaporating sprays, as Naber and Siebers (1996) results show up to 20 % re-
duction in dispersion and penetration length. This reduction in penetration
is hypothesized to be a result of an increase in the density of the gas mixture
in the sprays as it is cooled by evaporating fuel. This slows down the newly
injected fuel. The increased density also leads to a contraction of the spray
which explains the reduced spray dispersion angle.

Wan and Peters (1999) investigate the effect of the injection profile and
show that this can have an effect on the penetration.

2.2.5.3 Transition time

The transition time tr is the time for the penetration to go from linear to
square root dependency on time. Both Hiroyasu and Arai (1990) and Naber
and Siebers (1996) finds a correlation of the form:

tr = C2

d0 ρ̃1/2

√

Pf−Pa

ρl

(2.38)

C2−Hiroyasu = 28.7 (2.39)

C2−Naber =

√

Ca/2

Cv a tan(Θ/2)
(2.40)

Where the constant for Naber and Siebers (1996) is almost a factor four
smaller than Hiroyasu and Arai (1990), which result in a much faster tran-
sition. Schneider (2003) has converted these transition times to transition
lengths lr and finds:

lr = C3 ρ̃1/2 d0 (2.41)

C3−Hiroyasu = 15.8 (2.42)

C3−Naber =

√
Ca

a tan(Θ/2)
(2.43)
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Where the constant for Naber and Siebers (1996) is 7 to 8 and therefore a
factor two smaller than the one by Hiroyasu and Arai (1990).
As above in section 2.2.5.2 on the long penetration Schneider (2003) finds
good agreement with Hiroyasu and Arai (1990), while Araneo et al. (1999)
agree better with Naber and Siebers (1996).

2.2.5.4 Conclusion: gas penetration

The conclusion is that there is a good agreement on which parameters are
important for spray tip penetration. There are some differences in some
parameters and constants, but it is likely that these are due to nozzle and
injection profile differences. The differences are most significant early in the
injection. At high density and temperature good agreement is found.

The overall conclusion by Schneider (2003) is that the nozzle geometry
and/or small differences will give large differences in the data and might be
the most important parameter.

Summing up important points:

• The short time limit shows that early penetration depends linearly on
time and the long time limit shows that later penetration has a square
root dependency on time.

• Penetration depends on the individual nozzle.

• Higher relative gas density results in slower penetration. The reason
for this is a larger momentum transfer to the gas due to higher mass of
entrained air and due to more entrained air as a result of larger spray
angle (see section 2.2.3).

• Naber and Siebers (1996) show up to 20 % reduction in dispersion and
penetration length, comparing evaporating and non evaporating sprays.
The reduction in penetration is hypothesized to be a result of increase
in the density of gas mixture in the sprays as it is cooled by evaporating
fuel.

• There is no agreement on whether temperature has an influence.

2.2.6 Droplet size and distribution

In the work of Schneider (2003) different correlations on the droplet diameter
are reviewed. Many different properties are used in the correlations and the
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coefficients vary significantly. Dependencies are found on viscosity, surface
tension, orifice diameter, injection pressure, gas density and fuel density.
The conclusion is that many different setups and measuring positions have
been used and a single correlation cannot be used.

Schneider (2003) finds that the velocities of the droplets are highest at
the center of the spray.
From measurements at 120 nozzle diameters (d0) from the nozzle and nonevap-
orating conditions Schneider (2003) finds the droplet diameter D10 ≈ 8µm at
500 bar injection pressure and D10 ≈ 6µm at 900 bar and 1300 bar injection
pressure. Schneider (2003) concludes that injection pressure only had a effect
until a certain pressure level.
When changing the gas density, no significant change of diameter is found.
With different nozzles and injection pressures the Sauter mean diameter
ranged D32 = 10 − 13µm. Under evaporating conditions the SMD is in
the range D32 = 4 − 6µm.

Staudt et al. (2002) measures at the distance ≈ 140d0 from the nozzle at
a temperature of 800 K, gas pressure of 50 bar and varying injection pressure
of 800-1350 bar. The probability density function for these measurements
shows most droplets in range 0 to 15 µm with the peak around 5-7 µm.

Lacoste et al. (2003) measures at cylinder pressures of 16-60 bar and
injection pressures of 600-1600 bar. At a distance of 100 d0 the data rate
is too low for measurements, which is concluded to be because of too high
volume fraction and the author interpret this as the liquid core, which might
be an misinterpretation. At a distance of 150 d0, a typical droplet distribution
has a mean diameter of 7 µm and a range from 0-17 µm. The study shows
decreasing droplet size with higher chamber pressure and higher injection
pressure. At high injection pressure (1600 bar) and chamber pressure (60
bar) the mean droplet size are below 6 µm at all times at 150 d0 and below
4 µm at all times at 190 d0.
The study shows higher droplet velocities at the center of the spray than
on the side. It also shows a greater range of droplet sizes at lower injection
pressures.

Hiroyasu and Arai (1990) used a immersion sampling technique and find
a correlation for the average Sauter mean diameter (D32):

D̄32 = 2.33 10−3 (Pf − Pa)
−0.135 (ρ)0.121 (Q)0.131 (2.44)

Where Q is the amount of fuel in m3/stroke. They state that more detailed
measurements are needed and that the correlation is limited to the given
setup.
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Relative motion of surrounding gas to the spray boundary

Spray boundary Spray axis Injector

III II I

Figure 2.13: General image of surrounding gas motion relative to the spray
boundary.

2.2.6.1 Conclusion: Droplet size and distribution

The conclusion of the droplet size measurements is that many parameters
affect the droplet size distribution. The measurements at high pressure and
temperature show that the average droplet size should be expected to be
below 10 µm at 100-200 d0 from the nozzle. It has proven very difficult to
obtain results closer to the nozzle.

Increasing the injection pressure shows to decrease the droplet size. Above
a certain level this effect is shown to disappear (Schneider, 2003). Evaporat-
ing conditions are shown to decrease the droplet sizes.

2.2.7 Air entrainment

Air entrainment into the spray is important since the evaporation of the fuel
depends on mixing with the hot air. Furthermore, the mixing of air and fuel
is important for the combustion.
Normally air entrainment is calculated by the use of a control surface around
the spray (Cossali et al., 1996; Andriani et al., 1996; Rhim and Farrell, 2002;
Rajalingam and Farrell, 1999).
Another way of calculating the entrainment is by finding the shape of the
spray and thereby finding the volume of the spray (Yamane et al., 1994).

A general image of the air motion relative to the spray is given in figure
2.13, where Rhim and Farrell (2002) defines 3 regions.

I Gas entrainment into the lateral side of spray is caused by radial and axial
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pressure gradients generated by spray.

II Gas entrained by speed differences between spray boundary and surround-
ing gas due to radial outward expansion spray boundary.

III Spray tip region. Ambient gas near the tip is entrained into the spray
by the speed difference.

The findings by Rhim and Farrell (2002) are that under evaporating condi-
tions at early times of the spray, the air is entrained through the whole spray,
while at later times primarily by side entrainment. For burning sprays, the
side entrainment appears to be larger than for evaporating conditions. The
normal and tangential velocities for burning and evaporating spray is higher
than that of non evaporating.

Cossali et al. (1996) looked at the effect of temperature and density dif-
ferences on transient diesel spray. A non dimensional entrainment rate can
be defined by the entrainment coefficient K

′

e. This coefficient is based on
earlier finding by other authors of steady gas jets,

K
′

e =
dme

dz

(

d0

m0

)(

ρl

ρ

)0.5

, (2.45)

where m0 is the injected mass flow rate, me(z) is the entrained mass flow rate
and z is the distance from the nozzle.

The experiments of Cossali et al. (1996) show:

• K
′

e increases with distance from the nozzle.

• After the spray head passes a given point, K
′

e remains almost constant.

• The density ratio has an effect on the transient air entrainment into
the spray and this effect is larger for a transient spray than on steady
gas jet, where it is (ρl

ρ
)0.5.

• There are effects of the temperature, which cannot be taken into ac-
count by density differences.

Cossali et al. (1996) finds the following correlation for the mean entrainment
coefficient

K ′

e = B
(

z + z0

d0

)γ
(

ρ

ρl

)β (
Ta

T0

)δ

, (2.46)
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where T0 is reference temperature 273 K and Ta is the air temperature. The
constant is found to: z0/d0=13, B=0.044, β = 0.31, γ = 0.5 and δ=1.
Using the definition of K

′

e, Cossali et al. (1996) finds the entrainment to be

dme

dz
= B

(

m0

d0

)(

z + z0

d0

)0.5
(

ρ

ρl

)0.81 (
Ta

T0

)

. (2.47)

The conclusion of Cossali et al. (1996) is that a transient diesel spray does
not follow the ρ0.5-laws of a gaseous stationary jet, but has a higher exponent.
The effect of the temperature is suggested to be caused by changes in the
viscosity and thereby droplet drag coefficient.

Andriani et al. (1996) finds that there are two regimes of gas jets and
diesel spray. First a transient period caused by the passage of a head vortex,
followed by a quasi steady period afterwards.

In the work by Naber and Siebers (1996) it is suggested that the entrain-
ment rate will increase with ambient gas density, as a result of the density
itself but also due to an increase in the dispersion angle.

The finding by Ishikawa and Zhang (1999) is that initial injection velocity,
which corresponds to injection pressure, does not affect the air entrainment,
meaning that the air to fuel ratio is kept constant. This corresponds well
with the findings in section 2.2.3 on spray angle, where injection pressure do
not affect the angle.
Ishikawa and Zhang (1999) also finds higher air entrainment with smaller
nozzle diameter.

2.2.7.1 Conclusion: Entrainment

The air entrainment into the transient diesel spray under evaporating condi-
tions is found to have the following characteristics:

• The entrainment depends on the density ratio.

• Injection pressure has no significant effect on the entrainment.

• An increasing temperature will increase the entrainment.

• A decrease of the orifice diameter will increase the entrainment.
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2.2.8 Vapor concentration

As shown in section 2.2.4, the transient diesel spray has a maximum liquid
penetration length, and beyond this length only vapor exist. It is the vapor
concentration beyond this point this section is aimed at.

Kim and Ghandhi (2001) find that initially the vapor and liquid coexist at
the spray leading edge, but the liquid reach a terminal value and continue to
penetrate. The vapor concentration past the liquid length has an equivalence
ratio of 2-3 (Kim and Ghandhi, 2001, 2003). Defining the equivalence ratio
as the ratio to stoichiometric conditions, where equivalence ratios above one
is rich and below one is lean.
Espey et al. (1997) find a equivalence ratio of 2-4 and Kim and Ghandhi
(2001) explains the small differences in results to be due to different condi-
tions.
Kim and Ghandhi (2001) find larger radial extend of vapor at higher tem-
peratures.
There are found sharper gradients in vapor concentration at higher tempera-
ture, which can be explained by larger energy transfer rate from chamber gas
entrained into the spray at higher ambient temperature. This effects evapo-
ration while the diffusion rate is unaffected since the injected momentum is
constant.

2.2.8.1 Conclusion: Vapor concentration

The described measurements shows vapor concentration with equivalence
ratios above 1 giving a rich mixture. According to Espey et al. (1997), this
is in contrast to the commonly held belief of near stoichiometric premixed
burn occurring only at the peripheral regions of the jet.
Higher temperature is found to create steeper gradients of the equivalence
ratio.

2.2.9 Cavitation

Cavitation in nozzle holes has been investigated by the use of transparent
nozzles (Nurick, 1976; Soteriou et al., 1995, 1999; Chaves et al., 1995; Gavaises
and Andriotis, 2006; Michels et al., 2004) and by use of mass/momentum
measurements (Payri et al., 2005, 2006; Desantes et al., 2005a).

A nozzle hole can have different levels of cavitation and a common way of
characterizing this is through the cavitation number CN (Reitz and Bracco,
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1982)

CN =
Pf − Pa

Pa − Pv

≈ Pf − Pa

Pa

(2.48)

Pf is the fuel pressure in the nozzle and Pa is ambient pressure at the nozzle
exit. Pv is the vapor pressure at the contraction point (point 1 in figure 3.2
shown later) and is often set to 0.

Other authors use an another definition, CN2

CN2 =
Pf − Pv

Pf − Pa

≈ Pf

Pf − Pa

. (2.49)

Using the approximated versions of equation 2.48 and 2.49 the relation be-
tween the two is

CN2 ≈ CN + 1

CN
, (2.50)

CN ≈ 1

CN2 − 1
. (2.51)

Note that cavitation increases with higher CN but with lower CN2.
Cd is found to be close to constant before cavitation takes effect. Soteriou

et al. (1995) state that cavitation typically starts at cavitation number CN
from 0.5 to 5, depending on the geometry of the nozzle hole and the up and
downstream conditions. Soteriou et al. (1995) finds that the discharge coef-
ficient in case of cavitation is sensitive to change in CN but not to variations
in the Reynolds number.

Both Nurick (1976) and Soteriou et al. (1995) find, that at a critical
cavitation number (CN2crit and CNcrit) the mass flow chokes and does not
change with increasing injection pressure. Soteriou et al. (1995) explains the
choked flow by the theory of compressible flow, stating that at flow speeds
higher than the speed of sound, the flow is insensitive to the downstream
pressure. The velocity in a diesel nozzle hole never reaches levels close to
the speed of sound for oil which in the order of 1300 m/s. However, when
gas from cavitation is mixed into the oil, the speed of sound for the mixture
is reduced drastically and to values below normal diesel injection velocity.
Soteriou et al. (1995) find that the choking happens when cavitation fills the
entire cross section of the nozzle hole.

Nurick (1976) finds that choked mass flow causes the discharge coefficient
Cd to depend on CN2 as

Cd = Cc

√
CN2 (2.52)

due to the missing effect of changing the downstream pressure. Cc being a
constant.
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Soteriou et al. (1995) formulates the same feature by defining a new dis-
charge coefficient Cdc only based on the upstream pressure,

Cdc =
ṁl

A0ρl

√

2Pf/ρl

, (2.53)

where Cdc is constant after choking, but lower than Cd before cavitation.
When increasing CN a level of maximum cavitation is reached and Cd will
again tend toward a constant value. Soteriou et al. (1995) show indirectly
that this level corresponds to Cd = Cdc.

Chaves et al. (1995) also finds a critical condition named supercavitation.
Supercavitation is when the collapse of cavitation bubbles occurs downstream
of the the object creating them, and in this case outside the nozzle hole.
Chaves et al. (1995) states that the choking as explained by Soteriou et al.
(1995) only occur in scaled up nozzles due to the timescale of the cavitation
bubble collapse. Despite the different explanations Chaves et al. (1995) finds
that choking and supercavitation has the same effect. Chaves et al. (1995)
finds that supercavitating nozzle gives unstable velocity at the hole exit de-
spite steady upstream conditions. Chaves et al. (1995) also finds that for
short nozzles there is an undecidable oscillation between supercavitating and
non cavitating conditions.

Payri et al. (2005) find the critical value of CN2crit to be 1.25 for the
cylindrical diesel engine nozzles used in their experiment. Desantes et al.
(2005a) investigated a number of single hole nozzles and find that CN2crit

varies depending on the nozzle and they show that CN2crit raises with nozzle
diameter but that other factors like divergence also has as an effect. Payri
et al. (2006) studied the effect of cavitation by comparing conical nozzles
with a cylindrical nozzle. They find that their conical nozzles do not cavitate
and that increasing conicity gives increasing velocity.

Gavaises and Andriotis (2006) investigated a two stroke diesel nozzle and
find a relation between CN and the discharge coefficient Cd as shown in figure
2.14. It indicates that for CN above 4-5, the nozzle reaches maximum cavi-
tation and further increase of CN does not change the discharge coefficient.

Payri et al. (2005) and Desantes et al. (2005a) find Cm to be independent
of CN2, explained by the fact that the momentum flux always is proportional
to the pressure drop, since the smaller mass flow is compensated by smaller
shear. This means that, when increasing the pressure, cavitation gives choked
mass flow but increases momentum flow, resulting in higher injection velocity.
Therefore Payri et al. (2005) and Desantes et al. (2005a) finds an increase in
Cv (velocity) and reduction in Ca (area) when cavitation occurs.

Payri et al. (2006) finds the effect of cavitation to be that of an artifi-
cial decrease in fuel density. They introduce a density constant cρ into the
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Figure 2.14: Dischange coeffcient Cd as function of cavitation number (CN)
and Reynolds number. Legends marks variation in Reynolds number from
28,000 to 56,000. Reproduced from Gavaises and Andriotis (2006) with per-
mission.

discharge coefficient calculations. From studies of the liquid length Payri
et al. (2006) find that cavitation might have a positive effect on mixing and
evaporation.

Soteriou et al. (1995), Gavaises and Andriotis (2006) and Michels et al.
(2004) all find that cavitation often is asymmetrical in the nozzle hole.
Gavaises and Andriotis (2006) find that cavitation might only be at one
side.

Nurick (1976) finds that the length to diameter ratio l0/d0 and orifice
sharpness has an effect on cavitation. Chang et al. (2006) have investigated
roughness, texture and nozzle material and find that it has an effect on
cavitation. Above is mentioned the effect of conicity or divergence and nozzle
diameter. Overall it can be concluded that cavitation depends on a number
of geometrical features of the nozzle holes.

Studies by Li and Collicott (2006) on true scale tilted nozzle holes, show
that three dimensional asymmetric nozzle hole configurations, causes differ-
ent cavitation structures than for the axisymmetric case. They find that the
processes are so complex that at the current state no general trends can be
given on how pressure, hole diameter, hole length and other parameters affect
the cavitation in the hole.
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Figure 2.15: Development of cavitation and hydraulic flip (Soteriou et al.,
1995)

Desantes et al. (2005b) investigated the liquid length using the same noz-
zles as in Desantes et al. (2005a) and finds that the critical cavitation number
CN2crit has an effect on the liquid length.

2.2.9.1 Hydraulic flip

Hydraulic flip appears when a cavitating flow does not reattach to the hole
wall, this effect being described by Bergwerk (1959). According to Soteriou
et al. (1995) cavitating regions start at the hole entrance but spread down
the hole when CN is increased. When the cavitating regions reach the outlet
of the hole, hydraulic flip occurs resulting in cavitation disappearing and flow
emerges as a smooth column of liquid fuel with a smaller diameter than the
hole diameter. In this case a layer of gas is present between the fuel and the
hole wall, within the hole. The development of cavitation and the change
into hydraulic flip is depicted in figure 2.15. A more detailed description on
the development into hydraulic flip is given in (Soteriou et al., 1999).

Both Nurick (1976) and Soteriou et al. (1995) show than in the presence
of hydraulic flip Cd becomes constant, but at a lower level than before cavita-
tion. The different domains are illustrated in figure 2.16. Nurick (1976) finds
that the length to diameter ratio (l0/d0) affect the occurrence of hydraulic
flip. At l0/d0 = 20 there is no hydraulic flip, while at l0/d0 = 6 hydraulic flip
occurs at higher CN2 than l0/d0 = 10.
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Figure 2.16: Conceptional visualization of non cavitation, cavitation and
hydraulic flip effect on Cd.

Soteriou et al. (1995) investigated different nozzle types and find that the
appearance of hydraulic flip depended on the nozzle type. They find that
a standard sac type nozzle do not experience hydraulic flip, probably due
the high turbulence level upstream of the hole. The opposite is seen when
removing the needle in the same nozzle and is believed to be due to lower
turbulence and more streamlined flow into the hole.

Soteriou et al. (1995) find three types of hydraulic flip,

Total hydraulic flip (THF) The above described as hydraulic flip, giving
a smooth column of fuel exiting the hole.

Imperfect hydraulic flip (IHF) The jet is flipped inside the hole, result-
ing in turbulence and ruffled appearance at the hole exit.

Partial hydraulic flip (PHF) The hydraulic flip is only partial due to sig-
nificant asymmetry in of the boundary layer in the hole, resulting in
only a gas layer on one side of the fuel. For PHF cavitation bubbles
and high turbulence are present in the fuel in contrast to THF.

Soteriou et al. (1995) has done experiments on a VCO nozzle, being a
nozzle where the sac volume has been reduced to a minimum and the needle
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Figure 2.17: Spray pattern for VCO nozzle at low lift Soteriou et al. (1995).

totally covers the holes when there is no injecting. They find that the VCO
nozzle produced unequal sprays when the needle is positioned off center and
at low lift. Three spray types are identified,

Type A Normal spray from multi hole injectors.

Type B Wide angle and reduced penetration. Hollow cone spray.

Type C Reduced penetration and smaller diameter.

Type A is found to be a product of full cavitation. At type B no cavitation
is detected and the wide angle is found to be due to an element of swirl as
fuel enters the hole. Type C is found to be a product of partial hydraulic
flip. Figure 2.17 shows an example of instantaneous spray pattern found by
Soteriou et al. (1995) and the figure shows all three types of sprays.

Soteriou et al. (1995) find cavitation to produce homogenous foam at the
exit and being beneficial to the atomization of the spray. They concluded that
THF and IHF should be avoided. Despite that PHF is not disadvantageous
to atomization, since the spray is fully cavitated, they also conclude that
PHF should still be avoided, because it is very unstable and it creates spray
of different size, penetration and flow rate of the holes not experiencing PHF.
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Figure 2.18: Time history of string appearance inside nozzle volume. The
lines marks at which nozzle hole the string is present at a given time. Re-
produced from Gavaises and Andriotis (2006) with permission.

2.2.9.2 String cavitation

Gavaises and Andriotis (2006) observes a phenomenon that they call string
cavitation. Strings of vapor are formed in the center of coherent structures
(vortexes) inside the nozzle, and Gavaises and Andriotis (2006) states that
this phenomenon still is poorly understood but that their results implies that
the strings are induced by local turbulence and vortical structures.

The strings are attached to a hole with cavitation and are found to be
a transient phenomenon. As shown in figure 2.18 strings are not always
present and might change between different holes. The results of Gavaises
and Andriotis (2006) show the presence of a string to have a negative effect on
the flow rate. Furthermore, Gavaises and Andriotis (2006) find a significant
effect on both the spray angle and the geometric spray angle, when comparing
with and without a string present. As seen in figure 2.19 a bigger spray angle
and smaller geometric spray angle is found when a string is present.

2.2.9.3 Conclusion cavitation

The effect of cavitation on spray and combustion is not a fully understood.
However the following overall characteristics are found:

• There is a cavitation number (CN or CN2) where cavitation starts.
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Figure 2.19: Measured cone angle (spray angle) and deflection angle (geo-
metric spray angle) for a nozzle hole at different CN numbers. Reproduced
from Gavaises and Andriotis (2006) with permission.
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Before cavitation Cd is close to constant.

• When cavitation fills the hole the mass flow chokes and Cd decreases
with higher cavitation until it reaches a constant value.

• Cm is independent of cavitation.

• Cavitation depends on a number of geometrical features.

• Hydraulic flip is flow without reattachment to the hole wall. This gives
a jump down to a constant Cd, independent of change in cavitation.
Hydraulic flip stops cavitation and the choking of the flow.

• Different types of hydraulic flip have been identified and have been
shown to have an effect on the spray pattern.

• A phenomenon termed string cavitation has been observed. This tran-
sient phenomenon has an effect on e.g. spray angle and mass flow.

2.2.10 Other parameters

There are other parameters, which has an influence on the spray and some of
them can explain some of the discrepancies between different authors. These
effects will not be covered in this thesis, but merely mentioned below,

Swirl When moving into the engine chamber the swirl has an effect through
a change of the gas velocity field surrounding the spray. See e.g. (De-
santes et al., 2006).

Fuel The type of fuel has a large effect on the spray through the difference
in e.g. the thermodynamic properties. See e.g. (Higgins et al., 1999).

Hole geometry The design of the nozzle hole has a large influence. Round-
ing of corners and length of holes has an effect. There has also been
suggested grouping of holes, by placing them close together. For details
see e.g. (Winter et al., 2004).

Injection profile The profile of the injection has shown to have a large
influence on the spray.
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2.3 Summary of parameters influence

On the basis of the result discussed in section 2.2 this section will summarize
the effects of changing the individual parameters. This is done under the
condition that other parameters are held constant. The main parameters
are: pressure difference (or injection velocity), gas and liquid density (or
density ratio) and nozzle hole diameter. Furthermore discharge coefficients
and thermodynamic parameters should also be held constant.

2.3.1 Pressure and injection velocity

The injection pressure or pressure difference are one of the parameters often
investigated in the literature.

The pressure has a clear influence on the cavitation process through the
cavitation number CN. It is shown that above a certain cavitation number the
nozzle is fully cavitated and no further effect is seen. Before full cavitation
the discharge coefficient has shown to have a squareroot dependence on the
other cavitation number CN2.

When looking at the other spray parameters through the above correla-
tion, it is clear that it is the injection velocity which is important rather than
directly the pressures. The Bernoulli velocity Ub is found to be the important
parameter.

Ub =

√

2
Pf − Pa

ρf

(2.54)

As this is the theoretical velocity it must be corrected by the velocity coef-
ficient Cv to get the real nozzle velocity. This coefficient is often hidden in
constants in the equations. The coefficient Cv itself might be influenced by
the injection pressure, as it interacts with nozzle geometry creating cavita-
tion. Siebers (1999) finds increasing Cv with increasing injection pressure.

The following is found for Ub, when keeping densities (and thereby indi-
rectly spray angle) and d0 constant:

• Ub has linear effect on the short spray tip penetration.

•
√

Ub effect on the long spray tip penetration.

• 1/Ub effect on the transition time.

• Ub has no significant effect on air entrainment.
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• Ub has no significant effect on liquid phase penetration. This is linked
to the effect on air entrainment, since the entrainment is expected to
control the evaporation.

• No significant effect on spray angle.

In droplet size measurements, reduced droplet sizes with increasing injec-
tion pressure are reported. One set of measurements shows that this effect
becomes insignificant at very high injection pressures (Schneider, 2003). La-
coste et al. (2003) report decreasing droplet size with both increasing injection
pressure and chamber pressure.

2.3.2 Density ratio

When using the Bernoulli velocity Ub (equation 2.54) in the proposed corre-
lations, all density effects reduces to density ratio effects. The density ratio
is earlier defined as ρ̃ = ρl

ρ
and is found to have the following effects, when

Ub and d0 are kept constant:

• ρ̃ has no effect on the short spray tip penetration.

• ρ̃0.25 effect on long spray tip penetration.

• ρ̃0.5 effect on transition time and transition length from short to long
spray tip penetration.

• (1/ρ̃)β1 effect on spray angle. β1 is reported to different values.

• ρ̃β2 effect on air entrainment, where the exponent β2 is reported to be
above 0.5.

• ρ̃0.5 effect on liquid phase penetration.

• ρ̃0.5 effect on liquid core length.

The effect on the spray angle will affect some of the other correlations. Au-
thors which do not incorporate the spray angle might therefore have other
exponents on the density ratio. This is e.g. the case for the air entrainment
where some of the β-exponents are suggested to be a result of a larger angle.
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2.3.3 Spray angle

It varies between authors whether they use the spray angle as a parameter
in their correlations. The effects found are:

• tan(Θ/2)−0.5 effect on the long spray tip penetration.

• tan(Θ/2)−1 effect on the transition time.

• tan(Θ/2)−1 effect on the liquid penetration length.

2.3.4 Temperature

2.3.4.1 Gas temperature

The gas temperature will affect the density and thereby the other parameters.
Furthermore, the temperature also has its own effects:

• The gas temperature is by some authors reported to affect the long
spray tip penetration. Other authors reports no effect.

• The gas temperature will affect the thermodynamic properties which
are reported to effect the liquid phase penetration.

• The gas temperature affects air entrainment which is suggested to be
due to change of viscosity and thereby drag.

• The gas temperature has an effect on the vapor concentration where
higher temperature gives higher radial extension and steeper gradients.

• The gas temperature gives smaller droplets due to evaporation.

2.3.4.2 Fuel temperature

The fuel temperature is by Siebers (1999) reported to decrease liquid penetra-
tion length in a linear manner when the temperature of the fuel is increased.

2.3.5 Time

The diesel spray is a transient event which makes time important, but in
many of the studied properties of the spray a quasi steady state is reached.
The time impact is:

• The short spray tip penetration depends linearly on time as it is dom-
inated by injected fuel.
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• The long spray tip penetration depends on t0.5 as it is dominated by
entrainment of air.

• The liquid phase penetration reached a quasi steady state with constant
length.

• The spray reaches a quasi steady spray angle.

• The air entrainment reaches a quasi steady state after the spray head
has passed.

2.3.6 Nozzle

The nozzle layout is reported to be a very important parameter. The flow,
turbulence and cavitation within the nozzle have substantial effect on the
spray. Therefore many correlations have constants depending on the individ-
ual nozzle, and it has also been reported that microscopic differences in the
same kind of nozzle have a large influence (Schugger and Renz, 2002).
The effect of the nozzle layout can probably explain many of the differences
in reported results, since different nozzles have been used. Reitz and Bracco
(1982) concluded that the internal nozzle flow is important, since changing
this gives changes to the break up process. Reitz and Bracco (1982) finds
length of nozzle (l0/d0, length to diameter ratio) and rounding of inlet to
have an effect. Shorter and rounded inlet has a stabilizing effect. Chang
et al. (2006) has investigated roughness, texture and nozzle material and
finds that it has an effect on cavitation. Payri et al. (2006) finds that hole
conicity has an effect on cavitation and thereby the flow.

Apart from non quantified nozzle differences one of the studied parameters
is the orifice diameter d0. d0 has shown the following effects on the spray,
when keeping Ub and ρ̃ constant:

• d0 has linear effect on long spray tip penetration.

• d0 has linear effect on transition time and transition length.

• d0 has linear effect on liquid phase penetration.

• d0 has linear effect on liquid core length.

2.3.7 Injection profile

The injection profile has a great effect on the forming of the spray and it is
suggested to be the reason for differences in spray tip penetration by different
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authors. Similar to the nozzle design, the injection profile might be the reason
for discrepancies between different authors results.

2.3.8 Conclusion and future research

This section has summarized the reported effects of different parameters.
Most of the results are obtained in constant volume chambers and effects like
swirl and spray interaction which might occur in real engines are not taken
into account.
There is a reasonable agreement on which parameters has an effect and to
some degree how large these effect are, but there are also investigations with
very different results. Among others, the density ratio ρ̃ is found to have a
big influence on most of the correlations.
The main problem is the reported dependencies on nozzle and injection pro-
files which have resulted in different boundary conditions for the measure-
ments. This implies that one of the main problems for using the findings at
other applications (and practical application) is to specify the right boundary
conditions at the inlet, and these boundary conditions strongly depend on
the individual setup.

The future challenges for researchers in all types of sprays are given by
Chigier (2006) who states that an improved understanding and control of
liquid and flow inside atomizers will be necessary and that current processes
are unstable and chaotic and do not permit the necessary control. Chigier
(2006) predicts that there are many years research ahead of us and that the
four main challenges for controlling the spray are

1. Flow inside atomizers.

2. Liquid break up and atomization processes.

3. Size, velocity, trajectory and evaporation of drops.

4. Spray impact on surfaces.

Only the first three have been covered in this section.

In my opinion the challenge seem immerse and the results is often that in
science and engineering we are forced to focus on own specialized applications,
since small differences can have large effects. Thus, we must remember to
stand on the shoulders of the ones before us.



Chapter 3

Kiva section

3.1 Computational code

The computational code used in the present study is based on the code
Kiva3V2-ERC2000-MBD.

Kiva is used since it is a state of the art CFD code developed specif-
ically for internal combustion engines and have been one of the preferred
codes within the internal combustion engines research community and the
automotive industry for the last 20 years.

The first version of Kiva was published in 1985 (Amsden et al., 1985a,b)
and have been improved into the current version Kiva3V2 (Amsden et al.,
1989; Amsden, 1993, 1997, 1999). The used version Kiva3V2-ERC2000-MBD
has further extensions of models done at The Engine Research Center at
University of Madison, Wisconsin and minor changes done at MAN Diesel.
A list of improved submodels implemented by the Engine Research Center
can be found in (Senecal, 2000; Kong, 2004). Changes done at MAN Diesel
includes enabling the geometry of two stroke marine engine and the extension
and incorporation of the models by Nordin (2001). The later changes are
based on implementations by Nordin (2005), but has been extended and
changed to fit the present code.

The Kiva code has been extensively documented in the literature e.g. by
Amsden et al. (1989) and only the basic equations will be mentioned together
with submodels related to the project. Chemistry and combustion models
will not be mentioned, neither will numerical implementations.

3.1.1 Two phase flow

When injecting fuel into a combustion chamber, a two phase flow of the spray
(liquid) and the surrounding fluid (gas) is created. In contrast to one phase
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flow this requires a coupling between the two phases. There are many ways
of coupling the two phases, but taking into account the flow and the compu-
tational costs, only one approach is feasible due to number of droplets and
the importance of the droplet interaction with the surrounding fluid (Nordin,
2003, 2001). This is the stochastic Lagrangian-Eulerian approach. The code
is based on the ALE (Arbitrary Lagrangian Eulerian) method. For details
and further references see (Amsden et al., 1989).
The liquid phase is modeled using a combined stochastic and Lagrangian ap-
proach, where the droplets are modeled as discrete parcels which are tracked
as points in the domain. A parcel is a group of droplets which have the same
properties (mass, volume, temperature etc.). The gas phase is modeled using
a normal Eulerian approach. The two phases are coupled by source terms in
the transport equations.

3.1.2 Overall structure of Kiva calculation

The overall structure of the Kiva code is given in figure 3.1 where each
timestep is split into 3 phases. Phase A consist of droplet and combus-
tion calculations, while phase B mainly is fluid phase calculations through
an implicit coupled solver. Finally phase C is explicit transport calculations
and moving of mesh mainly.

In the following the governing equation will be presented together with
submodels relating to the spray.

3.1.3 Governing equations of the gas phase

The governing equations for the continuous phase solved by KIVA are the
transient compressible Reynolds averaged Navier-Stokes Equations for a multi
species ideal gas mixture.

The Continuity equation for species m reads

∂ρm

∂t
+ ∇· (ρmu) = ∇·

[

ρD∇
(

ρm

ρt

)]

+ ρ̇c
m + ρ̇sδm1. (3.1)

ρm is the mass density of species m, ρt the total mass density and u the fluid
velocity. ρ̇c

m and ρ̇s are the source terms due to chemistry and spray. δm1 is
the Dirac delta function. D is the single diffusion coefficient assuming Fick’s
law of diffusion

D =
ν + νt

Sc
, (3.2)
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Timestep initialization

Initial initialization

Phase A

Phase B

Phase C

   and energy for fluid phase

− Create mesh and cell variables

− Calculation of viscosity

− Determination of timestep

− Reinitilizing of cell variables

− Combustion chemistry and emmision calculations

− Mass, momentum and energy coupling terms from spray and combustion 

− Fluid phase calculation of mass, momentum, turbulence etc.  (coupled implicid solver).

− Updating droplet velocities.

− Explicit calculating transport of mass, momentum, turbulent energy

− Initializing of all variables

− Read user  input and problem specifications

− Moving of mesh and updating of cell values

− Spray modelling including injection, droplet break up, collision and evaporation

Figure 3.1: Overall structure of a Kiva calculation.
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where Sc is the Schmidt number, and ν and νt are the molecular and turbulent
viscosity, respectively.

The continuity equation of the total mixture is obtained when summing
equation 3.1 over all species m

∂ρt

∂t
+ ∇· (ρtu) = ρ̇s. (3.3)

The momentum equation for the fluid mixture reads:

∂(ρtu)

∂t
+ ∇· (ρtuu) = −∇p −∇ · τ + Fs + ρtg, (3.4)

where p denotes the fluid static pressure and τ is the total (viscous and
turbulent) stress tensor of the form

τ = (ν + νt)sij +
2

3
kδij. (3.5)

Fs is the rate of momentum gain due to spray, g is the specific body
force and assumed constant, sij is the local strain rate tensor and δij is the
Kronecker delta function and k is the turbulent kinetic energy. k and µt are
given in section 3.1.3.1.

The internal energy equation reads:

∂(ρI)

∂t
+ ∇· (ρuI) = −p∇·u + τ : s −∇·J + ρǫ + Q̇c + Q̇s, (3.6)

where I is the internal energy, exclusive chemical energy. The tensor scalar
product τ : s denotes the mechanical dissipation term1. Q̇c and Q̇s are the
source terms due to chemical heat release and spray interaction. J is the
heat flux vector due to heat conduction and enthalpy diffusion given as

J = −K∇T − ρD
∑

m

hm∇(ρm/ρ), (3.7)

where T is the fluid temperature, K is the thermal conductivity and hm the
specific enthalpy of species m.

3.1.3.1 Turbulence

The turbulence models used in the present study are two equation k−ε model
models for compressible flow. Mainly the RNG-k − ε is used, but also the

1τ : s = τij · sij
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standard k − ε has been utilized (Amsden et al., 1989). The original RNG-
k − ε was suggested by Yakhot and Orszag (1986) and has been modified by
Han and Reitz (1995) to the present model.

The friction due to turbulence is assumed to depend on a kinematic tur-
bulent viscosity νt as shown in equation 3.5. νt is assumed to follow:

νt = Cµ
k2

ε
, (3.8)

where Cµ is a constant, k is the turbulent kinetic energy and ε is the turbulent
dissipation.

The turbulent kinetic energy is for both models given by:

∂ρk

∂t
+ ∇ · (ρuk) = −2

3
ρk∇ · u + τ : s + ∇ · (αkµ∇k) − ρε + Ẇ s. (3.9)

The dissipation equation for the RNG-k − ε model is according to Han
and Reitz (1995) given by:

∂ρε

∂t
+ ∇ · (ρuk) = − (

2

3
C1 − C3 +

2

3
CµCη

k

ε
∇ · u)ρε∇ · u + ∇ · (αεµ∇ε)

+
ε

k
[(C1 − Cη)τ : s − C2ρε + CSẆ s]. (3.10)

C1, C2, CS are constants. Ẇ s is a source term to account for interaction
with the spray. Cη is a constant which covers the R-term in the original
RNG model and η is the ratio of the turbulence to mean strain-time scale.
For more details and equation for see (Han and Reitz, 1995). αk and αε

are the inverse Prandtl number for turbulent kinetic energy and turbulent
dissipation, respectively. C3 is a constant for the standard k−ε model and the
original RNG-model (Yakhot and Orszag, 1986), but in the present model
equation 3.11 derived by Han and Reitz (1995) is used to account for the
difference in sign for dilatation during compression and expansion.

C3 =
−1 + 2C1 − 3n1(n2 − 1) + (−1)δ

√
6CµCηη

3
. (3.11)

n1 and n2 are constants with values n1 = 0.5 and n2 = 1.4. δ is the Kronecker
delta, which is 1 if the velocity dilatation ∇ · u < 0 and 0 if ∇ · u > 0.
The standard k−ε has the same equation dissipation equation as RNG-k−ε
except that all the terms with Cη is removed and the values of the constants
is changed. Table 3.1 shows the constants for the two models.
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Table 3.1: Values of turbulence model constants
Cµ C1 C2 C3 αk αε CS

RNG k − ε 0.0845 1.42 1.68 eq. 3.11 1.39 1.39 1.5
Standard k − ε 0.09 1.44 1.92 -1.0 1.0 0.769 1.5

3.1.4 Governing equations for the liquid phase

The governing equations for the discrete phase solved by Kiva is presented
here. The droplets will exchange momentum, mass and energy with the gas
phase.

The momentum equation of a droplet will follow Newton’s second law.
After neglecting some minor terms the acting force on the droplet can be
reduced to the drag and gravitational force (Nordin, 2001)

F =
3

8

ρ

ρl

|ur|ur

r
CD + g. (3.12)

F is the droplet acceleration and ur is the relative velocity between droplet
and gas. g is the gravitation and r is the droplet radius. The gravitational
force g can often be neglected in diesel sprays. CD is the drag coefficient in
Kiva given by

CD =
24

Red

(1 + 1/6Red
2/3) Red < 1000 (3.13)

CD = 0.424 Red > 1000. (3.14)

Red is simular to the droplet Reynolds number defined in section 2.1.1, except
that the kinematic velocity of the gas phase is used.

The energy balance of the droplet will determine the droplet change of
temperature (Amsden et al., 1989) and follows

ρl
4

3
πr3cl

dTd

dt
− ρl4πr2dr

dt
LTd = 4πr2Qd. (3.15)

The equation states that the heat conducted to the droplet (3. term) is ei-
ther used to heat up the droplet (1. term) or supply heat for evaporation
(2. term). Td is the droplet temperature, cl is the liquid specific heat, LTd is
the latent heat of evaporation and Qd is the rate of heat conduction to the
droplet surface for unit area. See (Amsden et al., 1989) for further details.
The heat conducted to the droplet is coupled to the gas phase by Q̇s in equa-
tion 3.6.

The mass exchange between the liquid and the gas happens through evap-
oration of the droplet since mass transfer the other way through condensation
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is of no relevance in the present system (Nordin, 2001). The mass equation
for the droplets become:

dmd

dt
= E. (3.16)

md is the droplet mass and E is the evaporation rate of the droplet. In Kiva
the droplet evaporation and thereby change in droplet size is found through
the Frossling correlation as (Amsden et al., 1989)

dr

dt
=

D
ρl2r

Y ∗ − Y

1 − Y ∗
Shd. (3.17)

The change in droplet mass is coupled with the gas phase through ρ̇s in
equation 3.1. D is the fuel vapor diffusivity in air, Y ∗ is the fuel vapor
mass fraction at the droplet surface and Y is the fuel vapor mass fraction
away from the droplet. Shd is the Sherwood number for mass transfer. See
(Amsden et al., 1989) for further details.

3.1.5 Break up model

The break up model used in the present study is a hybrid KH-RT model,
taking into account both Kelvin-Helmholtz (KH) and Rayleigh-Taylor (RT)
instabilities (See section 2.1.6).

3.1.5.1 KH break up

There is a high shear stress between liquid and gas due to the high relative
velocity between them. This creates growing waves on the liquid surface,
caused by the Kelvin-Helmholtz instabilities.

Based on dispersion relation of unstable waves on an infinite round liquid
jet Reitz (1987) found a curve fit of the fastest growing wave ΩKH and its
corresponding wavelength ΛKH :

ΩKH =
0.34 + 0.38Weg

1.5

(1 + Oh)(1.4Ta0.6)

√

σ

ρlr3
, (3.18)

ΛKH =
9.02r(1 + 0.45

√
Oh)(1 + 0.4Ta0.7)

(1 + 0.865Weg
1.67)0.6

, (3.19)

where the gas Weber number Weg and the Ohnesorge number Oh are defined
in section 2.1.1. The Taylor number Ta is given as

Ta = Oh
√

Wel. (3.20)
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ρl is the liquid density, σ is the droplet surface tension and r is the droplet
radius.
The time to determine when then parcel should break up τKH is given by

τKH =
3.788BKH1r

ΛKHΩKH

, (3.21)

where BKH1 is a constant to account for initial disturbance of the fluid and in
prior studies this constant has ranged from 1.73 to 60 (Patterson and Reitz,
1998). BKH1 is changed to

√
3 after a droplet has hit a wall (Senecal, 2000).

The resulting radius rkh of a break up is assumed to be proportional to
the wavelength of the fastest growing wave so:

rkh = BKH0ΛKH , (3.22)

where BKH0 is a constant equal to 0.61 (Reitz, 1987). The rate of change for
the parent drop is given by

dr0

dt
=

r − rkh

τKH

(rkh ≤ r). (3.23)

3.1.5.2 break up length

Close to the nozzle it is believed that there is an intact liquid core, where
only KH break up occurs (Xin et al., 1998). This break up length is from
Levich (1962) given by

Lb = CLd0

√

ρl

ρ
, (3.24)

where d0 is the effective nozzle diameter, ρl and ρ are the density of the liquid
and gas phase, respectively. CL is a model constant, which depends on the
nozzle and operation conditions (Senecal, 2000). CL will be related to BKH1

in the next section.

3.1.5.3 RT break up

The RT instabilities are waves growing on the liquid surface due to acceler-
ation normal to the liquid surface. The RT break up is introduced into Kiva
by Bower et al. (1988).

The droplet acceleration a is given by Patterson and Reitz (1998)

a =
3

8
CD

ρ (ur)
2

ρl r
, (3.25)
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which is the magnitude of the droplet acceleration given in equation 3.12
when neglecting gravitation. The fastest growing wave ΩRT and its corre-
sponding wavelength ΛRT is given by

ΩRT =

√

2a

3

(

aρl

3σ

)1/4

(3.26)

ΛRT = 2π

√

3σ

aρl

. (3.27)

The time constant τRT and the resulting droplet radius rRT for the RT break
up is given by:

τRT =
BRT2

ΩRT

, (3.28)

rRT =
BRT3

2
ΛRT , (3.29)

where BRT2 and BRT3 are model constants.
The implementation of RT break up is described by Patterson and Reitz

(1998), where the RT break up can occur everywhere. It is believed that RT
break up only occurs outside the liquid core. Therefore Xin et al. (1998) has
changed the model so RT break up only occurs after the liquid length defined
by equation 3.24. CL is therefore a parameter in the RT model.

Senecal (2000) shows a connection between CL and BKH1. The break up
length for KH length, is assumed to be LKH = UτKH . In the high Weber
number case of diesel engines and assuming zero viscosity the break up time
τKH and breakup length LKH is found,

τKH =
B1KH

U

d0

2

√

ρl

ρ
, (3.30)

LKH = B1KH
d0

2

√

ρl

ρ
. (3.31)

Since LKH and Lb in equation 3.31 and 3.24 should be the same, Senecal
(2000) concludes that for diesel engines CL in the RT-model is related to
B1KH like

CL =
B1KH

2
. (3.32)
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3.1.6 Collision models

The collision model implemented in Kiva is the O’Rourke model (O’Rourke,
1981; Amsden et al., 1989).

The model is based on calculating the probability of droplets colliding. It
is assumed that all droplets in the same parcel behave in the same manner and
that only droplets in the same computational cell can collide. The procedure
is that collision calculations are made for each combination of pair of parcels
in a cell. The droplets are assumed equally distributed in the computational
cell and from this a collision frequency fc can be found as

fc =
N2

V
π(r1 + r2)

2|ud,1 − ud,2|, (3.33)

where subscripts 1 and 2 refer to the largest and smallest of the two droplets,
r is the droplet radii, u is the droplet velocity, N2 is the number of droplets
in the parcel with the smallest number of droplets. V is the computational
cell volume.

To determine whether two droplets will collide, the collision frequency is
used together with a collision probability taken from a Poisson distribution.
If the collision is positive a new random number is used to find an impact
parameter, which determine if the collision outcome is grazing collision or
coalescence. See further details in (Amsden et al., 1989).

Nordin (2001, 2000); Schmidt and Senecal (2002); Post and Abraham
(2002b,a) and others have noted that the O’Rourke model has significant
problems of being very grid dependent, since only droplets in the same cell
can collide. Nordin (2001, 2000) suggests a grid independent model based
on droplet trajectories, where only parcels traveling towards each other can
collide. The model has not been validated and even though it points out
some problems with the O’Rourke model, it has some unresolved problems
regarding constants and how to handle the fact that it is parcels and not
individual droplets that is tracked through the domain.

Besides Nordin (2000) also Schmidt and Senecal (2002) and Post and
Abraham (2002b,a) have suggested collision models, but the conclusion is
that at the current time, none of the models has been accepted in the com-
putational society as the successor of the O’Rourke model and only time can
tell if any of them will.

As mentioned in section 2.1.8 it was found that droplet collision could
have more outcomes than implemented in the O’Rourke model. Georjon and
Reitz (1999) has proposed a droplet scattering collision model. Munnannur
and Reitz (2006) and Aumann et al. (2002) have individually, based on the
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regimes in section 2.1.8, implemented more collision regimes into another ver-
sion of the Kiva code. Aumann et al. (2002) show significant differences when
implementing the new regimes, but states that further work is necessary.

A major problem with collision modeling in diesel sprays is the lack of
experimental data for validation. The high droplet density and high number
density in diesel spray makes it basically impossible to obtain these data, but
hopefully some experimental data and validated collision models will come
in the future.

3.1.7 Nozzle model

Several models have been proposed to describe the inlet condition for the
liquid phase. One of the simplest and most used models is the blob model by
Reitz (1987) but more sophisticated models have also been implemented in
the Kiva code. In the following the blob model and the Kuensberg extended
blob model is described.

3.1.7.1 Blob model

The idea of the blob model is to represent the liquid core (see section 2.1.3) at
the nozzle exit by droplets with the size of the nozzle (Reitz, 1987). Then the
primary breakup is simulated by letting the KH-model breakup these large
droplets instead of the liquid core. The current blob model also takes into
account a discharge coefficient so the reduced injection area due to internal
flow can be simulated.

3.1.7.2 Kuensberg extended Blob model

The Kuensberg extended Blob model is proposed to take into account the
flow losses and cavitation on the inlet conditions (Sarre et al., 1999).

A conceptional model for cavitation in a nozzle is shown in figure 3.2.
The model determines if the flow is cavitating or turbulent by calculating
the pressure at point 1 from a simple Bernoulli equation. Cavitation will
occur if the pressure is below the vapor pressure. By applying mass and
momentum conservation inside the nozzle Sarre et al. (1999) made a model
for calculating the discharge coefficient, inlet velocity, and ’blob’ size at the
nozzle inlet at each time step by taking into account whether the flow is
cavitating. For further details see (Sarre et al., 1999).
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Figure 3.2: One dimensional cavitating nozzle flow. Reproduced from Baum-
garten et al. (2004) with permission.

3.1.8 Grid and coupling of phases

Kiva uses a staggered grid, where thermodynamic (P , ρ, T , I, ρm) and
turbulent quantities (k and ε) are stored at the cell centers while velocity is
stored at vertexes at the cell corners (Amsden et al., 1989).

Kiva defines some cells called ’momentum cells’ around each vertex, for
the momentum calculations. A momentum cell has center at the vertexes of a
normal cell and sides defined by midpoints of the regular cells edge (Amsden
et al., 1989). Figure 3.3 shows a conceptual 2D grid. C1 is the center of
a normal cell. M1-M4 are the centers of four momentum cells storing the
velocities associated with C1.

3.1.8.1 Normal coupling

The standard way of coupling the Lagrangian and the Eulerian phase is by
using the value of the current cell. For calculating the relative velocity of
parcel D1 in figure 3.3 the droplet velocity is used together with the velocity
of momentum cell M3 for the gas phase. The momentum exchange between
the droplet and gas phase is also with momentum cell M3. Parcel D2 which
also is in cell C1, will only exchange with momentum-cell M4.

3.1.8.2 Interpolation

An alternative coupling method was suggested by Nordin (2001). The idea
is to get a more accurate representation of the gas velocity at the parcel
location by interpolation from the vertexes in the vicinity of the parcel. Both
the velocity at parcel D1 and D2 in figure 3.3 would e.g. use velocities
stored at vertex M1, M2, M3 and M4. Nordin (2001) suggested two types
of interpolation. In the current code the ’Inverse Distance Interpolation’
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Momentum−cell

Nornal cell

D1 D2

M1 M2

M3 M4

C1

Figure 3.3: Cell types in Kiva. D1 and D2 are parcels.

has been implemented, where the velocities at the vertexes is weighted by
the inverse of the distance to the parcel, so the closest vertex is weighted
highest. The distributing of the momentum exchange is done in the same
way.
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3.2 Numerical investigations

3.2.1 Obtaining grid independent diesel spray calcula-
tions

In a normal Eulerian approach a ’better’ result can be obtained by making
the grid finer and an investigation of grid independence is usually carried
out by refining the grid and comparing differences (Casey and Wintergerste,
2000). This is not the case for the Eulerian-Lagrangian approach, where
there theoretically is a ’best mesh’ which means that refining the mesh could
make result worse due to the interactions between the Lagrangian and the
Eulerian phases (Nordin, 2003). A conventional grid independence study can
therefore not be conducted, but instead sufficient grid resolution has to be
assessed through a less stringent evaluation. This does not mean that grid
studies should not be conducted, since the grid has a major influence on the
results.

It is generally agreed that adequate resolution is required to reproduce
structures of spray in numerical computations (Abraham, 1997) and to cap-
ture the gradients across the spray. The physical scales should be resolved,
and for a jet near the nozzle the jet diameter is the appropriate length scale
(Abraham, 1997), which unfortunately are not the scales used in diesel spray
calculations. This is due to the computational costs which would be far to
high. Another reason is the Eulerian-Lagrangian approach, which has some
limitations in the maximum liquid volume fraction in a cell. The liquid vol-
ume fraction would increase when reducing the cell size and would be one
at the nozzle, if the nozzle exit was adequately resolved. A high liquid vol-
ume fraction violates the assumption for the current Eulerian-Lagrangian ap-
proach (Nordin, 2003) and furthermore, a high liquid volume fraction causes
numerical instabilities (Abraham, 1997; Beard et al., 2000). Iyer and Abra-
ham (2005) state that the smallest grid employable for fullfilling the require-
ments to liquid volume fraction, is in the order of the orifice diameter, and
that the gradients cannot be sufficient resolved within 100 orifice diameters
of the exit.

A third reason is that the cell size cannot be reduced too much without
violating the stochastic approach used in e.g. the collision model. With
decreasing cell size the number of parcels have to be increased to get enough
parcels in a cell for stochastic approach to be valid (Steiner et al., 2004).

Aneja and Abraham (1998) find significant differences dependent on the
numerical resolution and concluded that grid independent results are not
obtained. Similar results are obtained by Nordin (2001).

A number of problems can be identified due to too large cells in the
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numerical calculations (Nordin, 2001; Beard et al., 2000; Steiner et al., 2004;
Ra et al., 2005) :

Unresolved gradients The gradients in and around the spray are not ac-
curately calculated.

Inaccurate local values With large gradients and too large cells, local
properties are not accurately calculated. Therefore the relative velocity
at the droplet is not assessed correctly and the calculation of drag and
break up is erroneous. The exchange processes between the phases are
therefore not accurately calculated.

Artificial diffusion The droplet mass, momentum and energy is coupled
with the gas in the entire cell. If the cell is larger than the spray or
there is an non uniform distribution in the cell, an artificial diffusion
will occur, since the local exchange will be distributed to the whole cell.

Turbulent parameters When the gradients across the spray are not accu-
rately resolved, the turbulence model has no chance of calculating the
turbulence parameters.

Different approaches are used to overcome all or some of the identified
problems. At the moment many people are working on using LES (Large
Eddy Simulation) for fuel sprays e.g. Bergström (1999); Lee et al. (2002a);
Apte et al. (2003), and it might be more widely used in the future when
the computational resources has increased significantly (Lee et al., 2002a).
Iyer and Abraham (2005) have suggested a model using two fluid Eulerian-
liquid Eulerian-gas model. Also hybrid models, where different models are
coupled are being used, e.g. has Steiner et al. (2004) and Michels et al. (2004)
used a 3D Eulerian-Eulerian spray model in the vicinity of the nozzle and
at a distance from the nozzle this code is then linked to a normal Eulerian-
Lagrangian engine code.

Even though one or more of these approaches might prove to be the right
one in the future, the Eulerian-Lagrangian approach of e.g. Kiva is at present
the favored approach, due to the relatively low computational costs and the
widely acceptance of the code, and will therefore be the subject of the fol-
lowing.

In order to solve the problem with inaccurate local values, Nordin (2001)
suggests to use interpolation between grid points to get a better estimate of
the local value. He suggested two types of interpolation, where one of them is
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Figure 3.4: The relative velocity (∆Vp) of parcel. Left side conventional Kiva
calculation. Right side using relative velocity at ’gauseous’ particle surface
of the CLE model. Reproduced from Beard et al. (2000) with permission.

implemented for momentum in section 3.1.8.2. Another interpolation scheme
is used by Stalsberg-Zarling et al. (2004, 2005) for mass and momentum.

The interpolation does not solve the problem with the artificial diffusion,
which in the case of momentum causes the local gas velocity at the parcel
to be too small, which in turn causes the parcel velocity to be reduced too
fast due to higher relative velocity and thereby higher momentum transfer.
An approach for resolving the problem with insufficient mesh is proposed by
Beard et al. (2000) in the Full Lagrangian-Eulerian coupling model (named
CLE model from French ”Couplage Lagrangien-Eulerien”). The CLE model
uses the concept of a ’gaseous’ particle surrounding the droplet, where the
vapor mass and momentum from the parcel is stored. The ’gaseous’ particle
grows following a specified diffusion law. Not until the ’gaseous’ particle
is at the same scale as the surrounding grid the mass and momentum is
transferred to the cell. In order to calculate the relative velocity of the parcel
Beard et al. (2000) used the difference between the droplet velocity and a gas
velocity calculated at the ’gaseous’ particle surface as shown in figure 3.4.

Ra et al. (2005) and Mather and Reitz (2000) investigated gas jets (not a
spray) on coarse grids. Mather and Reitz (2000) found that the turbulence
model did not give the correct flow near the nozzle, and they obtained good
results when correcting this in the turbulence model by specifying the tur-
bulent length scale (Lt) near the nozzle exit (up to 10 df from the exit) as
half the nozzle diameter (df) as

Lt =
df

2
. (3.34)
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Ra et al. (2005) moved the boundary condition from nozzle exit to the
point where the jet filled 2 cells, which according to Abraham (1997) is the
minimum requirement for grid resolution of gas jets. Ra et al. (2005) found
inlet conditions from mass and momentum conservation.

For the turbulence treatment Ra et al. (2005) calculated the turbulent
length scale Lt from the turbulence model, but limited to the maximum of
the characteristic length scale. For finding the turbulent quantities at the
inlet Ra et al. (2005) used the fact that the turbulent kinematic viscosity µt

is a constant for a circular jet,

µt = Ctρk
1

2 Lt = constant, (3.35)

where Ct is a constant, k is turbulent kinetic energy. k could then be calcu-
lated at a given position, since Lt is known and the turbulent kinetic energy
can be estimated to 10 % of the injected kinetic energy (Ra et al., 2005). Ra
et al. (2005) obtained good results for a gas jet using a coarse grid, when
applying these assumptions.

3.2.2 Investigations

Numerical studies are performed on a constant volume grid to assess the
effects of the grid on spray calculation. The calculations are performed with
a chamber temperature of 373 K, inflow temperature of 293 K, chamber
pressure of 100 bar and 0.2 mm in hole diameter.2 A discharge coefficient of
0.7 is used, an injection pressure of 800 bar and liquid density of 840 kg/m3.

The calculations are performed on different grid sizes. In the xy direc-
tions, which is the plane normal to the spray axis, a grid size of 3.5, 5, 10
and 24 times the nozzle diameter d, is used. In the direction of the spray
(z-direction) a grid size of 76, 38 and 19 times d is used.

3.2.2.1 Calculations without break up and collision model

Figure 3.5 shows calculations with break up and collision models turned off.
It shows almost grid independency at a grid size of 5 d in xy direction. In
the z direction no significant influence of the grid size is seen. Comparing the
interpolation and non interpolation case, a clear difference is seen especially
at the most coarse mesh. At this point, there is a splitting at the non
interpolation case forming a clover leave shape, better seen in figure 3.6.
This is in agreement with the findings of Nordin (2003), which explains this
effect with a velocity jump, when moving from one cell to another.

2The hole size is much smaller than the one for large two stroke diesel engine. This is
acceptable for this investigation, since the investigation is aimed at model and grid effects.
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Without interpolation there are wavy patterns on the penetration curve
as seen in figure 3.7. This is due to the deceleration of the droplets, when
they enter a new computational cell and therefore suddenly experience a
very small gas velocity. This is not seen when using interpolation, since the
interpolation gives momentum to all vertexes surrounding the parcel and the
grid therefore does not create such steep gradients.

The interpolation also gives slightly faster computational times, which
must be related to easier solution of the system when the artificial steep
gradients are removed. All in all, the introduction of the interpolation scheme
indeed gives an improvement.

3.2.2.2 Calculations with break up model

Introducing the break up model, the effect of grid and interpolation scheme
is significantly enlarged as seen in figure 3.8. There is a significant difference
in shape between interpolation and non interpolation not present with the
break up model turned off. A longer penetration is also seen with finer grid
in the xy direction, not seen without the break up model.

Figure 3.9 shows the penetration of the sprays in figure 3.8. The non in-
terpolation cases shows some wavy patterns on the penetration curves, which
can be related to the spray entering a new cell. For the most coarse grids,
the penetration curve does not follow the expected decelerating squareroot
dependency on time. This is investigated in later sections.

The conclusion is that the grid and the interpolation scheme should be
tested together with a break up model, since the interaction of these three
has an effect.

An explanation for the faster droplets for smaller grid cells is the calcu-
lated relative velocity, which is used in the drag calculation of the droplet.
With smaller cells the fluid in the cells around the droplet is easier acceler-
ated because of the smaller volume of the cell. Therefore, the local velocity
will be higher and the droplets will experience smaller relative velocity. This
can also be reviewed as a problem of resolving the large velocity gradients at
the edge of the spray.

In figure 3.10 is shown the effect of the number of cells in the z-direction.
A slight decrease in the penetration is observed with finer grids. Also a slight
difference in shape is observed , especially at the coarse grid. Refining in the
z directions has much less effect than in the xy direction.
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(a)
∆xy = 24d,
∆z = 76d,
no interpola-
tion

(b)
∆xy = 10d,
∆z = 38d,
no interpola-
tion

(c)
∆xy = 5d,
∆z = 38d,
no interpola-
tion

(d)
∆xy = 3.5d,
∆z = 38d,
no interpola-
tion

(e)
∆xy = 5d,
∆z = 19d,
no interpola-
tion

(f)
∆xy = 24d,
∆z = 76d,
interpolation

(g)
∆xy = 10d,
∆z = 38d,
interpolation

(h)
∆xy = 5d,
∆z = 38d,
interpolation

(i)
∆xy = 3.5d,
∆z = 38d,
interpolation

(j)
∆xy = 5d,
∆z = 19d,
interpolation

Figure 3.5: Plot of droplet size and spray shape at same time with variation
of grid size in xy and z direction. No break up model. Scale shows droplet
size from 0 to 0.2 mm. Note no size change due to no break up.
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(a)
∆xy = 24d,
∆z = 76d, no
interpolation

(b)
∆xy = 24d,
∆z = 76d,
interpolation

Figure 3.6: Plot of front of spray. No break up model.

Figure 3.7: Penetration of spray at same time with variation of grid size in
xy and z direction. No break up model.
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(a)
∆xy = 24d,
∆z = 76d,
no interpola-
tion

(b)
∆xy = 10d,
∆z = 38d,
no interpola-
tion

(c)
∆xy = 5d,
∆z = 38d,
no interpola-
tion

(d)
∆xy = 3.5d,
∆z = 38d,
no interpola-
tion

(e)
∆xy = 24d,
∆z = 76d,
interpolation

(f)
∆xy = 10d,
∆z = 38d,
interpolation

(g)
∆xy = 5d,
∆z = 38d,
interpolation

(h)
∆xy = 3.5d,
∆z = 38d,
interpolation

Figure 3.8: Plot of spray shape at same time with variation of gridsize and
variation of interpolation scheme. KH-RT break up model turned on. Scale
shows droplet size from 0 to 0.2 mm. Same scale as figure 3.5.
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Figure 3.9: Penetration of spray with variation of gridsize in xy and z direc-
tion. KH-RT break up model.

(a) ∆z = 38d (b) ∆z = 19d (c) ∆z = 10d

Figure 3.10: Grid investigation of variation in z direction. ∆xy = 5d. Inter-
polation scheme and KH-RT breakup model used. Scale shows droplet size
from 0 to 0.2 mm.
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3.2.2.3 Time step and number of parcels

It is tested whether the used time step has an effect on the spray. On the
finer grids only small differences are seen compared with the above effects.
There are effects on the SMR with large time steps which can be explained
by the time step being slower than of the breakup process (less number of
steps to perform the break up).

The number of parcels are changed from 2000 to 500 pr injection and only
small differences are seen.

It is concluded that the time step and number of parcels are less significant
than e.g. the grid size.

3.2.2.4 Place of injection

It is tested whether the grid lines relation to the injection point has an influ-
ence on the spray, and figure 3.11 shows the spray shapes of the calculations.
A large influence of the injection point is seen, with a lot longer penetration
when injection is done on a grid line.

The velocity profile across the spray is also much steeper with a higher
center value, when the injection is done on a grid line.

The place of injection can be related to the momentum coupling of the
sprays. In figure 3.12 a schematic 2D description of the problem is shown.
In case a) the spray is injected in the middle of a cell and is on the line
of the two momentum cells M1 and M2. For the normal Kiva coupling (no
interpolation) the droplets will interact with both these momentum cells. It
will use the gas velocity of these cells to calculate the relative velocity for the
drag and break up and it will exchange momentum with both cells. Using
interpolation the interaction also involve momentum cells M3 and M4.
In case b) the spray is injected on the line of two normal cells, which means
that it is injected in the middle of a momentum cell (M6). With interpolation
M5-M10 would all be involved, but with M6 as the largest contributor.
Comparing the cases the momentum is transferred to a much larger volume
in case a), since it is interacting with more cells. This means less momentum
transfer to each cell and therefore a smaller gas velocity. Later parcels will
experience a higher relative velocity and therefore a higher drag. The parcels
will therefore loose momentum faster and thereby decelerate faster.
Moving from 2D to 3D then case a) will interact with 4 momentum cells
while case b) still will interact with only one cell.

Using interpolation makes things slightly more complicated, but will not
change the conclusion above.

This difference in momentum transfer and relative velocity explains the
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(a)
Off-gridline,
no inter-
polation

(b)
Off-gridline,
interpolation

(c)
On-gridline, no
interpolation

(d)
On-gridline,
interpolation

Figure 3.11: Effect on shape of spray by having spray axis on or off a gridline.
∆xy = 24d, ∆z = 38d. KH-RT breakup model used.

Normal cell

Momentum cell

M2M1

M3 M4

M5 M6 M7

M8 M9 M10

a) Injection in the middle of normal cell b) Injection on the line between normal cells

Figure 3.12: 2D model of injecting on a grid line or in the middle of a cell.
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(a) Off-line (b) On-line

Figure 3.13: Comparing of spray shape for injecting on/off a normal cell line.
∆xy = 5d, ∆z = 38d. KH-RT break up model.

shorter penetration in figure 3.11(a-b). It also explains the higher center
velocity.

The spray shape with a finer grid is shown in figure 3.13, and shows almost
no difference between injecting on a grid line or in the middle of a cell. This
result makes sense since with small enough cells, the spray will rapidly fill
several cells with parcels. When interacting with more and smaller cells, the
gradients are better resolved and the injection point becomes less important.
The results in figure 3.13 indicates that in this case the cells are small enough
for the momentum transfer.

The above findings indicate that a grid size of 5 d in the xy direction
is acceptable for the current setup, when looking at the injection point and
without break up. With break up the grid size still had a significant effect
on the penetration.
A grid size of 5 d is small compared to normal engine simulations, and finding
an approach to avoiding too small cells would be significant for the calcula-
tion times of these simulations.
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3.2.3 Turbulence correction approach

One difference noticed between different grid size was the turbulent proper-
ties close to the nozzle. This can be related to not resolving the gradient
across the spray properly.
Inspired by the findings of Ra et al. (2005) and Mather and Reitz (2000) on
gas jets, a similar approach is tried on diesel sprays in this study.
Fuel sprays are more complicated than gas jets because fuel jets has two
phases. Momentum is transferred into the domain by liquid phase of droplets
and a gas jet is first established after momentum has been transferred from
liquid to gas. From momentum considerations and experimental findings
from section 2.2 of spray angle and penetration, it can be seen that most of
the momentum is transferred to the gas phase very close to the nozzle. This
indicates that the fuel spray can be estimated with a gas jet, when moving
away from the injection point.

The first approach tried is to specify turbulent viscosity µt in the injection
cell of the spray. The turbulent kinetic energy is taken as 10 % of the total
kinetic energy (Ra et al., 2005) and the length scale as the nozzle radius. µt

is found as
µt = cρk

1

2 Lt. (3.36)

The second approach is to specify µt to be constant in a greater area of
the spray in agreement with equation 3.35 for a jet (Ra et al., 2005).
The conclusions from the investigations are that there is a slight improve-
ment of the results, but far less than the effect from momentum transfer.
It is concluded that when other models have been improved the turbulence
corrections should be taken into considerations, when working with spray on
coarse grids. The problems with momentum should be solved first.

3.2.4 Velocity correction approach

Following the findings of section 3.2.2.4, a closer look at the cell volume is
appropriate. First, the total volume of the spray compared with the sur-
rounding gas volume can be estimated. Figure 3.14 shows a spray injected in
the bottom of a cell and leaving at the top, with an area comparable to the
cell size. Calculating the volumes of cone and cell the spray cone is about
1/3 of the total volume of the cell. Assuming that the droplets physically
only interact with the gas in the vicinity of the droplets and thereby in the
spray cone volume, the spray interacts with three times too large a volume
when only in one cell, and thereby also transfers momentum to three times
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Figure 3.14: spray cone in cell

too large a volume. In the worst case in section 3.2.2.4 it is shown that the
spray could actually interact with four cells, which gives 12 times too large
a volume. This is a slight overestimation, since one could postulate that the
droplets also interact with the air close to the spray cone, but this does not
change the clear conclusion.

In order to compensate for the large momentum loss happening close to
the nozzle it is tried to specify the velocity of the parcels in a region close
to the nozzle. As a very rough estimate, velocities based on penetration
correlations from Hiroyasu and Arai (1990) and Naber and Siebers (1996) are
used. The results show an improvement for the finer grids, but for the more
coarse grids, the spray actually stops at the point where the velocity is not
specified any more. The reason for this, is that by specifying the velocity of
the parcel, the parcel is not slowed down due to artificial momentum diffusion,
but the momentum is still diffused. Therefore, the gas velocity is very low
around the spray, and when the normal drag calculations is turned on, the
relative velocity is large, which results in a high drag and consequentially a
very fast deceleration of the droplets.

A conclusion from the investigations is that the diffusion of momentum
due to artificial diffusion makes the momentum distribution in the gas phase
so diffuse that the spray is stopped. This indicates that in order to enable
the establishment of a correct spray, numerically, it is important to prevent
the momentum from being too artificially diffused. It is therefore concluded
that in order to have a chance of producing a realistic spray, a momentum
requirement has to be met by the grid size. In section 3.2.5 a suggestion for
such a criterium is made and tested for a spray without break up.
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3.2.5 Cell criteria from momentum requirements

It has been shown that with very large cells, the injected spray droplets stop
due to the artificial diffusion when the momentum is transferred to the gas.
It has also been shown that the injected momentum from the liquid phase is
transferred very fast to the gas phase, and almost all momentum is carried by
the gas phase. This is supported by Wan and Peters (1999) who states that
droplets sizes are so small that exchange of momentum between droplets
and ambient gas is very fast. Away from the nozzle, the gas and liquid
phase virtually reach a common velocity. From experiments at evaporating
conditions of e.g. Siebers (1999) it has been shown that the liquid phase
reaches a quasi steady length, while the evaporated fuel in the gas phase will
continue to penetrate. This again demonstrates the importance of a correct
prediction of momentum transfer to the gas phase.

3.2.5.1 Derivation of a cell size criterion

The above observations calls for a criterion to limit the grid size in order
to secure a reasonable transfer of momentum to the gas and to assure the
establishment of a gas jet coexisting with the spray. It must be stressed that
the analysis does not account for other phenomena that might require much
smaller cell size or other actions. Some of these phenomena include:

• Resolving of gradients across the jet for calculation of turbulent param-
eters.

• Finding the relative velocity for the calculation of droplet drag (mo-
mentum transfer) and break up.

To derive the criteria, a control volume equal to a momentum cell is set
up. The 3D control volume is indicated in figure 3.15, where the x and y
are equal and the spray is injected at the center of and normal to the xy
plane at the left side of the figure. By assuming steady state, the momentum
entering the left xy plane will be equal to the momentum leaving the right
xy plane. Assuming sufficiently large momentum transfer from liquid to gas
phase, and assuming that the spray just fills the xy plane at the right, then
a common velocity Ueq of gas and liquid can be assumed at this plane. The
only momentum contributions is the right and left xy plane giving following
momentum balance

ml Uinj = (mg + ml) Ueq, (3.37)

where ml and mg are mass of gas and liquid and Uinj is the injection velocity
of the spray. The steady state amount of mass of fuel is found from the
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Ueq
Uinj∆ x= ∆ y

∆ z

Figure 3.15: Control volume of spray injected into momentum cell.

effective nozzle diameter df , the grid size in the axial direction ∆z and the
liquid density ρl. The gas mass is found from the grid sizes ∆x, ∆y and ∆z
and the gas density giving

ρl

π d2
f ∆z

4
(Uinj − Ueq) = ρ ∆x ∆y ∆z Ueq. (3.38)

Since ∆x and ∆y are assumed to be equal, equation 3.38 reduces to

(∆x)2

d2
f

=
π

4

ρl

ρ

Uinj − Ueq

Ueq

. (3.39)

This equation shows that the area ratio should equal the density ratio times
the non dimensional loss in initial velocity. The requirement for the grid size
then becomes

∆x

df

=

√

π

4

ρl

ρ

Uinj − Ueq

Ueq

≈
√

ρl

ρ

Uinj

Ueq

. (3.40)

Equation 3.40 is derived for an injection into one momentum cell aligned
normal to the xy direction, which means that the initial spray only interacts
with one cell in this direction. When injecting on the line between momentum
cells it will interact with 4 cells in the radial direction. In this case the
required grid size ∆xnew due to the larger gas volume is

∆xnew =
∆x

2
. (3.41)

For other cases the requirement will lie between ∆x/2 and ∆x. The above
analysis is conducted without considering interpolation for the momentum
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transfer. The interpolation case is more complex but the range ∆x/2 to ∆x
is still valid.
In order to account for this, a constant Cgrid ranging from 1 to 2 is intro-
duced. ∆xgrid is the grid size when taking Cgrid into account. Then equation
3.40 is changed to

∆xgrid

df

≈ Cgrid

√

ρl

ρ

Uinj

Ueq

. (3.42)

The only unknown in equation 3.41 is Ueq. One can argue that Ueq should
be set to a small fraction of Uinj, since at this point most of the momentum
of the injected liquid is transferred to the gas, and it is at this point that the
establishment of a gas jet should have occurred.
Note that equation 3.41 shows no dependency on the spray axis direction
(∆z). Even when a significant part of the injected momentum is not trans-
ferred to the gas in the first cell the equation still holds. The equation can
therefore also be seen as a momentum balance up to the point when most of
the momentum is transferred to the gas and Ueq is reached. This interpreta-
tion of Ueq and ∆z fits very well with the requirement to established gas jet
for accurate computational results.

Kiva calculations have been conducted and the results are shown below.
Analyzing the results it is found Uinj/Ueq ≈ 10 gave good results. This value
seems reasonable since it states that a large part (90 %) of the momentum
is transferred to the gas.

The equations can be summarized as

∆xgrid

df

≈ Cgrid

√

ρl

ρ

Uinj

Ueq

, (3.43)

Uinj

Ueq

≈ 10, (3.44)

1 ≤ Cgrid ≤ 2. (3.45)

Equation 3.43 is derived for a cartesian grid. It can be shown that the
equation also is valid for cylindrical mesh when the spray axis is in the grid’s
axial direction. In this case ∆xgrid = ∆r, where ∆r is the cell size in the
radial direction. The derivation is shown in Appendix B.

When injection is in the radial direction the derivation is more complex.
The above derivations are not altered if the momentum transfer happens
over several cells in the direction of the spray axis since this term cancels
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out. This is not the case for injection in radial direction and therefore the
momentum balance cannot be seen as a balance up to the point where most
of the momentum is transferred. The derivation is shown in Appendix B.

3.2.5.2 Kiva calculations

In order to investigate the above criteria, Kiva calculations have been con-
ducted for two different density ratios, referred to as case I and case II. break
up and collision sub models were turned off, to be able to isolate the effects
of momentum. As momentum exchange is effected by the cell size through
the relative velocity in the drag calculations, it cannot be expected that dif-
ferent grids will produce exactly the same results. A satisfactory result in
comparing sprays at different grids is therefore defined as:

• The penetration curve having the right shape, with a deceleration from
the high velocity at injection and a final

√
t dependence.

• A convergence towards a common value when moving away from the
nozzle and the gas jet becomes the deciding parameter.

• A similar spray shape.

In case I, the density ratio is ρl/ρ ≈ 18 which with Uinj/Ueq = 10 gives
∆xgrid/df ≈ 13 Cgrid. The penetration for case I is shown in figure 3.16 and
the spray shape is shown in figure 3.17. The spray is injected in the middle
of a momentum cell for cases (a),(e),(f),(g) and (h), while it is injected on
the line between momentum cells in the other cases.

For case I it is clear from both the penetration and the spray shape that
run (a) and (b) clearly fails the set criteria and that (c),(d),(f),(g) and (h)
fulfills the criteria. Even though run (e) has a smaller grid size than run (c)
and (d), it shows a slightly shorter penetration, which stresses an effect of
injecting on/off a momentum cell and the constant for injection point Cgrid

therefore has to be taken into account. Run (e) shows a spray shape like the
other acceptable runs.
As mentioned, Cgrid is affected by the use of interpolation, since there is a
interaction with more cells. Therefore the difference in Cgrid is expected to
be less than a factor two. This is confirmed when comparing case (b) and
(e). Case (b) is injected in the middle of a momentum cell while case (e) is
injected on the side of a momentum cell, therefore Cgrid is different for the
two. Since case (b) has less than double the cell size of case (e), case (e)
should fail more significantly than case (b), if the Cgrid is a factor 2 between
the two cases. This is not the case.
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Figure 3.16: Spray penetration for case I, ρl/ρ ≈ 18. The legend numbers
specify the number of cells in the x, y, and z direction.
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Figure 3.17: Spray shape for case I, ρl/ρ ≈ 18. The numbers under the
subfigures specifies the number of cells in x, y, and z direction. Furthermore
∆x/df is shown for each grid.
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Figure 3.18: Spray penetration for case II, ρl/ρ ≈ 9. The legend numbers
under specifies the number of cells in x, y, and z direction.
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Figure 3.19: Spray shape for case II, ρl/ρ ≈ 9. The numbers under the
subfigures specifies the number of cells in x, y, and z directions. Furthermore
∆x/df is shown for each grid.
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Case II has ρl/ρ ≈ 9 which with Uinj/Ueq = 10 giving ∆xgrid/df ≈ 9.5
Cgrid.
Penetration results for case II is shown in figure 3.18. The density ratio is only
half of case I, which makes a difference. It is seen that the penetration curve
for run (c) and (d) does not show the expected

√
t dependency. Furthermore,

there is not as clear a convergence to common penetration length as for case
I, even though the spray shape look much alike for the finer grids. The
conclusion is that case (c) and (d) fails slightly, which fits well with the
prediction since ∆xgrid/df > 9.5 for the two runs and therefore is predicted
to fail.

The conclusion from these cases is that the cell size criteria using Uinj/Ueq =
10 predicts very well in which area the calculations are going to fail. Fur-
thermore, it is shown that a constant for the injection point (Cgrid) has to
be taken into account, but that the factor is less than 2 between injection in
the middle and on the boundary of a momentum cell.

Non interpolation cases were also made. The conclusions from these runs
are that the penetration calculations do not show the same clear results as
the interpolation cases. The spray shapes for the fine meshes show similar
shape, but non interpolation has other effects on the spray. The conclusion
is that for the non interpolation cases the grid size criteria is shown valid,
but that other effects play a significant role.

3.2.5.3 Conclusion momentum criteria

It has been shown that in order to conduct spray simulations the injection cell
should not be too large. Too large cells will dissipate the injected momentum.
A maximum cell size was derived from momentum considerations and given
by equation 3.43. The unknown of equation 3.43 is the required gas velocity
Ueq. It was suggested that this should be set to a small amount of the
injection velocity, since at this point a gas jet should have been established.
Uinj/Ueq ≈ 10 was found to agree well with computational results.
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3.2.6 Evaluation and conclusion on numerical investi-
gations

Obtaining grid independent results is not possible with the current Langrantian-
Eulerian approach both due to computational power but also due to model
assumptions. Many researchers are working on alternative or combination
approaches but the right alternative have not been proven yet.

At the current time the Langrantian-Eulerian approach is the most ap-
propriate but care must be taken. In this light it is concluded that measures
have to be taken to ensure reasonable results and therefore a number of stud-
ies are made on grid effects on a spray.

It is found that the most significant effect is the artificial diffusion of the
momentum transferred from the liquid spray phase to the surrounding air. An
analysis of the momentum transfer has resulted in a criterium which restricts
the cell size. The concept of artificial momentum diffusion is highly related
to gas jet motion and is therefore expected to be useful also on evaporating
sprays, where the spray creates a gas jet. This is supported by the fact
that most of the momentum is transferred to the gas phase, even for non
evaporating diesel sprays.

The use of interpolation is an improvement, but it does not solve the
above problem with momentum diffusion.

Other aspects like turbulence has been investigated and indicates positive
results. This area need more work which could not be covered within the
present project.

The conclusion is that spray calculations on coarse grids are problematic
and no easy solution has been found. Further aspects has to be investigated
and concepts which compensate for the large grid size e.g. by Beard et al.
(2000) or hybrid model e.g. by Steiner et al. (2004) might prove useful.

Other models like e.g. collision has not been investigated, but further
development also needs to be done in this area.



Chapter 4

Experimental section

4.1 Literature on sprays in two stroke marine

engines

MAN Diesel has through the company’s long history conducted extensive
investigation of large two stroke engines and continues to do so. Most of
these tests collect integral data e.g. pressure, temperature, heat release and
power. Some research has also been made on sprays.

In the literature only few spray studies are reported under large two stoke
conditions. The studies are mainly numerical studies, which all compare
integral measures and therefore do not validate the local properties. (Tanner
and Reitz, 1999; Rodatz et al., 2000; Tanner et al., 2001; Tanner and Reitz,
2002; Weisser et al., 2004).
There are a few examples of experiments on local properties which relate
directly to two stroke marine engines. Wakuri et al. (1992) did test on a 190
mm bore two stroke engine with side injection and used different fuels and
swirl. Larmi et al. (2002) conducted constant volume chamber experiments
at room temperature, using marine diesel fuel, to find penetration and droplet
size.
Takasaki et al. (2000, 2002) have made several visual studies on marine diesel
and bunker fuel in a constant volume chamber. Unfortunately, these studies
do not contain data on the spray. Other studies, related to slow speed marine
diesel engines, are marine fuel studies by Collin et al. (1986); Okada and
Utsumi (1983) and NOx mechanism studies by Goldsworthy (2003).

The conclusion is that the literature on sprays from large two stroke
engines is very limited, and that findings from small engines and pressure
chambers as given in section 4.2 must form the basis for further research and
experimental investigations.
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4.2 Review of experimental methods

This section will give a short review of experimental methods commonly used
for diesel sprays. The section will focus on the methods used for finding the
size, shape and velocity of the spray and will not deal with spectral and other
methods for species and temperature measurements like e.g. Cavity Ring
Down for species concentration, LII (Laser-Induced Incandescence) for soot
and CARS (Coherent Anti-Stokes Raman Spectroscopy) for temperature.

4.2.1 Pressure chambers

The experiments are usually conducted in either constant volume chambers
or in small engines with optical access.

The optical access to the engine can be established by use of a transparent
piston and/or windows in the chamber walls. There are examples of replacing
valves with windows and also of endoscopic access. A typical optical engine
is shown in figure 4.1.

The constant volume chambers normally have a set of windows for op-
tical access. A range of different chambers have been constructed both for
ambient and elevated temperatures and pressure (Hiroyasu and Arai, 1990;
Siebers, 1998; Crue, 2002; Schneider, 2003). E.g. Siebers (1998) has a cham-
ber designed for 350 bar, and has used it for temperatures up to 1300 K.

A high pressure chamber, as shown in figure 4.2, is typically mounted
with pressure transducers and thermocouples, sapphire windows, valves for
air change, wall heating, fan and spark plug (Siebers, 1998). An inert high
pressure and high temperature environment can be obtained by loading the
chamber with a combustible gas mixture, which is ignited by the spark plugs.
Afterwards, the fan is used to get an uniform temperature. The fuel injection
is conducted when the gas has cooled down to the required pressure and
temperature (Siebers, 1998).

4.2.2 Photography

There are different experimental methods which are based on taking high
speed photography of the spray. Two of the methods are back light photo-
graphy and laser sheet visualization.
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Figure 4.1: Schematic cross-section of optical engine. Reproduced from Es-
pey and Dec (1993) with permission.

Figure 4.2: Schematic cross section of high pressure chamber. Reproduced
from Siebers (1998) with permission.
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4.2.2.1 Back light Photography

This method is based on sending light from behind the spray, and pho-
tographing the spray from the front. The method gives an integrated picture
of the spray.

Wakuri et al. (1992) used this method to show the liquid phase of the
spray.
Wu et al. (1986) used back light photography close to the nozzle to find the
droplet size. Mohammadi et al. (1998a) also found the droplet sizes based
on an image analyzing method of the photos. Using the double exposed
photography, the velocity of the droplets can also be found (see section 4.2.5
on Particle Tracking Velocimetry (PTV)).

4.2.2.2 Direct lighting/Reflected light

This method is based on sending light from the front of the spray and pho-
tographing the reflection and scatter from the spray.

Delacourt et al. (2005) used this method for spray visualization and hence
for finding e.g. spray angle and penetration.

4.2.2.3 Laser sheet visualization

This method is based on creating a laser sheet and recording the sheet by
using a camera.
In the literature laser sheet visualization is often referred to as Mie-scatter,
since it is based on light scattering by the droplets. See more on Mie-scatter
in section 4.2.4.1.

The advantage of laser sheet visualization is that data in an entire plane
can be obtained. A sophisticated version of this method uses florescent trac-
ers in the fuel. This is described in section 4.2.6.1 on Planar Laser Induced
Fluorescence (PLIF).

Araneo et al. (1999) used laser sheet visualization for finding tip penetra-
tion, spray angle and spray structures. Powell et al. (2001) performed laser
sheet visualization with a long distance microscope. Siebers (1998) used laser
sheet visualization for finding fuel penetration length.
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4.2.3 Gradient based methods

The advantage of gradient based methods like schlieren and shadowgraph is
that they can display the inhomogeneities (density differences) in transpar-
ent media (Settles, 2001). The methods are based on the fact that density
differences causes different refraction of light due to a change in the refrac-
tion index of the media. For more details than given below, see the book by
Settles (2001).

Shadowgraph and schlieren methods have been widely used in diesel spray
experiments for example to distinguish between evaporated fuel and sur-
rounding air.

4.2.3.1 Shadowgraph

The shadowgraph requires a bright point light source and a screen. When a
non-uniformity is present between the light source and the screen some rays
are refracted/bent from their original path. This refraction contributes to
extra illumination of some points on the screen while other will receive less
illumination. The light rays are in this way redistributed, thereby creating a
shadow on the screen (Settles, 2001).
When introducing a lens after the light source, the light is parallelized be-
fore reaching non-uniformity, by which a sharp line at the interface of the
uniformity and the surrounding is created due to the high gradient (Settles,
2001).

Schugger and Renz (2002) used a shadowgraph system for investigating
spray structures. Barroso et al. (2003) used shadowgraph for measuring spray
angle and penetration.

4.2.3.2 Schlieren

Schlieren is based on having a point light source, two lenses and a screen or
camera. An inhomogeneity between the two lenses will refract the light from
the first lens up and down. The second lens will bend the reflections onto
the right spot on the screen, but refracted rays will miss the focus point of
the lens. By placing a knife edge or another cutoff at the second lens focal
point, one of the refracted rays are blocked and the inhomogeneous becomes
visible on the screen (Settles, 2001).

Siebers (1998) used schlieren for the overall spreading image of the spray.
These experiments were conducted together with laser sheet measurements
of fuel penetration.
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The differences between schlieren and shadowgraph are according to Set-
tles (2001):

• The shadowgraph is not in focus but a mere shadow.

• Shadowgraph is based on the second gradient of the refraction index,
while schlieren depends on the first.

• Shadowgraph needs less optics than schlieren. Schlieren also uses more
equipment in the form of a knife edge or another cutoff.

• Overall, shadowgraph is less sensitive than schlieren especially at smaller
inhomogeneities. In some cases shadowgraph can be more sensitive
than schlieren. This is when the second derivatives of the refraction is
bigger than the first derivative. This can be shock waves or fine scale
images of turbulence.

4.2.3.3 SUS wire

This method uses density based methods to find velocities.
It is based on heating a stainless steel (SUS) wire by sending a large

current through it. This heats up the air surrounding the wire and thereby
creates a density gradient in the air. By monitoring the movement of the den-
sity gradient by e.g. shadowgraph, the air movement can be found (Ishikawa
and Zhang, 1999).
Ishikawa and Zhang (1999) used this method outside the spray to measure
velocities of surrounding air and thereby air entrainment into the spray.

4.2.3.4 Time Gated Ballistic Imaging

Ballistic imaging is a form of shadowgraphy that can show structures embed-
ded within a turbid media. It was originally developed for medical imaging
(Linne et al., 2006).

When transmitting light through a turbid media, a few photons passes
straight through the media and exits first (called ballistic photons) while
other photons are scattered once or twice and leaves the media in the same
direction as the incoming light but with a small angle and a small time delay
(called snake photons). The majority of photons, called diffuse photons,
are scattered multiply times and are scattered into a large angle and exits
last. Due to the undisturbed path, the ballistic photons retain undistorted
information of the structures in the media, while snake photons give slightly
distorted information (Linne et al., 2006). The technique uses exit time
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and direction together with other features of the ballistic and snake photons
to distinguish them from the diffuse photons. For detail see the work by
Paciaroni et al. (2006) and Linne et al. (2006).

The technique can be used to investigate the liquid core of the spray
which is normally unaccessible due to the dense fog of droplets surrounding
the liquid core and only show structures and filaments above a certain size.

Paciaroni et al. (2006) and Linne et al. (2005) used the technique on a
water spray and jet in a crossflow, while Linne et al. (2006) investigated the
liquid core of a diesel spray.

4.2.4 Light scatter methods

The light scatter methods are based on the fact that droplets scatter light.
Two regimes are Mie scattering and Rayleigh scattering. Mie scatter is based
on scatter at least as large as the wavelength of the incoming laser light, while
Rayleigh scattering is the scatter from molecules/particles much smaller than
the wavelength of the incident light.

4.2.4.1 Planar Laser Mie scattering

The amount of light scattered in different directions from a transparent par-
ticle is determined by Lorentz-Mie scattering. Normally there is less light
scattered in the direction perpendicular to the direction from the light source.

Mie scatter is dominant when the droplet sizes are at least as large as the
wavelength of the incoming laser light. The equipment needed for measure-
ments are a laser, a camera and some optics.
Mie-scatter will depend on the droplet size and is roughly proportional to
the square of the diameter (Meyer, 2003).
In diesel spray measurements, Mie-scatter is mostly used for examining the
overall structure of the spray. This is also called laser sheet visualization, as
described in section 4.2.2.3.

An example of other uses of Mie scatter is described by Lacher et al.
(1999) who used Mie-scatter for a study of in cylinder mixing by seeding
with oil droplets at one intake port. The scatter provided a measure of
relative concentration of gas from the seeded port.

4.2.4.2 Low angle laser light scattering

Low angle laser light scattering is used for droplet size measurements. The
refraction of the droplet is used for calculating the size. A coherent laser
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light with a given wavelength is used, and the light is collected by a detector
opposite the spray from the laser.
The measurement can either be based on the full Mie theory or a reduced
theory called Fraunhofer. The Fraunhofer method is for droplets much bigger
than the wavelength of the light (Rawle, 2004).

Hiroyasu and Arai (1990) used Fraunhofer diffraction to measure droplet
sizes at high pressure conditions.
Larmi et al. (2002) used a laser light scatter based instrument to measure
droplet sizes.

4.2.4.3 Planar laser Rayleigh scattering

Rayleigh scattering is scatter of light from molecules or small particles, which
are much smaller than the wavelength of the incident light (d/λ<0.1). The
equipment needed for Planar laser Rayleigh scattering is a laser, a camera
and some optics. Espey et al. (1997) uses an iris for cutting off 20 % of each
edge of the laser light to get a more uniform intensity.

When using Rayleigh scatter for a multi component mixture of ideal gas,
the intensity is given by equation 4.1. IR is scatter intensity, CR is a cali-
bration constant for collection optics and Il is the intensity of incident laser
light. σi is the scattering cross section for each species and X is the mole
fraction.

IR = CR · Il · N
∑

Xiσi (4.1)

By knowing σi for fuel and air the equivalence ratio can be found. σi is re-
lated to the index of refraction. For details see (Espey et al., 1997).

The technique can provide quantitative images of fuel-vapor concentra-
tion, with high spacial and temporal resolution. By the use of some assump-
tions, it can also be used for temperature measurements (Espey et al., 1997).
Mie-scatter can interfere Rayleigh-scatter since Mie-scatter is usually a mag-
nitude stronger. Dirt, liquid-droplets and soot will also interfere, and Rayleigh
scatter can only be used after the liquid penetration length (Espey et al.,
1997).
Ricart et al. (2000) used the method for fuel vapor concentration and tem-
perature measurements.
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4.2.5 Tracking methods

To find velocities of droplets and surrounding air, methods that either track
a tracer or the droplets have been used. Two methods are Particle Image
Velocimetry (PIV) and Particle Tracking Velocimetry (PTV), which differs
in the way that PIV tracks the field by correlation while PTV tracks the
individual droplet/particle. Another method is Laser Flow Tagging (LFT).

4.2.5.1 Particle Image Velocimetry (PIV)

PIV uses two laser pulses with a known time between them. Pictures are
taken either as two frames each with a single picture or as a double exposure
picture. By correlating the recorded particles on the pictures, the velocity for
the field can be calculated. An advantage of the method is that a whole field
is obtained in one shot, and the evolution of flow structures can be followed.
A typical PIV setup will consist of two Nd:YAG lasers, a camera and some
optics. The air is normally seeded with particles. In high temperature envi-
ronments solid particles are normally used, e.g. TiO2 (Staudt et al., 2002)
and Al2O3 (Rhim and Farrell, 2002).
For cold sprays droplets can be used. Kozma and Farrell (1997) used water
with fluorescence, which has the advantage that Mie scatter from the jet can
be removed by optical filters.

PIV has been used for air movement outside the spray, since the spray is
too dense (Ishikawa and Niimura, 1996).

Cao et al. (2000) did PIV to investigate coherent structures inside the
spray at the end of injection.

An extension to the normal PIV was done by Ikeda et al. (2000) in making
Multi-intensity-layer PIV. By ordering the PIV in different intensity layer,
and thereby in different droplet sizes, they were able to follow the movement
of droplets with different sizes.

4.2.5.2 Particle Tracking Velocimetry (PTV)

A technique similar to PIV is PTV. The difference is that in PTV, a single
particle is tracked. Mohammadi et al. (1998a,b) used this for measuring
velocity of ambient air, using micro balloons as seeding and an Argon laser
with a chopper as light source. Mohammadi et al. (1998a,b) also used this
technique for measuring droplet velocities at the non-dense part of the spray,
using double exposed pictures of a nano-spark back light method (see section
4.2.2.1). The two pulses were at different intensities to distinguish between
the sparks.
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4.2.5.3 Laser Flow Tagging (LFT)

In areas with high droplet density, methods like PIV and PTV cannot be
applied. In these areas Laser Flow Tagging (LFT) is a possibility (Wissel
and Grunefeld, 2006b,a). The method is based on first tagging a structure
in the flow (write process) and thereafter following this structure (read pro-
cess). The velocity is then found from the displacement and time. Wissel
and Grunefeld (2006b,a) used the phosphorescence of a tracer which were ex-
ited by a laser pulse (write process). The luminescence from the tracer was
then followed (read process). Wissel and Grunefeld (2006a) did simultaneous
velocity measurements of both liquid and gaseous phases in the dense region
of a diesel spray.

4.2.6 Fluorescence methods

Fluorescence methods are based on molecules absorbing of laser light at one
wavelength and emitting it at another wavelength. These methods can be
used in spray measurements by adding a fluorescence. In measurements
of combustion products these methods can be based on the products own
fluorescence. The latter will not be covered in this but can be used for
detection of e.g. OH and NO (Lee et al., 2002b; Pickett and Siebers, 2003;
Dec and Canaan, 1998).

4.2.6.1 Planar Laser Induced Fluorescence (PLIF)

Planar Laser Induced Fluorescence (PLIF) is based on adding a fluorescence
to the fuel and applying a laser light to a plane in the spray. The fluorescence
absorb the laser light at one wavelength and emit it at another wavelength.
By the use of optical filters it is possible to record the emitted light from the
fluorescence only. PLIF can, depending on the used fluorescence, be used
for temperature and concentration measurements, but has also been used for
finding droplet distributions.
The fluorescence light is proportional to the volume of the droplet (Corcione,
2001).

Ishikawa et al. (1997) used PLIF for finding mean droplet size and droplet
distribution in a diesel spray. TMPD (C10H16N2) was used as fluorescence.
TMPD has the advantage that it cannot reabsorb its own emitted light, which
removes the possibility of multiple scatter. Ishikawa et al. (1997) reports that
in a normal laser sheet method, Mie scatter will represent one particle as two
radiation sources, and cannot be used for measuring particle diameter. The
fluorescence method will give the true particle shape.



4.2 Review of experimental methods 98

Ishikawa et al. (1997) printed the magnified PLIF image on paper and found
the droplet size by measuring 500-800 droplets in each frame. Cao et al.
(2000) used PLIF for spray visualization together with PIV measurements.
Bruneaux (2002) used PLIF for quantative study of the fuel concentration of
a gaseous fuel jet.
Corcione (2001) describes the Optical Patternator (OP) which combines Mie
scatter light and fluorescence light. The Mie scatter is proportional to the
diameter of the droplet and the fluorescence light is proportional to the vol-
ume and by combining the two the Sauter mean diameter can be found.
Sankar et al. (1999) report good results on a water spray and preliminary
measurements on a fuel spray and report the Optical Patternator to be ideal
for dense spray applications.

4.2.6.2 Exciplex Laser Induced Fluorescence (Exciplex LIF)

Exciplex LIF is an extension of PLIF. The technique relies on a spectral shift
between liquid and vapor phase, and is based on adding two dopants to the
fuel (TMPD and naphthalene). TMPD directly fluoresces in the vapor phase
but reacts with naphthalene in the liquid phase, making an excited complex,
called the exciplex. By the use of an dichroic mirror (reflects or transmits
according to wavelength) to split light to two cameraes, the two phases are
recorded.
Kim and Ghandhi (2001, 2003) used exciplex LIF for measuring vapor liquid
phase and temperature in a high temperature (800-1200 K) and high density
(15 kg/m3) evaporating environment.
The fluoresces of TMPD is temperature dependent, but by in depth cali-
bration up to 1000 K and use of a simple mixing model (and an iterative
method) the temperature and vapor concentration of the vapor phase can be
found.
Because of cross talk between liquid and vapor signal, quantitative vapor
phase information can only be found for regions where all fuel has vaporized.
Compared with Rayleigh scattering, the exciplex LIF has the advantage that
it can be used for the entire spray, where Rayleigh scattering only can be
used away from the liquid droplets due to Mie scatter. Rayleigh scattering
technique has the advantage that no tracer is needed (Kim and Ghandhi,
2001) (See section 4.2.4.3 on Rayleigh scattering).
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4.2.7 Phase Doppler Anemometry

4.2.7.1 Laser Doppler Anemometry (LDA) and Laser Doppler Ve-
locimetry (LDV)

Laser doppler Anemometry (LDA) and Laser doppler velocimetry (LDV) are
two synonyms for velocity measurements using the phase differences between
the Doppler signals for measuring velocity.

These methods are point measurements with very high time resolution
(frequencies in order of many kHz). A common setup uses a Argon-ion laser,
beam splitter, optics and a Bragg-cell (for frequency shifting). Due to high
time resolution LDA is a good method for measuring fluctuations.
Araneo et al. (1999) used LDV for droplet velocity in spray and surrounding
gas.

4.2.7.2 Phase Doppler Anemometry(PDA)

Phase Doppler Anemometry (PDA) is an extension to this technique as it
can also measure the droplet diameter. Due to high time resolution, PDA is a
good method for measuring droplet distributions (PDFs). Schneider (2003)
and Lacoste et al. (2003) used PDA under high temperature and density
conditions.

4.2.8 Light extinction methods

These methods are based on sending light through the measuring chamber
on to a photodiode. There are methods using normal light, laser and x-rays.

4.2.8.1 Light Beam Extinction

This method is based on sending light through the spray field and receiving
it on a photodiode.
Hiroyasu and Arai (1990) used some LED sources, which were split up into
light sheets by a slit film. After passing the measuring chamber, the sheets
were focussed by a lens on a photodiode each. The spray tip penetration was
then detected by change in intensity on the diodes.

4.2.8.2 Laser Beam Extinction

This technique is based on sending a laser beam through the the spray axis
onto a photodiode. The output is proportional with light intensity. According
to Araneo et al. (1999) it is a simple technique for measuring tip penetration,
and might yield information on flow structures. The method has high time
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resolution. Naber and Siebers (1996) used this method for investigating
injection timing.

4.2.9 Synchrotron X-ray

This technique is based on sending a monochromatic X-ray beam through
the the spray axis onto a photodiode. It uses the equation

Im/I0 = exp(−µmmb), (4.2)

where I0 is incident X-ray intensity, Im is measured intensity, µm is the mass
absorption coefficient and mb the total fuel mass in beam (Powell et al.,
2001).
By use of equation 4.2 it is possible to calculate the mass in the beam, and
get a time resolved mass. By measuring different locations a 2D image can
be formed.
Powell et al. (2001) and EL-Hannouny et al. (2003) measured less than
0.5 mm from a nozzle with a Synchrotron X-ray source (Advanced Pho-
ton Source, APS). Yue et al. (2001) use this technique to find mass and fuel
volume fraction distribution. The distributions are found from the line of
sight measurements by assuming symmetry. Synchrotron X-ray experiments
require access to governmental sites, as the estimated cost of the equipment,
according to Chigier (2006), is in the order of 1 billion dollars.

4.2.10 Other optical methods

4.2.10.1 Laser Correlation Velocimeter (LCV)

Laser Correlation Velocimeter (LCV) is based on illuminating the spray with
a laser and magnifying this onto a plane using a high aperture lens. Two
optical fibers with a known distance between them sends signals onto two
photodiodes. By correlating these signals the velocity can be found.
By the use of a high aperture lens with a small depth of focus, it is possible to
measure in a small volume instead of a line. For more details see (Schugger
and Renz, 2002).

Schugger and Renz (2002) used this method to find the radial profiles of
the axial velocities in the dense liquid phase at the nozzle exit. The mea-
surements are performed at atmospheric pressure but Schugger and Renz
(2002) states that it is possible to use LCV with small high pressure cham-
bers. However, due to the mandatory high optical magnification the light
intensity in fibers and spacial resolution will decrease. Chaves et al. (2004)
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have created a Laser Correlation Velocimeter method called laser two-focus
(L2F) and have investigated the velocity profile of a dense spray.

4.2.11 Non-optical methods

Optical measurements requires optical access to the chamber which in many
cases is very difficult. Furthermore there might be obstructions in the optical
path during the measurements.
Non-optical measurement methods are usually intrusive and might interfere
the measurements. They might though give valuable information which oth-
erwise would be very difficult or impossible to obtain. Non-optical mea-
surements should therefore be considered either as an alternative or as a
supplement to the optical techniques.

4.2.11.1 Wire net

This method is used for finding the liquid core of the spray. By placing a
wire net in the chamber and making an electrical potential between this and
the nozzle it is possible to find this length, since a current only will run when
an intact liquid core connects the nozzle and the net. This technique was
used by Hiroyasu and Arai (1990).

4.2.11.2 Liquid immersion sampling technique

This technique is based on collecting droplets in a immersion liquid. The
spray from the nozzle which passes a slit is collected in an immersion cell
and after collecting the immersion liquid in the cell is photographed and
the droplets are measured and counted. Hiroyasu and Arai (1990) used this
technique to measure drop sizes in a high pressure bomb, but states that
more detailed drop measurements can be made with a diffraction methods.

4.2.11.3 Transducers

Pressure and temperature transducers are used in almost all experiments to
get information of the environment in the chamber.
Pressure transducers can also be used for measuring momentum from the
spray. Naber and Siebers (1996) used a pressure transducer in front of the
spray to measure the momentum of the spray and used it for determining
the area contraction coefficient of the nozzle. Payri et al. (2005) did similar
measurements.
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4.2.12 Other measuring features

In the following a few of the accessories for improving the measurements are
mentioned.

4.2.12.1 Cutters (skimmers) and deflectors

The use of cutters (also called skimmers) can be a help when measuring in
the dense diesel sprays (Gülder et al., 1992). Cutters are placed in front of
the measuring volume and aligned with the spray axis. It simply removes
part of the spray to get better optical access to the wanted plane or area.

Rantanen et al. (1999) used cutters for PDA measurements in the center
of the spray, which is normally not accessible. Gülder et al. (1992) used cut-
ters when doing dropsize measurements and laser sheet visualization.

Deflectors are equipment similar to cutters. When studying a single nozzle
hole in a nozzle with several holes, a problem can be disturbances from the
other holes. If the other holes in the nozzle are blocked, the flow from the
single hole will be altered because of changing in nozzle flow. To overcome
this problem a deflector can be used. The deflector is a box which is put
around the nozzle to deflect the sprays from the other holes, without altering
the in nozzle flow. This technique was used by Rhim and Farrell (2002).

4.2.12.2 Endoscopic

A big problem in engine measurements is that it normally requires optical
access through windows, which are very expensive if not impossible. One way
to come around this is by using endoscopy. An endoscope is a small tube
with lenses and/or fibers, which transports the image or laser light through
a small tube.
Dierksheide et al. (2001) have with successfully used a 8 mm endoscope for
performing PIV measurements in a small spark ignition engine. They used
one endoscope for the laser and one for the CCD camera.

4.2.13 Conclusion measuring techniques

The used methods found in the literature are almost all optical methods,
with a few exceptions. The choice of method will depend on the desired
spray parameters and might be a combination of several. Many interesting
methods are mentioned above, but to sum up the most commonly used are:
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• Gradient based methods like schlieren and shadowgraph has been fre-
quently and successfully used for finding penetration length, spray angle
and spray structures.

• For finding liquid penetration, laser sheet visualization based on Mie-
scatter has shown successful.

• For fuel vapor concentration (and temperature) either Rayleigh scatter
or florescence methods can be used.

• PIV has in later years been proven successful for measuring the airflow
surrounding the spray.

• Investigating the liquid core of the spray has proven very difficult but
the relatively new and complex techniques of Time Gated Balistic Imag-
ing and Synchrotron X-ray have shown promising results.

• For measuring droplet sizes and velocity PDA is commonly used, but
there is also droplet size methods based on laser light scattering. The
measurement in the dense core of the spray has shown to be very diffi-
cult.

• Simple methods like back light photography and light beam extinction
can give valuable results as well.
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4.3 Experimental setup

4.3.1 Aim of investigations

Section 4.1 shows a lack of investigations on sprays from nozzles in large
marine engines. Furthermore, sections 2.2 and 4.2 show that the research
community has performed intensive investigations on sprays in small diesel
and spray chambers but no complete theory has been developed. It is also
concluded in section 2.2 that small differences in setup e.g. the effect of
nozzle design has significant effects on results.

Both the scales and the nozzle design are significantly different for large
marine diesel engines compared to small diesel engines, which suggests even
larger differences in results than in between small engines. Experimental
investigations are therefore crucial for being able to model sprays in large
marine engines.

All experiments in the current study are performed with fuel injected
from a real injection system but in air at atmospheric pressure and room
temperature. This is far from the swirling, high density, high pressure and
high temperature conditions in the real engine. Besides creating the basis for
more realistic experiments, the current experiments have their justification
in a number of aspects:

• The theoretical and experimental basis (in section 2.2) gives the possi-
bility of scaling data to real conditions.

• The establishment of inlet conditions is often taken at atmospheric
conditions e.g. discharge coefficients in Siebers (1999).

• The flow in the nozzle hole is not expected to vary due to changes in
cavitation, since the cavitation number is in the fully cavitated region.
Therefore, in near nozzle area the overall behavior found at atmospheric
pressure should also be present at engine conditions.

• Data from atmospheric conditions should be the first basis for valida-
tion of spray models in CFD, since it is the least complicated case.

The investigation is divided into two parts. A disclosable part on single
hole injectors which is focused on development and testing of experimental
equipment. A confidential, non-disclosable second part given in Dam (2007)
and investigating different configurations of nozzles with several holes.
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4.3.2 Injection test rig

An injection test rig for atmospheric back pressure is constructed. A schematic
picture of the test rig is given in figure 4.3. The rig is 2 m high with a 1
m diameter and has 6 windows of 0.6 m diameter. The lower part of the
injection rig is filled with metal chips in order to take momentum out of the
spray and capture drops. Combined with a fan this reduces the fog after
an injection and the overall soiling of windows and rig. It also reduces the
time needed between experiments. The fan draws air from holes in the top
of the rig creating an air stream in the same direction as of the spray. The
air stream velocity is a very small fraction of the spray velocity and do not
disturb the spray.

The rig is mounted with an injection system originally used for hydraulic
testing. The injection pump is connected to two injectors through high pres-
sure pipes and one of these injectors is used for the experiments. The injec-
tion system is equivalent to the system of an electronically controlled engine
(MAN Diesel 50ME engine) and gives injection conditions comparable to a
real engine. The injection system is controlled by a control unit to give the
specified length and shape of the injection. For all experiments in the current
study, the pump pressure has a typical engine profile similar to the one given
in figure 4.4.

4.3.3 Injectors and fuel

Injectors used for the experiments are of the slide valve type and such an
injector is shown schematically in figure 4.5. Figure 4.5(a) shows the entire
injector and figure 4.5(b) shows an enlargement of the nozzle.

There is some discrepancy of terminology used by different authors. To
avoid misunderstandings the following definitions will be used:

Injector The entire injector including nozzle, springs etc. as given in figure
4.5(a).

Head The part of the injector to which the fuel enters from the pump.

Nozzle The end part of the injector including holes, sac volume and room
for the slide.

Slide The needle of a slide valve.

Lift The measured movement of the slide.

Sac volume The volume beneath the slide from where the fuel flows to the
holes.
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Figure 4.3: Injection test rig

Figure 4.4: Pump pressure profile
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(Nozzle) Holes The holes from the sac volume into the ambient.

Seat The seat where the slide rests before injection.

The slide injector has, in contrast to conventional injectors, a slide in the
nozzle. As indicated by arrows on figure 4.5(b) the fuel flows from the seat
and enters through holes in the slide and travels inside the slide into the sac
volume. When closed, the slide rests on the seat and makes a cutoff of the
holes.

Single hole injectors are investigated with two different hole types:

Sharp hole No special processing has been made to the hole at the inlet
from the sac volume.

Machine discharged hole A half sphere is removed at the hole inlet from
the sac volume.

Both hole types are used with and without the slide giving the four configu-
rations in table 4.1,

Table 4.1: Injector configurations

Configuration holetype slidetype Number of holes hole diameter [mm]
S0001 M HS 1 1.15
S0002 S HS 1 1.15
S0003 M NS 1 1.15
S0004 S NS 1 1.15

S-sharp hole, M-machine discharged hole, HS-with slide, NS-no slide

For all experiments a fuel oil, corresponding to an ISO-F-DMX fuel fol-
lowing ISO 8217 for marine distillate fuels, is used.

Pressure is measured in the pump of the injection system and at the head
of the injector and is denoted Pp and Ph, respectively. Specially produced
nozzles, as shown in figure 4.6, are used to be able to measure the pressure Pn

in the sac volume. All pressure transducers are standard Kitsler piezoelectric
transducers. The lift of the slide is measured in the experiment.

4.3.4 High speed photography and illumination

A high speed camera (Photron Ultima APX-RS) is used for recording images
of the spray. The camera can record 3,000 fps (frames per second) at 1024 x
1024 pixels and up to 250,000 fps at reduced resolution. Images are recorded
in a 10 bit resolution, corresponding to 1024 gray levels, and are afterwards
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(a) Injector

(b) Nozzle with slide

Figure 4.5: Slide valve injector. Ph and Pn denotes the pressure in the head
and sac volume, respectively.
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Figure 4.6: Nozzle with mount for measuring sac volume pressure.

converted to 8 bit, by removing a total of two of the upper and/or lower
bits. The images are recorded at three frame rates and with a resolution as
given in table 4.2, where the first pixel value is the size normal to the spray
axis. The last column gives the approximate extent of the image in the spray
direction.

Table 4.2: Frame rate and size for images.

Frame rate Pixels Domain in spray direction [mm]
100,000 128 x 88 10
50,000 128 x 192 25
10,000 256 x 688 100

Images are obtained from two directions which are referred to as front
view and side view. The directions are shown in Figure 4.7. For the side
view the positive and negative deflection angle is defined in figure 4.8. For
front view the right side is defined as positive. Likewise the spray borders
are named positive and negative.

4.3.4.1 Reflected light

High speed photography is performed using reflected backward scattered
light. For illumination of the spray, two Dedolight 400 W HMI lamps are
placed symmetrically on each side of the camera. The light cones of the
lamps have adjustable light angles. To get a uniform illumination the lamps
are initially focused on the spray area with a 5 degree light angle and after-
wards refocused to 20 degrees to ensure a uniform light intensity in the area
of interest.
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(a) Side view (b) Front view

Figure 4.7: Schematic presentation of the front and side view. Spray direction
is into the page. The nozzle is shown with the pressure mount given in figure
4.6.

Figure 4.8: Definition of deflection angle for side view.
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4.3.4.2 Shadowgraph

A low cost shadowgraph is constructed using two Fresnel lenses with a 317.5
mm focal length. The setup given in figure 4.9 uses one high power LED
(Luxeon Star 1W) which is placed in the focal point of the first lens creating
parallel light between the lenses. The light passes the spray and the second
lens focus the light into the camera. A 0.6 mm pinhole is placed in front of
the diode in order to get a smaller point light source. The camera lens is
fully open with F=1.4 and the shutter speed is 0.004 ms.

The same setup is used for a schlieren type configuration by fully closing
the camera lens and thereby using the lens diaphragm as the schlieren cutoff.
Comparing the shadowgraph and the schlieren type configuration, no signif-
icant differences in images are observed. Therefore only the shadowgraph
images are used in the analysis of the spray.

Figure 4.9: Shadowgraph setup. Spray is injected perpendicular to the par-
allel light.
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4.3.5 Integral mass measuring device

The total mass from a nozzle hole is measured by collecting the injected fuel.
A pipe is placed in front of the hole and the mass lead to a container. To
ensure ambient pressure at the injection point there is a gab between the
pipe and the hole. The mass is found by weighing the mass in the container
after 25 injections. The integral mass measurement is used for finding the
discharge coefficient Cd, which is defined in section 2.2.1.

4.3.6 Total momentum device

A momentum measuring device is used to measure the total momentum from
a nozzle hole. The device is shown in figure 4.10 and it is similar to the device
used by Payri et al. (2005), except for the choice of transducer. The sensor
plate is placed normal to the spray axis and has an area much larger than the
spray. The liquid is assumed to be rejected perpendicular to the plate and
the measured force is then equal to the momentum flux of the spray. This
can be shown using Newtons 2. law of momentum conservation,

F =
dM

dt
, (4.3)

in a control volume marked by red dots in figure 4.10. With perpendicular
deflection M will be zero on the plate and the force F will be equal to
momentum flux Ṁ at the right side of the control volume, giving

F = Ṁspray, (4.4)

with Ṁspray denoting the total momentum flux of the spray at the nozzle
hole outlet. The analysis assumes that the measuring device is close enough
to the nozzle for no momentum to be lost e.g. to surrounding gas. Tests
show that there is no significant difference in the measured force 3.5 mm and
15 mm from the nozzle hole exit, but further away momentum is lost to the
surroundings. All measurements are thus performed within this limit of 15
mm.

A Kitsler 9215 Low level force sensor is used mounted with a 10 mm di-
ameter plate. The impact point sensitivity of the sensor has been successfully
tested. Furthermore, the natural frequency of the measurement system has
been investigated and found to be in the order of 20 kHz. A 3 kHz ana-
log filter is imposed to ensure that the natural frequency does not alter the
results.
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(a) (b)

Figure 4.10: Momentum device. (b) shows an image of the device.

4.3.7 Momentum distribution device

It is investigated if a comb-like device, as shown in figure 4.11, can be used to
find the distribution of momentum within the spray. Each pin on the comb is
mounted with two stain gauges, which provides a measure of the force on the
pin. By comparing the variation in the measured force, a qualitative measure
of the momentum distribution across the spray is found.

In order to use the device for quantitative measurements, deeper analysis
and tests of droplet vs. gas momentum have to be conducted, since the
measured force from a droplet impact on a pin is expected to be higher than
gas flow with same momentum flowing around the pin. Such an analysis is
outside the scope of the current project.

The device is tested on a version with 5 mm distance between the pins.
The results show that the device is able to measure a momentum distribution
of the spray. The average values for nozzle configuration S0004 at 150 d0

from the nozzle is given in figure 4.12. The values are normalized with the
maximum value. As expected, the momentum has higher values at the center
of the spray. In the current case the maximum is present slightly in the
positive x direction. This shift corresponds to less than a 1 degree shift of
the spray axis and is within the uncertainty of the device placement. For the
test case, the area where the device detects momentum is about 10 mm in
each direction. This corresponds to a spray angle of less than 4 degrees.
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Comb teeth
Strain gauges

Knife edge

Flow

a) Side view b) Top view

Figure 4.11: Momentum distribution device. a) shows the device from the
side and b) shows it from the direction of the flow.

Despite the successful tests the device still needs improvements, including
improvement of the resolution and the precision of the positioning of the
device. The device is therefore not used to characterize the sprays.

4.3.8 Data acquisition

A computer is used for setting up and collecting data from the camera
through a Gbit Ethernet connection. The computer is also equipped with an
8 channel data acquisition card for collecting data from the pressure trans-
ducers, trigger unit and the other measuring devices. The camera is used
for controlling sample rate and sample time for each injection; the sample
rate follows the frame rates of table 4.2. The camera receives a trigger signal
from the trigger unit just before each injection. This starts the camera with
a preset sample time and sample rate. For each picture, the camera sends a
signal to the measuring card which ensures simultaneous recording of images
and e.g. pressure.
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Figure 4.12: Measured momentum distribution 150 d0 from the injector for
S0004. The values are relative to the maximum value. x and y scale shows
distance in mm from the hole axis.

4.3.9 Postprocessing mass, momentum and pressure

The mass, momentum and pressure measurements are used to calculate the
discharge coefficient Cd and momentum coefficient Cm defined in section 2.2.1
equation 2.14 and 2.19. The area coefficient Ca and velocity coefficient Cv

are calculated using their relation with Cd and Cm in equation 2.20.
A0 and ρl are given by nozzle hole specification and fuel data, respectively,

while Pa is the known ambient pressure. Pf is taken as the measured pressure
in the sac volume Pn, and Ṁl is given directly by force measurements. The
measurements of Pf and Ṁl do not correspond perfectly since there is a short
distance, and thereby time lag, between them. By cross correlating the two
signals the time lag is found to be 0.0001 s. This is taken into account when
calculating Cm.

The transient mass flow ṁ is not measured but must be estimated from
a distribution of the total mass m. This distribution is estimated using the
transient momentum measurement and assuming that Ca is constant during
the injection. Using these assumptions, ṁ(t) is found as

ṁ(t) =
√

Ṁl(t)
m

∫

√

Ṁl(t)dt
. (4.5)
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4.3.9.1 Average coefficients and histogram

The start of injection ts is taken as the time where the sac pressure Pf

increases above 150 bar and the end of injection te is taken as the point where
Pf drops below 150 bar. These criteria are found to agree with momentum
and lift measurements.

Total injection time tt is defined as

tt = ts − te. (4.6)

Start and end effects will alter the averaging of the coefficients Cd, Cm, Ca and
Cv. To prevent this, averaging is conducted for the mid-half of the injection.
This period is denoted tc and the start and end times of this period is denoted
tsc and tec. These times are defined as

tsc = ts + 0.25tt, (4.7)

tec = te − 0.25tt, (4.8)

tc = tec − tsc. (4.9)

With C being one of the coefficients, the average is found as

C̄ =
1

tc

∫ tec

tsc

C dt. (4.10)

When nothing else is stated the coefficients will refer to the average value.

4.3.10 Postprocessing images

4.3.10.1 Calibration

A calibration image is obtained before each series. The image displays a
specially designed calibration pin which is inserted into the nozzle hole and
follows the hole axis. An example of such a picture is given in figure 4.13. The
calibration pictures are evaluated manually by first finding the pixel value of
the injection point and of a number of fixed points on the calibration pin.
The fixed points are seen as white dots in figure 4.13 and are placed 10 mm
apart. Simple trigonometry is used for finding the spray axis direction in
the picture and the scale. These data are used when evaluating the spray
pictures.
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Figure 4.13: Calibration picture.

4.3.10.2 Picture scaling and spray border

The intensity of the light varies between different series of picture due to e.g.
the presence of a thin fog in the test rig. In order to compensate for this,
an algorithm is used to find the background intensity in the area outside the
spray and reset the picture zero value to this level.

The spray is investigated along lines placed at different distances from the
injection point. A given distance is defined as the length along the geometric
nozzle hole axis and with the lines perpendicular to this axis. Figure 4.14
shows such lines. The nozzle hole axis is indicated by white dots on the lines.

The spray border is defined as the point where the pixel level is 25 %
of the average pixel value at the nozzle hole axis. The spray borders are
found on each line using sub pixel interpolation. B1 and B2 are the distances
from the nozzle axis to the border on the left and right, respectively. The
spray width, spray angle and spray deflection angle are found from the border
points, combined with the injection point. The parameters are given in figure
4.15.

The spray width (W) is defined as the distance between the left and right
border, as

W = B1 + B2. (4.11)

The deviation angle (gx, gy) is the difference between the nozzle hole axis
and the spray axis as defined in figure 2.5. For a given direction the deviation
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Figure 4.14: Spray picture obtained at 50,000 fps with lines perpendicular to
nozzle hole axis. Lines for every 2 mm. White dots indicate the hole axis.
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Figure 4.15: Definition of spray parameters
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angle is found as

gx = tan−1

(

B2 − B1

2L

)

. (4.12)

The spray angle (α) is defined as the angle based on the spray width (W)
and length (L) from the injector, and estimated as

α = 2 tan−1

(

W

2L

)

. (4.13)

This definition corresponds to the local spray angle given in figure 2.4.
Close to the nozzle, the hole size itself will have significant influence on the

calculated spray angle. The spray angle at this point will appear large and
may therefore lead to misinterpretations when comparing to far field angles.
The spray angle will not be displayed very close to the nozzle; instead the
spray width is used which conveys the same information.

Above 40 d0 the angle is almost constant, and the angle at 40 d0 is used
when comparing nozzle configurations.

The penetration S is found using the same algorithms as used for the
spray width, except it is done along the nozzle hole axis and thereby giving
the location of the spray front. The experiment is conducted under non-
evaporating conditions and the gas and liquid penetration are therefore the
same.

4.3.10.3 Image parameters

Each recorded injection is processed to find the transient, average, maxi-
mum, minimum, standard deviation and histogram of the image measures.
In agreement with the average values of the coefficients in section 4.3.9.1, the
average values for the spray parameters are calculated from the mid-half of
the injection. Using start time ts equal to the time when the spray is detected
at the point of interest, and end time te as the time of no spray, the average
values are calculated in the same manner as in equation 4.10.

4.3.10.4 Calculating spray border velocity

The velocities of the spray borders are found by cross-correlating the spray
width at different points along the nozzle hole axis, a method similar to doing
PIV (Particle Image Velocimetry). Figure 4.16 shows 10 consecutive images
obtained at 50,000 fps where it is visually possible to follow structures on the
spray border. It is such structures that are used to obtain the velocity at the
border.
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(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Figure 4.16: Series of consecutive images obtained at 50000 fps.

For a variable x(t, L) that both varies in time and space, the deviation
from average at a point x′(t, L) is defined as,

x′(t, L) = x(t, L) − x(L), (4.14)

where x(L) is the time average at L. The cross-correlation shows how
data at two point L and L + ∆L correlate with time delayed a period of τc,
and is defined as

CC(τc) =
x′(t, L)x′(t + τc, L + ∆L)
√

x′(L)2

√

x′(L + ∆L)2
. (4.15)

The time with maximum CC gives the time delay τmax between the data
series at the two points.

The half width B1 or B2, as defined above, are found on lines as given
in figure 4.14. By cross correlating signals of either B1 or B2 from different
distances L and L+∆L along the nozzle axis the time shift between them is
found. As the length between the points are known the velocity ucc is found
as

ucc =
∆L

τmax

. (4.16)
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Figure 4.17: Cross-correlation of one point with several points downstream.
The legend denotes ∆L. The peaks of the curves shows τmax, which is used
in equation 4.16 together with ∆L.

A given velocity is set to be at the mid-point Lvel between the used points,
as

Lvel = L +
1

2
∆L. (4.17)

For a given picture, series on the order of 10-15 lines are used depending on
the resolution and frame rate. All combinations of lines are cross-correlated
and the velocities are averaged at their midpoint. This is calculated for both
borders. Figure 4.17 shows CC where L is held constant and ∆L is varied.
The maximum value of CC decreases as ∆L becomes larger, which is expected
since points further apart should be less correlated.

In equation 4.16 the distance along the hole axis ∆L is used as the distance
travelled. The actual distance is slightly longer along the spray border due
to the angle of the border. With spray angles of 20-30 degrees the velocity is
underestimated by 1.5 to 3.5 %. This has not been corrected, since the error
on the velocity is expected to be larger, and the velocity measurements are
merely used to look at trends in the velocity.

Despite the very fast camera, the high velocity of the flow results in a low
resolution for estimating τmax. This is clear in figure 4.17, where some cases
shows τmax to be at the same discrete point for different ∆L. To compensate
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for this averaging is applied where the velocity in a point is estimated using
pairs of lines placed symmetrically around the point. Results where the
maximum cross-correlation coefficient is below a threshold and results with
clearly erroneous outliers of τmax are excluded from the averaging.

The current method is simple and could be refined or replaced by more
sophisticated methods. However, the method has proven to give consistent
and interesting results, as will be illustrated in section 4.4.7.

4.3.10.5 Average velocity based on momentum and spray width

In order to assess whether the calculated border velocities have reasonable
values, an average velocity of the spray is needed.

Based on the measured momentum at the nozzle exit and the measured
spray width at a given point, the average velocity at this point can be es-
timated, assuming quasi steady conditions and no momentum loss to the
surroundings. This is a maximum average velocity as the real case will have
some loss.

The area Az of a given cross section is found from the spray width W as

Az =
π

4
W 2. (4.18)

As the spray expands, air is entrained into the spray changing the average
density ρz, which can be estimated as

ρz =
(Az − A0)ρg + A0ρ

Az

, (4.19)

where A0 is the hole diameter. From momentum conservation the velocity
Uz is found as

Uz =

√

√

√

√

Ṁ

Azρz

=
2

W

√

√

√

√

Ṁ

πρz

, (4.20)

where Ṁ is the measured average momentum flux.
The average velocity Uz will later be shown with a dotted line in for

example figure 4.37.
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4.4 Experimental results

4.4.1 Test of methods

4.4.1.1 Image type

Images are obtained with three different techniques as described above. Ex-
amples of the image results are given in figure 4.18. Shadowgraph and
Schlieren-like images give similar results with very distinct spray borders.
For the obtained Schlieren and shadowgraph images it is not possible to dis-
tinguish between zones with different droplet density due to the high droplet
density everywhere in the spray. Exceptions to this are at the very end of
the injection and when small structures leave the spray surface. The very
distinct spray border has the implication that in the image processing, the
results are insensitive to the border threshold.

The images obtained with reflected light have less distinct spray borders.
The intensity of the reflected light is less at the borders both due to the
lower amount of fuel in this region, but probably also due to the way the
light is reflected at the sides of the spray. The less defined spray border
has the implication that the chosen border threshold will affect e.g. the
obtained spray width. At the 25 % threshold used, the spray width is smaller
than for the equivalent shadowgraph image, which will be shown in section
4.4.4. At 10 % threshold the spray width is close to being the same as with
shadowgraph images, but the background pixel level is starting to influence
the data quality. Therefore the 25 % threshold has been used, and care
should be taken comparing the data from the two image techniques.

Figure 4.19 shows images for S0001 and S0003 using shadowgraph and
reflected light images. The reflected light images in figure 4.19(p) to 4.19(t)
show variations in the cross-sectional image intensity. This feature is present
in all reflected light images from the side for S0003. The same is seen for
S0004. The shadowgraph images of figure 4.19(k) to 4.19(o) do not capture
this feature, as the light is totally blocked across the whole spray. Inspecting
a large amount of shadowgraph images indicate the presence of small voids
in the disperse region, but these are at a level close to the background noise.
A better shadowgraph system with a stronger light source might be able to
capture these features.

From the front, variations in the cross-sectional image intensity are seen
for S0004 while not for S0003. An example of images from the front is given
in figure 4.20.

A discussion of the source of the variation in the cross-sectional image
intensity will be given in section 4.5.1 and 4.5.2.
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(a) Shadowgraph (b) Schlieren-like (c) Reflected light

Figure 4.18: Comparing images obtained with different image techniques.

4.4.1.2 Transient variation in momentum coefficient

The pressure trace from the tip of a single hole injector S0001 is compared
with the measured total momentum. The resulting Pn, Ṁ and Cm for a
single injection are shown in figure 4.21. Note that the pressure does not go
to zero at the end of the injection, which is due to the trapping of fuel at
elevated pressure when closing the injector slide. The transient variations in
pressure and momentum have similar shapes which results in a near constant
Cm at the main part of the injection. This near constant Cm implies several
important points, the immediate one being that there are no features of the
investigated nozzle that disturb the momentum flow through the nozzle hole,
which is thereby solely controlled by the pressure delivered to the sac volume.
Just as important is the fact that the two separate measurements show the
same transient development, which proves the quality of the measurements
and the validity of the used assumptions, which are:

• It is possible to measure the transient pressure in the sac volume by
the used configuration.

• It is possible to measure the transient momentum from the nozzle hole
with the used setup and the momentum conservation assumption holds.

These findings are important for the reliability of transient measurements on
other nozzles, where the variations might be larger and not solely controlled
by Pn.
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(a) S0001-S (b) S0001-S (c) S0001-S (d) S0001-S (e) S0001-S

(f) S0001-R (g) S0001-R (h) S0001-R (i) S0001-R (j) S0001-R

(k) S0003-S (l) S0003-S (m) S0003-S (n) S0003-S (o) S0003-S

(p) S0003-R (q) S0003-R (r) S0003-R (s) S0003-R (t) S0003-R

Figure 4.19: Series of consecutive images for S0001 and S0003 from the side
obtained at 50000 fps. S refers to Shadowgraph images and R refers to
reflected light images.
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(a) S0003 (b) S0004

Figure 4.20: Examples of reflected light images from the front.

4.4.1.3 Variations due to temperature

From a number of series with 50 injections on a single hole injector S0001,
it is found that Cm varies with time. The total increase of Cm after 700
injections is 0.035, corresponding to 5 %. No temperature measurements
were made during these tests, since temperature measurements in the nozzle
are complicated. A later temperature measurement of the collected fuel after
injection shows that with time the temperature increase on the order of tens
of degrees to above 50 C. More in depth measurements are not performed.
A possible reason for the change in Cm is the kinematic viscosity ν of the
fuel which is very temperature dependent. The kinematic viscosity of the
used fuel is certified to be 3.0 mm2/s at 40 C and 1.23 mm2/s at 100 C.
At 20 C calculations show it to be about 4.6 mm2/s. The reduction in
momentum loss with lower kinematic viscosity is probably due to a Reynolds
number dependency as known from many types of flows. The findings are
in agreement with numerical investigations of a cavitating nozzle hole flow
by Giannadakis et al. (2007) who find the liquid viscosity to have significant
effects on the discharge coefficient.

The temperature is not controlled in the experiments, so in order to re-
move problems due to temperature, care is taken to only run series of few
injections. Furthermore, the data is inspected for variations in time and no
significant variations are found. It is concluded that the temperature influ-
ence does not alter the results, but care should be taken in using the found
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(a) Nozzle pressure

(b) Momentum

(c) Cm

Figure 4.21: Comparison of nozzle pressure and measured momentum for
single hole injector. Single injection.
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Cm for conditions with significantly different kinematic viscosity.
Two stroke diesel engines can run on a number of fuels and the measured

kinematic viscosity measured before entering the injection pump has to be in
the range from 2-20 mm2/s. The above findings indicate that viscosity will
affect the momentum coefficients within this range.

4.4.2 Penetration and initial spray

With the chamber pressure at atmospheric pressure, the used field of view
must be considered to be close to the nozzle, since the spray penetrates out of
the image long before the injection pressure reaches a steady level. Therefore
the penetration will, as will be shown below, not fit into the theory of section
2.2.5. The penetration can therefore only be used to identify features of the
initial start of injection.

The penetration obtained from shadowgraph images for S0001 is given in
figure 4.22 and for S0002-S0004 in figure 4.23. The lower number of points at
longer penetration is due to the lower frame rate at higher image resolution.

For S0002 to S0004 the penetration does not show a linear or squareroot
dependence as the correlations described in section 2.2.5, equations 2.28 and
2.31. Instead, there is an acceleration of the spray front and the velocity of
the penetration increases from 50 m/s to between 200-250 m/s within the
investigated area. The reason for this is the injection pressure which is still
increasing. At the end of the penetration calculation the pressure is only at
half the quasi steady injection pressure of the main part of the injection.

The penetration of S0001 is different than the others. There is a close
to linear penetration at the beginning with a distinct slope, replaced by a
close to linear penetration with a different slope. Using the correlation of
equation 2.28 with Cshort = 0.49 and with Pf − Pa = 50 bar for the initial
part, and Pf − Pa = 300 bar for the later part, one obtains figure 4.24. The
300 bar is given by the fairly constant pressure in the sac at the time in
question, by which Cshort is found to match the slope of the later part of the
penetration. The initial pressure can then be found. The initial slope could
also be obtained with 300 bar and Cshort = 0.19.

The initial part of penetration, which will be called pre-injection, only
consist of a very small amount of fuel and gives a momentum flux of less
than 1 % of normal rate. It is seen as an almost invisible bump at t=0.0005
in figure 4.21(b). It is believed that the fuel comes from flow in a crevice be-
tween the slide and the wall after the sac has been filled. This is supported
by the very high loss either giving low Cshort from the sac to the ambient or
pressure at the hole inlet, depending on how one looks at it. Furthermore,
the timing of the second slope agrees well with when the slide reaches the
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Figure 4.22: Penetration for S0001. The colors refers to images obtained at
different frame rates and resolution.

outer periphery of the half sphere for the machine discharged hole. At this
time the hole inlet will reach the pressure of the sac volume.

For S0002 the penetration does not start until the slide reaches the hole,
while S0003 and S0004 has no slide and therefore penetration starts imme-
diately as fuel enters the sac.

Figure 4.25 shows the initial development of the spray for S0001. The pre-
injection discussed above is seen on the images up to figure 4.25(g) where a
connection between the sac volume and the hole is established and the real
injection starts. Up to figure 4.25(l), an initial spray is established with a
wider spray angle than normal and with the creation of a wide head that
travels forward. After this the quasi steady spray angle is obtained which
holds all the way through the injection.

The spray developments of S0002-S0004 are similar to S0001, except that
they do not display the pre-injection. For all cases the quasi steady spray
angle is obtained after less than 0.5 ms after the real injection starts. This is
before the injector is fully opened and before a constant injection pressure is
reached. This shows that injection pressure does not affect the spray angle.

4.4.3 Discharge and Momentum coefficient

The average coefficients for the four configurations are given in figure 4.26.
The coefficients are defined in section 2.2.1.
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Figure 4.23: Penetration for S0002 to S0004.

Figure 4.24: Penetration for S0001 and using short penetration correlation
with 50 bar and 300 bar. Cshort = 0.49.
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(a) 0.0ms (b) 0.1ms (c) 0.2ms (d) 0.3ms

(e) 0.4ms (f) 0.5ms (g) 0.6ms (h) 0.7ms

(i) 0.8ms (j) 0.9ms (k) 1.0ms (l) 1.2ms

(m) 1.4ms (n) 1.6ms (o) 1.8ms (p) 2.0ms

Figure 4.25: Images from start of injection for S0001.
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Figure 4.26: average coefficients Cm, Cd, Cv and Ca.

Comparing the difference between hole types, the machine discharge holes
(S0001 and S0003) have larger values than the sharp holes (S0002 and S0004)
for all coefficients. Comparing the configurations with a slide (S0001 and
S0002) with the configurations with the slide removed (S0003 and S0004),
removing the slide results in higher Cm, Cd and Ca of about 0.02. For Cv no
significant difference is seen.

Table 4.3 shows standard deviations for Cm both within the individual
injection and between injections. The first provides a level of fluctuations
within a injection, while the latter shows the reproductability of the average
value.

For all cases the standard deviation between runs is below 0.6 % of Cm

which shows fine reproductability.

Table 4.3: Standard deviation of momentum coefficient Cm

Within an injection Between injections
st.dev. st.dev./Cm st.dev. st.dev./Cm

S0001 0.004 0.6 % 0.001 0.2 %
S0002 0.004 0.7 % 0.003 0.5 %
S0003 0.006 0.9 % 0.003 0.4 %
S0004 0.009 1.6 % 0.003 0.6 %

The variations within injections is lowest for S0001 to S0003 with a stan-
dard deviation below 1 % of Cm, which is a little higher for S0004. Due to
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Figure 4.27: Histogram of Cm, normalized with average value. The bin size
is 0.002.

a large number of samples the uncertainty on the standard deviation is very
low and the difference is significant. The variation within the injections is
also conveyed in figure 4.27 where histograms for Cm are given. The figure
shows that all values lie within +/- 5 % of the average value, with S0004
showing the largest variations. For S0001 and S0002 more than 50 percent
of the values lies within +/- 0.5 % of the average value.

When not correcting for the time lag between sac and momentum, as
described in section 4.3.9, the histogram becomes more flat and Cm is in all
cases within +/- 8 %.

4.4.4 Spray width and spray angle for side view

For the side view both shadowgraph and reflected light images are available.
Figure 4.28 shows the average, maximum and minimum spray width for S0001
obtained from shadowgraph images. A comparison of the spray width for
S0001 to S0004 is given in figure 4.29, where the difference between the largest
(S0002) and smallest (S0004) width is between 25 and 40 %, depending on
the distance from the nozzle.

As a measure of the variation during an injection, figure 4.30 shows the
standard deviation of the spray width for the shadowgraph images. Away
from the nozzle the variations converges to a standard deviation of about
7 % of the average width, while it is smaller closer to the nozzle. Close to
the nozzle the variations are smallest for S0003 and S0004, which are the



4.4 Experimental results 134

Figure 4.28: Spray width for S0001. On the basis of shadowgraph images
from the side. The x axis is length scale given as number of hole diameter
and the y axis is half width given as number of hole diameters.

configurations without a slide. The standard deviation using the reflected
light images from the side give results similar to the shadowgraph images.

The average spray angles at 40 d0 for shadowgraph and reflected light
images are given in figure 4.31, where larger angles are seen for the shadow-
graph images. This will be discussed further in section 4.5.1. The difference
between minimum and maximum angle is in the same order for the two im-
age types, but with smallest variation between minimum and maximum of
about 8 degrees for S0003 and S0004, which both are nozzles without slide.
For S0001 and S0002 this is about 10 degrees.

Histograms of the spray angle at 40 d0 is given in figure 4.32 and 4.33,
which again shows a difference between the two image types.

For the average spray width, the standard deviation between injections is
in the order 0.5-2.5 % of the average value, with smallest deviations close to
the nozzle. This shows that the variations between injections is far less than
within injections, and the reprodutability is therefore acceptable.

4.4.5 Spray width and spray angle for front view

For the front view, only reflected light images are available.
Figure 4.34 shows the half width for the four configurations and figure

4.35 shows a histogram of the spray angle. The average, minimum and
maximum angle are given in table 4.4. The largest angles are found for S0004,
which however has the smallest span between minimum and maximum value
and lower fluctuation within an injection, the latter given by the standard
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Figure 4.29: Spray width for S0001 to S0004. On the basis of shadowgraph
images from the side. The x axis is length scale given as number of hole
diameter and the y axis is half width given as number of hole diameters.

Figure 4.30: Average standard deviation of the spray width for an injection.
The values are given relative to the average width at the location. Based on
shadowgraph images from the side.
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Figure 4.31: Average spray angle at 40 d0 for S0001 to S0004. Based on
shadowgraph images and reflected light images from the side. The bars shows
minimum and maximum angle.

Figure 4.32: Histogram of spray angle at 40 d0 for S0001 to S0004. Based on
shadowgraph images from the side.
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Figure 4.33: Histogram of spray angle at 40 d0 for S0001 to S0004. Based on
reflected light images from the side.

Figure 4.34: Spray width for S0001 to S0004. Based on reflected light images
from the front. The x axis is length scale given as number of hole diameter
and the y axis is half width given as number of hole diameters.
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Figure 4.35: Histogram of spray angle at 40 d0 for S0001 to S0004. On the
basis of reflected light images from the front.

deviation in table 4.4. The smallest angle is found for S0003, although it only
differs slightly from S0001. S0002 has a lower and slightly broader histogram
than the others.

Table 4.4: Average, minimum and maximum angle for front view. Standard
deviation width within an injection normalized with the average width. All
values at 40 d0 from the injector.

Average angle max. angle min. angle st.dev within injection
S0001 18.4 24.7 14.0 11 %
S0002 20.3 26.9 15.1 12 %
S0003 17.8 23.0 14.2 10 %
S0004 22.5 26.8 18.9 7 %

For the average spray width, the standard deviation between injections
is in the order 1 to 3 % of the average value. This shows that the variations
between injections is far less than within injections, and thereby indicates an
acceptable reproductability.

4.4.6 Deflection angle

The deflection angle from the side and front for the four configurations is
given in figure 4.36. The average deflection angle from the side is in all
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Figure 4.36: Average deflection angle from side and front view for S0001 to
S0004. The bars indicate minimum and maximum deflection angle. Average
defelction angle is based on shadowgraph and reflected light images from the
side and reflected light images from the front.

cases positive, while there is no clear relationship from the front. During an
injection the deflection angle varies in the order of 2-3 degrees in all directions.

4.4.7 Velocity of spray border

The velocity of the spray border obtained from cross correlation analysis is
given in figure 4.37 and 4.38. The results are based on shadowgraph images
from the side.

The positive and negative spray borders were defined in section 4.3.4.
Close to the nozzle all cases show that the negative side of the spray has
a significant lower velocity than the positive size. For S0001 and S0002 an
immediate strange acceleration of the negative spray border appears. This
will be discussed further in section 4.5.2.

For the positive side all cases show that the velocity decelerates in a linear
manner when moving away from the nozzle. From momentum analysis the
velocity in equation 4.20 decreases linearly with increasing spray width. From
figure 4.29 it can be seem that the spray width behaves in a linear manner
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away from the nozzle. This together gives an expected linear decrease of
velocity, which agrees with the measurements.

The spray border velocities are almost all cases lower than the dotted line
giving average velocity from momentum analysis. This is expected since the
shear layer at the spray borders results in spray border velocities lower than
average. Velocities in the center of the spray is expected to be higher than
average. Furthermore, the momentum analysis neglect momentum losses to
the surroundings.

Border velocity measurements from reflected light images, not presented
here, shows slightly larger velocities than from shadowgraph images. The
reason is that the shadowgraph and reflected light images do not capture the
same outer border as discussed in section 4.4.1.1. The border from the re-
flected light is closer to the center of the spray, where the velocity is expected
to be larger.
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(a) S0001

(b) S0002

Figure 4.37: Velocity of spray border for S0001 to S0002 based on Shadow-
graph images from the side. Legend refers to frame rate and to border side
defined in section 4.3.4. Momentum analysis refers to average velocity found
from equation 4.20 using spray width from figure 4.29.
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(a) S0003

(b) S0004

Figure 4.38: Velocity of spray border for S0003 to S0004 based on Shadow-
graph images from the side. Legend refers to frame rate and to border side
defined in section 4.3.4. Momentum analysis refers to average velocity found
from equation 4.20 using spray width from figure 4.29.
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4.5 Discussion

4.5.1 The correct spray angle

It has been shown in section 4.4.4 that the spray angle is sensitive to the
applied imaging method. Section 4.4.1.1 shows that the differences is both
due to the threshold of reflected light images but also due to inherent fea-
tures of the methods. The shadowgraph images do not have differences in
recorded intensity at areas with little or more fuel, except in areas with very
small amounts of fuel. On the other hand the reflected light images capture
different intensity levels but do not capture the latter areas with very small
amounts of fuel. The difference between the two methods is from 0.5 to 3.5
degrees on the spray angle at 40 d0.

The right spray angle to use depends on the application. In cases like
correlations, physical analysis and CFD the spray angle is used to give a
measure of the cross-sectional area in which the fuel is distributed. This
means that the spray angle only makes sense if the fuel is distributed in a
well known manner within the cone.

For some injector configurations reflected light images in section 4.4.1.1
showed a asymmetrical distribution of the spray. See e.g. in figure 4.19(p)
to 4.19(t).

The asymmetrical distribution of the spray appears to consist of two
regions. To the left there appears to be a fairly dense region, while the right
side appears to be much more disperse, as further emphasized in figure 4.39.

These examples shows that in some cases the fuel is asymmetrically dis-
tributed and therefore it must be concluded that the spray angles should be
used with care.

The fuel distribution will be discussed further in section 4.5.2.

4.5.2 Asymmetrical distribution of the spray

Figure 4.39 clearly shows an asymmetrical distribution within the spray for
S0003. The same is the case for S0004, which has a nozzle configuration with
the slide removed like S0003. There is a significant difference between the
velocity at the positive and negative spray border as shown in figure 4.38(a)
and 4.38(b). The negative (left) border has a high velocity close to the
average velocity from momentum analysis. The positive (right) border has a
velocity far less than both the momentum analysis and the negative border
velocity. The images and the border velocity indicate that the negative border
is a part of a primary spray with high velocity, while the positive border is
part of a secondary disperse region with a lower velocity. The deflection
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Figure 4.39: Emphasizing the pixel levels of figure 4.19(p). S0003 reflected
light image at 50000 fps.

angles from the side for S0003 and S0004 are both positive, from 2-5 degrees.
Setting the threshold very high, corresponding to only using the white area
of figure 4.39, the deflection angles are close to 0 degrees. The angle of the
primary region with high intensity is in the order of 5-7 degrees. Taking into
account that the momentum distribution measurements of section 4.3.7 are
of a very preliminary character, figure 4.12 shows that the momentum core of
S0004 lies within 4 degrees. This indicates that the observed primary spray
carries the main part of the momentum in the far field. A rough estimate of
the momentum 50 mm from the injector based on the border velocity and the
extent of the disperse region shows that the disperse region carries around
10-20 % of the total momentum.

From the front view a disperse region is seen for S0004 but not for S0003.
This shows that the disperse region is placed differently for the two configu-
rations.

From these findings the spray for S0003 and S0004 can be divided into
two regions:

Primary main core The main core follows the axis of the nozzle hole, has
a high velocity and a small spray angle. It carries the main part of the
momentum.

Secondary disperse region The presence of a disperse region result in
larger spray angle. The region has a significantly lower velocity than
the main core. From the side view it is in all cases situated on the
positive (right) side of the main core.

The creation of the disperse region is believed to be a product of the
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upstream conditions, which for S0003 and S0004 were created to be as undis-
turbed as possible by removing the slide. No images or velocity measurements
are obtained from inside the nozzle including the nozzle hole or further up-
stream and the cause for the disperse region can only be mere speculation.
As described in section 2.2.9.1 Soteriou et al. (1995) found hydraulic flip to
occur when creating very stable upstream conditions, which in their case
were obtained by removing the needle. Nurick (1976) found that having low
length to diameter ratio (l0/d0) is needed for hydraulic flip to occur. For the
used nozzles l0/d0 is less than 4, which is very low compared with Nurick
(1976) experiments and hydraulic flip could therefore be a possibility. Sote-
riou et al. (1995) both found imperfect hydraulic flip (IHF) where the spray
appears more ruffled due to the flipped jet hitting the hole wall, and partial
hydraulic flip (PHF) where the spray is only partially flipped due to asym-
metries in the hole, and the spray is only flipped to one side. Figure 14a1 in
Soteriou et al. (1995) shows an image of a large scale nozzle with PHF, and
it seems that their spray also has a disperse region alongside the spray.

The sprays of S0003 and S0004 appear to have many of the features that
Soteriou et al. (1995) found with PHF. One main difference is that Soteriou
et al. (1995) found that PHF is very unstable, while the current experiments
shows stable sprays, both for the spray but certainly also for the momentum
coefficient Cm. A possible reason for the stability could be due to the use of
single hole nozzles, where Soteriou et al. (1995) used multi hole injectors. It
is believed that the interaction between holes in multi hole injectors causes
the instabilities. This fits well with findings by Gavaises and Andriotis (2006)
who report that multi hole injectors can have internal flow structures, which
they have named string cavitation, that move between the holes and create
very unstable sprays. The latter has not been reported for single hole injec-
tors.
Studies by Li and Collicott (2006) on true scale tilted nozzle holes show
that three dimensional asymmetric nozzle hole configurations, causes differ-
ent cavitation structures than for the axisymmetric case. They find that the
processes are so complex that at the current state no general trends can be
given on how pressure, hole diameter, hole length and other parameters affect
the cavitation in the hole. Relating their results to the current investigation,
which also has asymmetric tilted holes supports the conclusion that complex
phenomena within the hole and further upstream causes the creation of the
found asymmetric spray.

For S0001 and S0002 there is no visible disperse region. The deflection

1The same image is shown in better quality in Soteriou et al. (2000) figure 1b
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angle is positive but much closer to zero than for S0003 and S0004. Although
the deflection angle is higher when moving close to the nozzle. The border
velocity of both S0001 and S0002 has an unexpected development on the
positive side seen in figure 4.37: Close to the nozzle, the border velocity is
low as for S0003 and S0004, but after a distance an acceleration occurs and
the velocity grows to the same level as the negative side. The only possible
source of momentum for the acceleration is from other parts of the spray.
It is believed that for S0001-S0002, like in S0003-S0004, a disperse region
is created on the positive side of the spray, but to a much lesser extent.
This is believed to be due to the different upstream conditions, which is
expected to be more turbulent for S0001-S0002, and therefore create another
flow. The larger deflection angle close to the nozzle supports this. Further
away from the nozzle the main spray of S0001-S0002 extends to the positive
border, resulting in about the same velocity at both borders. The reason
that the main spray of S0001-S0002 in contrast to S0003-S0004, can reach
the positive border, is that the S0001-S0002 spray appears to be of a normal
turbulent spray type, while the main spray of S0003-S0004 appears more like
a hydraulicly flipped spray with a very small spray angle.

The conclusion is that by removing the slide the investigated nozzles cre-
ate asymmetrical sprays. With the slide this is reduced significantly, although
there still appears to be some asymmetry. The nozzles have short l0/d0 and
the hole axis is shifted both away from the nozzle center and are tilted from
the normal to the nozzle wall, as seen on figure 4.5(b). This probably creates
a very complex flow in the nozzle and nozzle hole, including asymmetrical
cavitation and possibly partial hydraulic flip. It would require an internal
nozzle investigation to be able to identify the true source. However, such
investigations are outside the scope of this thesis.

4.5.3 Comparison of nozzle configurations

The momentum coefficient Cm, discharge coefficient Cd and area coefficient
Ca were calculated and compared in section 4.4.3, showing higher coefficients
when the slide is removed. No change was seen for velocity coefficient Cv

which shows that it is the apparent hole diameter, represented by Ca, that
becomes larger. The immediate reason for the larger Ca is a more stable
upstream flow, which gives a more stable feeding to the hole and thereby
less loss through the hole. There is however a somewhat higher fluctuation
on Cm when the slide is removed, which does not support this. The higher
fluctuation on Cm might be linked to the same process as that which creates
the disperse region discussed above, creating some relative large scale varia-
tions. The reason why it does not create more loss than with the slide, is the
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fact that the loss is controlled by small scale turbulence, which is expected
to be higher with the slide present. This agrees with a much more turbulent
looking spray with the slide. However, the difference in fluctuations in Cm is
small and it cannot be ruled out that it is due to measurement uncertainties.

Comparing the machine discharged hole (S0001/S0003) with the sharp
hole (S0002/S0004), the largest coefficients are found for the machine dis-
charged hole. The likely reason is that the half sphere removed from the hole
for the machine discharged case, works as an enlargement of the hole due to
better inlet conditions. The higher Cv also indicates a more even velocity
distribution in the hole, though such conclusions should be taken with care,
since cavitation creates a density distribution which also influence the coef-
ficients.

It has been shown above that the measured spray widths and spray angles
are highly affected by the measuring technique used. Assuming a symmet-
rically distributed spray one expects the change of measuring techniques to
work as if changing the border threshold and therefore should relatively give
the same results. This is not the case for the current study where the spray
is asymmetrically distributed and the different techniques do not give same
relative result. Inspecting the images a clear difference between the cases
with and without the slide is found. With the slide a conventional turbu-
lent spray appears, while without the slide a primary dense spray appears
together with a secondary disperse region. The primary spray, from injectors
without slide, is much smaller than the turbulent spray from nozzles with
slide.

It is concluded that the current measurements give a good estimate of
the size of the spray angles, but care should be taken using such spray angle
without knowing the distribution within the spray. A suggested path for
further work would be momentum distribution measurements, as described
in section 4.3.7, which could provide further valuable information.



Chapter 5

Use of experimental results in
CFD code

The present work includes both numerical and experimental investigations,
but it has not been possible within the time frame of the project to tie these
together. This chapter will shortly describe how the experiments could be
used for both boundary conditions and for validation of CFD codes.

The experimental data is obtained at atmospheric conditions and despite
the availability of model laws like the ones presented in chapter 2, care must
be taken when using the data at engine conditions. On the other hand, when
other data are unavailable the atmospheric data might prove very useful.

As mentioned earlier the atmospheric case is the easiest case computa-
tionally and should be the first test case when validating a CFD code. The
experimental data is therefore useful for CFD validation.

The experimental data consist both of transient data, obtained at data
rates of at least 10,000 Hz, and of average data from the stable part of the
injection, where the latter can be viewed as quasi steady values for a given
injector.

Not all experimental data are presented in this rapport, but the following
data are either present or can be easily extracted from the data:

• Transient and average nozzle pressure.

• Transient and average spray momentum.

• Transient and average momentum coefficient calculated from nozzle
pressure and spray momentum.
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• Average discharge, area and velocity coefficients, calculated from tran-
sient nozzle pressure and transient momentum measurements, com-
bined with integral mass measurements.

• Transient and average spray angle, obtained either from reflected light
or shadowgraph measurements.

• The penetration of the spray.

• Spray shape from both reflected light or shadowgraph measurements.

The discharge and momentum coefficient can in combination with the
spray angle be used for boundary conditions for the individual nozzle. As
previously mentioned, care should be taken before using the spray angles, as
the spray is found to have an asymmetrical spray distribution.

Penetration, shape and angle can be used for validating of spray in CFD
codes. This could be by normal Eulerian-Lagrangian codes like Kiva, but also
by other code types e.g. using Large Eddy Simulations (LES). The validation
of the latter is possible due to the high sampling rate of the experimental
data.

The simultaneous transient measurements of nozzle pressure and spray
momentum makes it possible to validate nozzle models e.g. the model pre-
sented in section 3.1.7.2.



Chapter 6

Conclusions

The work presented in this dissertation covers both numerical and experimen-
tal aspects of diesel sprays in large two stroke engines. As with all beginnings
this is just a scratch in the surface, but hopefully it will create the basis for
further in depth investigations, some of which are already taking form.

6.1 Theory

The first part of this work covers the theoretical basis for diesel sprays and
present a small extract of the vast amount of literature about diesel sprays.
These previous finding were mainly obtained in injection chambers or on
small four stroke engines.
Diesel sprays experience a number of complex physical processes and are in-
fluenced by a number of parameters. Sprays can be classified into a number
of categories according to their appearance and diesel sprays are considered
to be in the atomization regime. A spray at elevated temperatures normally
consist of a liquid core, a disperse region and an evaporated region. A num-
ber of parameters are normally used to specify a spray, including e.g. liquid
penetration, gas penetration, spray angle and droplet sizes. The behavior of
the spray is influenced by the internal nozzle flow before the injection point
and the break up processes which makes the liquid change into filaments and
droplets. The droplets will break up, collide and evaporate, where e.g. break
up depends on a number of factors like the droplets’ relative velocity and
surface tension.

From both experiments and theoretical considerations authors have de-
rived a number of correlations for the different spray parameters. Even
though generally there is fairly good agreement on which physical quantities
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have an influence, there are still some discrepancies and no general theory has
been agreed upon. Often a number of constants are introduced which end up
being dependent on the individual setup, including the nozzle in particular.
It must be concluded that the nozzle and spray processes are so complex that
findings from one setup cannot be transferred to a completely different setup
without experimental measurements.

6.2 Numerical investigations

The basis for the used Eulerian-Lagrangian CFD code, Kiva, has been de-
scribed, with special focus on the spray models.

A number of grid sensitivity studies were performed and it was concluded
that the grid has a very large effect on the spray solution. The grid sizes
used in Kiva calculations are normally at least the size of the nozzle hole,
which is inadequate to capture the physical scales of the spray. The large
grid sizes are used in order to minimize the computational cost, but also
because of the limitations in the Eulerian-Lagrangian approach, which puts
a lower limit on cell size. The inadequate grid resolution results in unresolved
gradients, inaccurate local values of e.g. velocity, artificial diffusion and
turbulent parameters incorrectly calculated. To overcome these problems
one can either shift to other and much more expensive approaches, or as in
these investigations, look at ways to improve the current approach.

Interpolation can be used to improve the local values used and the model
by Nordin (2001) has been implemented into the used code, which created
some improvements.

A couple of approaches originally used on gas jets to improve turbulent
parameters were attempted to extend to sprays. It was concluded that even
though the approaches might have some potential, the problem with artifi-
cial momentum diffusion had far greater effect. A novel velocity correction
approach was tested without success. In combination with momentum con-
siderations these investigations lead to a criteria for a maximum grid size in
order to allow reasonable transfer of momentum to the gas and to ensure
establishment of the known existing gas jet together with the spray. The
criterium does not ensure the resolution of gradients and establishment of
correct local values, but it gives an maximum grid size.

The conclusion is that spray calculations are problematic on coarse grids
and no easy solution has been found. Further aspects have to be investigated
and concepts which compensate for the large grid size or hybrid models might
prove useful in the future.
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6.3 Experimental investigations

Both the literature and numerical investigations have pointed towards the
need for experimental investigations.

Initially, a review was given of some of the most common methods for
diesel spray measurements. Investigations are often performed in pressure
chambers or optically accessible engines. The methods are mainly optical
methods ranging from simple photography using reflected light, over gradient
based methods like schlieren and shadowgraph, to the use of florescence and
synchrotron X-ray methods. The methods are used for visualization, droplet
size measurements and for measuring velocity, concentration and tempera-
ture fields.

An experimental setup was constructed for investigation of sprays at at-
mospheric conditions, but with an injection system as for large two stroke
engines. The conditions are far from the swirling, high temperature, high
density and high pressure environment inside the combustion chamber, but
is nevertheless expected to provide valuable information about the nozzles.

A number of relatively simple experimental methods were used, includ-
ing a high speed imaging system using reflected light, a low cost shadow-
graph/schlieren system, integral mass measurements and transient total mo-
mentum measurements. The methods have proved beyond expectations and
have all given valuable results. Furthermore, a device for measurement of the
spray momentum distribution has been tested. The method showed promis-
ing results but needs further development.

The transient total momentum measurements correlates very well with
in-nozzle pressure measurements and thereby show that both methods are
applicable and provide reliable results. The momentum measurements have
also proven very valuable in obtaining detailed knowledge of the transient
development of the injection. The measurements have shown that in the
tested cases the momentum coefficient Cm lies within +/- 5 % of the average
value. Finally, the measurements have also shown that momentum loss in the
nozzle hole varies with time, which is probably due to temperature changes
and thereby viscosity changes in the fuel.

With both shadowgraph and reflected light setup, images has been ob-
tained at up to 100,000 fps, giving several thousand images per injection. The
transient behavior of the spray, including penetration, spray width, spray an-
gle and spray deviation angles have been obtained.
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The results from shadowgraph images show very distinct spray borders so
variations in spray density are not detectable. On the other hand, reflected
light images show a less distinct border, but in some cases it provides valu-
able information on spray distribution. The results from the two measuring
techniques do not agree fully, partly due to the threshold levels which gives
different locations of the spray border. More importantly, the spray is in
some cases found to be asymmetrical, where a secondary disperse region ap-
pears beside the primary spray. This feature is only visible in reflected light
images. Care should be taken in using the obtained spray angle measure-
ments because of the asymmetrical distribution.

A cross correlating technique similar to PIV is used to find the velocity
of the spray border. The technique is based on cross correlating data series
of spray width at different locations along the spray axis. From this an av-
erage time shift is obtained, which together with the displacement between
the locations is used to find an average velocity. The relatively simple tech-
nique has provided valuable results, including identification of a difference in
velocity between the spray borders.

The asymmetrical spray distribution shown on reflected light images has,
together with the obtained spray border velocities, shown some interesting
features for nozzle configurations without a slide. There is a primary spray
with high velocity and a small spray angle that appears to carry most mo-
mentum. Next to the primary spray there is a secondary disperse region
with lower droplet density and lower velocity. The speculation is that this is
related to partial hydraulic flip or other internal nozzle phenomena.

The nozzle configurations with a slide do not show the same disperse re-
gion, but the velocity measurements indicate that there is such a region close
to the nozzle, since the one border has significantly lower velocity than the
other. Further from the nozzle the velocity of the two borders reaches the
same level, which is due to the expansion of the main spray.

The penetration and initial spray development have also been investi-
gated. The size of the investigated area is only large enough to capture the
initial penetration where the injection pressure is still increasing. Therefore
an accelerating penetration has been observed, not fitting the penetration
correlations. For one nozzle configuration, a very small pre-injection was
observed which is concluded to come from a crevice flow between slide and
nozzle wall, before the slide reaches the hole.

It is found that a quasi steady spray angle is obtained after in the order
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of 0.5 ms, which is when the pressure is still raising and before the injector
is fully opened. This shows that injection pressure does not affect the spray
angle.

Comparing the four configurations of single hole injectors show that the
area coefficient Ca becomes larger when the slide is removed. Furthermore,
the machine discharged holes have higher coefficients than the sharp holes.
Inspecting the images taken of the configurations with and without slide show
that the distributions are different for the two. With the slide, the spray ap-
pears like the normal turbulent spray reported in the literature, while without
the slide the spray appears to have an asymmetrical distribution.

It is outside the time frame of the current project to use the experimental
results to validate numerical calculations. A short description on how the
validation could be done is given.

6.4 Evaluation of project and future work

The current project has been the first of probably many projects related to
the injection into large two stroke engines. This also explains the relative
wide range of areas that has been touched upon and the extensive theory
section.

Further work could include many subjects, some of them being:

• Using the data for numerical investigations as described in chapter 5.

• Further development of the momentum distribution device to get a
larger knowledge of the momentum distribution within the spray.

• Investigation of internal nozzle flow to identify the processes controlling
the spray.

• High ambient pressure investigation to verify that the results can be
expanded to engine conditions.

• Investigation of variations in spray on combustion in an engine.



Appendix A

Nomenclature

Symbol Equation
GREEK LETTERS

α 4.13 Calculated spray angle.
αv 2.34 Volume fraction of fuel to air.
αk 3.9 Inverse Prandtl number for turbulent kinetic energy.
αε 3.10 Inverse Prandtl number for turbulent dissipation.
βW 2.35 Spray spreading coefficient.
δ 3.11 Kronecker delta in calculation of C3 to the RNG- k-ε model.
δij 3.4 Kronecker delta function.
δm1 3.1 Dirac delta function.
ε 3.8 Turbulent dissipation.
λ Wavelength of the incident light.
µl 2.4 Molecular dynamic viscosity of droplet liquid.
µm 4.2 mass absorption coefficient.
µt Turbulent dynamic viscosity.
ν 3.2 Molecular kinematic viscosity.
νt 3.2 Turbulent kinematic viscosity.
νl 2.1 Molecular kinematic viscosity of droplet liquid.
ρ 2.2 Density of gas phase.
ρl 2.3 Density of liquid phase.
ρm 3.1 Mass density of species m.
ρt 3.1 Total mass density.
ρ̃ 2.9 Density ratio of liquid and gas phase.

ρ̇c
m 3.1 Mass source term due to chemistry.

ρ̇s 3.1 Mass source term due to spray.
σ 2.2 Surface tension coefficient.
σi 4.1 Scatter cross section.
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Symbol Equation
τ 3.4 Total (viscous and turbulent) stress tensor.
τc 4.15 Time delay in cross correlation calculation.

τmax 4.16 Time delay for maximum value of cross correlation.
τKH 3.21 break up time in the KH-model.
τRT 3.28 break up time in the RT-model.

∆ 2.6 Droplet ratio.
∆r B.3 Grid-size in the radial direction.
∆x 3.38 Grid-size in the x direction.

∆xnew 3.41 New grid-size in the x direction.
∆xgrid 3.42 Calculated grid-size in the x direction.

∆y 3.38 Grid-size in the y direction.
∆z 3.38 Grid-size in the z direction.

ΩKH 3.18 Fastest growing wave in the KH-model.
ΩRT 3.26 Fastest growing wave in the RT-model.
Λ wavelength.

ΛKH 3.19 Wavelength in the KH-model.
ΛRT 3.27 Wavelength in the RT-model.
Θ 2.23 Spray angle.

Θl(x) Local spray angle.

Roman LETTERS
a 3.25 Droplet acceleration.
a1 2.26 Constant in gas and liquid penetration correlation.
b 2.8 Distance in impact parameter for droplets.
b1 2.26 Constant in liquid penetration correlation.
cl 3.15 Liquid specific heat.
d 2.1 Droplet diameter.
d0 2.10 Nominal nozzle diameter.
df 2.10 Effective nozzle diameter.
d1 2.6 Diameter of the smallest droplet in binary droplet collision.
d2 2.6 Diameter of the largest droplet in binary droplet collision.
fc 3.33 Collision frequency.
g 3.4 Gravitational force.

gx, gy 4.12 (Geometric) Deviation spray angles.
h 2.26 Specific enthalpy.

hm 3.6 Specific enthalpy of species m.
k 3.5 Turbulent kinetic energy.
l0 2.22 Length of nozzle hole.
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Symbol Equation
m 4.5 Total fuel mass of injection.
ṁ 4.5 Mass flux.
m0 2.45 Injected mass flow rate.
mb 4.2 Total fuel mass in beam.
md 3.16 Droplet mass.

me(z) 2.45 Entrained mass flow rate.
ml 3.37 Mass of liquid.
mg 3.37 Mass of gas.
ṁl 2.14 Actual mass flow rate.
ṁB 2.14 Theoretical mass flow rate.
n1 3.11 Constant in calculation of C3 to the RNG- k-ε model.
n2 3.11 Constant in calculation of C3 to the RNG- k-ε model.
p 3.4 Fluid static pressure.
r 3.12 Droplet radius.
r0 3.23 Parent droplet radius.
rkh 3.22 Droplet radius after break up in KH-model.
rrt 3.29 Droplet radius after break up in RT-model.
sij 3.4 Local strain rate tensor.
t 2.28 Time.
tt 4.6 Total injection time.
ts 4.6 Start injection time.
te 4.6 End injection time.
tsc 4.9 Start of middle half of injection.
tec 4.9 End of middle half of injection.
ur 2.1 Droplets relative velocity to the surrounding fluid.
ucc 4.16 Velocity found from cross correlation.
x Axis perpendicular to hole axis.

x′(t) 4.14 Variation from average for a data series.
y Axis perpendicular to hole axis.
z Axis following hole axis (axial direction).
z 2.45 Distance from the nozzle.

A 2.14 Actual flow area of the nozzle area.
A0 2.14 Nominal nozzle area.
B 2.8 Droplet impact parameter.
B1 4.11 Distance from spray border to geometrical spray axis.
B2 4.11 Distance from spray border to geometrical spray axis.
Br 2.26 Mass flow ratio between fuel and air.

BKH0 3.22 Constant in the KH-model.
BKH1 3.21 Constant in the KH-model.
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Symbol Equation
BRT2 3.28 Constant in the RT-model.
BRT3 3.29 Constant in the RT-model.
Ca 2.16 Area-contraction coefficient.
Cc 2.52 Constant for discharge coefficient dependence on cavitation.

Cgrid 3.42 Grid constant for momentum criterium.
Cd 2.13 Discharge coefficient.
Cdc 2.53 Discharge coefficient based only on up stream pressure.
Cv 2.18 Velocity coefficient.
CD 3.12 Drag-coefficient.
Cm 2.19 Momentum coefficient.
C1 3.10 Constant in the turbulent dissipation equation (ε equation).
C2 3.10 Constant in the turbulent dissipation equation (ε equation).
C3 3.10 Constant in the turbulent dissipation equation (ε equation).
CL 2.21 Liquid core constant in Levich teori. Also a model constant

in break up length calculations.
Clong 2.28 Constant in short gas penetration correlation.
CR 4.1 Calibration constant for optics.
CS 3.10 Constant in the turbulent dissipation equation (ε equation).

Cshort 2.28 Constant in short gas penetration correlation.
Ct 3.35 Constant in calculating of turbulent viscosity.
Cw 2.35 Coefficient to account for volume fraction.
Cη 3.10 Constant in the turbulent dissipation equation (ε equation).
Cµ 3.8 Constant in kinematic turbulent viscosity equation.
CΘ1 2.24 Constant in spray angle correlation.
CΘ2 2.25 Constant in spray angle correlation at evaporating conditions.
CC 4.15 Cross correlation coefficient.
D 3.1 Diffusion coefficient.

D32 2.5 Sauter mean diameter.
D 3.17 Fuel vapor diffusivity in air.
E 3.16 Evaporation rate of droplet.
F 4.3 Measured force.
I 3.6 Internal energy, exclusive chemical energy.
I0 4.2 Incident X-ray light.
Im 4.2 Measured intensity.
Il 4.1 Intensity of incident laser light.
IR 4.1 Scatter intensity.
K 3.7 Thermal conductivity.
K

′

e 2.45 Entrainment coefficient.
L 4.12 Length from injection point.

∆L 4.16 Length between points in border velocity analysis.
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Symbol Equation
Lb 2.21 Liquid core length and break up length in break up model.

LKH 3.31 break up length for KH-breakup.
Lliq 2.26 Quasi-steady liquid penetration length.
Lt 3.34 Turbulent lenght scale.
LTd 3.15 Latent heat of evaporation at temperature Td.
Lvel 4.17 Length from injection point for spray border velocity.
M 4.3 Momentum.

Ṁ Momentum flux.

Ṁspray 4.4 Total momentum flux of the spray.

Ṁl 2.19 Actual momentum flow rate.
Mw 2.27 Molecular weight.
N2

n 3.33 Number of droplets in the parcel.
P 2.26 Pressure.
Pa 2.11 Ambient pressure at nozzle exit.
Pf 2.11 Fuel pressure in the nozzle.
Ph Pressure measured in head.
Pn Pressure measured in sac volume.
Pp Pressure measured in pump.
Pv 2.48 Vapor pressure.
Q 2.44 Fuel mass flow.
Qd 3.15 Rate of heat conduction to the droplet surface for unit area.

Q̇c 3.6 Source terms due to chemical heat release.

Q̇s 3.6 Source terms due to spray interaction.
S (Gas) Penetration

Sshort 2.28 Short (gas) penetration correlation.
Slong 2.31 Long (gas) penetration correlation.
T 2.26 Temperature.
T0 2.46 Reference temperature 273 K.
Ta 2.36 Ambient air temperature.
Td 3.15 Droplet temperature.
Y 3.17 Fuel vapor mass fraction away from the droplet.
Y ∗ 3.17 Fuel vapor mass fraction at the droplet surface.
V 3.33 Computational cell volume.
W 4.11 Spray width.

Ẇ s 3.10 Source term in k and ε equations to account for interaction
with the spray.

Ub 2.11 Bernoulli velocity at nozzle exit.
Ueq 3.37 Common velocity of gas and spray.
Uinj 3.37 Injection velocity of liquid in momentum analysis.
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Symbol Equation
Ul 2.12 Velocity of injected fuel.
X 4.1 Mole fraction.
Z 2.26 Compressibility.

BOLD LETTERS
ur 3.12 Relative velocity between droplet and gas.
g 3.12 Gravitation.
u 3.1 Fluid velocity vector.
u1 2.7 Droplet velocity vector.
u2 2.7 Droplet velocity vector.
ud 3.33 Droplet velocity vector.
F 3.12 Droplet acceleration.
Fs 3.4 Rate of momentum gain due to spray.
J 3.6 Heat flux vector from heat conduction and enthalpy diffusion.

ACRONYMS
CFD Computational Fluid Dynamics.
IHF Imperfect hydraulic flip.
KH Kelvin- Helmholtz instabilities.
PHF Partial hydraulic flip.
RT Rayleigh-Taylor instabilities.

SMD Sauter mean diameter.
THF Total hydraulic flip.

DIMENSIONLESS NUMBERS
CN 2.48 Cavitation number.
CN2 2.49 Cavitation number, second definition.
CNcrit Critical cavitation number.
CN2crit Critical cavitation number, second definition.

Oh 3.18 Ohnesorge number.
Re Reynolds number.
Rel 2.1 Droplet Reynolds number.
Sc 3.2 Schmidt number.
Shd 3.17 Sherwood number for mass transfer.
Ta 3.18 Taylor number.
We Weber number.
Wec 2.7 Droplet collision Weber number.
Weg 2.2 Gas Weber number.
Wel 2.3 Liquid Weber number.



Appendix B

Cell criteria

This appendix shows the derivation of the cell-size criteria for cylindrical
coordinates. It is assumed that there is one injector per sector of mesh. For
a 2D cylindrical mesh the results are the same, since the injected mass and
momentum scales linearly with the volume.

The basis is equation 3.37 as for cartesian grid, shown again in equation
B.1.

ml · Uinj = (mg + ml) · Ueq (B.1)

For the case where the spray axis is in the z direction (axial), this can be
rewritten to:

ρl
π · d2

0 · ∆z

4
(Uinj − Ueq) = ρg · π · ∆r2

mom · ∆z · Ueq (B.2)

∆rmom is the radius of the momentum-cell, which at the axis of the grid is
half of grid cell radius ∆r. Using ∆r = 2 · ∆rmom the equation is rewritten
as:

∆r

d0

=

√

ρl

ρg

· Uinj − Ueq

Ueq

≈
√

ρl

ρg

· Uinj

Ueq

(B.3)

It is seen that equation B.3 is equivalent to equation 3.40 with ∆x = ∆r.

With the spray axis being in the radial direction of the mesh, equation
B.2 is changed to:

ρl
π · d2

0 · ∆rmom

4
(Uinj − Ueq) = ρg · π · r2

mom · ∆z · Ueq (B.4)
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Using ∆r = 2 · ∆rmom one get

√
∆z · 2 · ∆r

d0

=

√

ρl

ρg

· Uinj − Ueq

Ueq

≈
√

ρl

ρg

· Uinj

Ueq

(B.5)

In the prior derivations the term in the spray axis direction cancels out and
therefore the derivation would hold even when not all momentum is trans-
ferred in the first cell. This is not the case for equation B.5. To account for
this effect a constant Crad is introduced, changing the equation to:

Crad

√
∆z · 2 · ∆r

d0

=

√

ρl

ρg

· Uinj − Ueq

Ueq

≈
√

ρl

ρg

· Uinj

Ueq

(B.6)

It must be stressed that this last equation has not been tested against calcu-
lation.
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