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Abstract

Turbulent jet flows are very common in engineering applications. One exam-
ple is that of fuel injection in internal combustion engines, which is closely
related to the combustion process. Because of the widespread use, the result-
ing emissions of such engines have a significant impact on human health and
the environment. For a long time, research has sought to improve the mixing
in developing turbulent jets to reduce the level of pollutants. Findings have
indicated that injection unsteadiness can be used to improve the spray quality.
Furthermore, it has been demonstrated that important spray characteristics
can be linked to physical phenomena occurring in the region close to the noz-
zle.

In this work, the breakup of an intermittently injected jet is investigated
using numerical simulations. Cases of both single-phase and two-phase condi-
tions are studied, characterizing the pulse breakup for different injection timing
and varying fluid properties. For single-phase pulsation, mixing efficiency is
shown to be connected to the generation of different secondary flow structures
and their interaction. The breaking of symmetry along the pulse, responsible
for the increased the mixing, is explained through a consideration of vorticity
transport. This sequence shows local mixing is faster in the trailing region of
pulses that are long enough to form secondary vorticies in the corresponding
region. The study is extended to include effects of acceleration and decelera-
tion during injection. The mixing rate depends on the accumulation of jet fluid
within the generated flow structures. A rapid injection increase or decrease is
found to promote the jet mixing and spreading by triggering jet fluid shedding
and destabilization of such flow structures closer to the nozzle. Slow veloc-
ity changes promote separation of the injected fluid which instead suppresses
near-nozzle mixing.

Simulations of intermittent injection of liquid into quiescent gas have also
been performed. Primary breakup of liquid pulses is assessed by considering the
increase of the liquid-to-gas interface area and volumetric decrease over time.
The disintegration process for these cases are less sensitive to the surrounding
gas flow because of the higher jet inertia. Increased injection frequency and
lower injection to non-injection ratio, is observed to stimulate primary breakup.
This is due partly to a stretching action near the nozzle, and partly to a stronger
relative influence of collision between liquid pulses.



Descriptors: Jets, Primary breakup, Spray, Nozzle, Intermittent, Pulsa-
tion, Computational Fluid Dynamics, Entrainment, Mixing
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Undersökning av hur pulsationseffekter p̊averkar blandnin-
gen och gasinflödet nära inloppet av en jet-str̊ale
Alexander Nyg̊ard 2016,
KTH Mekanik
SE-100 44 Stockholm, Sverige

Sammanfattning
Turbulenta jet-str̊alar är vanligt förekommande i tekniska tillämpningar. Ett
exempel är bränsleinsprutning i förbränningsmotorer, där flödet är starkt sam-
mankopplat med den efterföljande förbränningsprocessen. Förbränningsmotorn
har p̊a grund av dess utbredda användning en betydande p̊averkan p̊a människors
hälsa och miljön. Genom forskning har man länge försökt förbättra blandnin-
gen hos turbulent bränsleinsprutning för att minska niv̊aerna av föroreningar
fr̊an förbränningen. Studier har visat p̊a att en tidsberoende insprutning-
shastighet kan användas för att förbättra luft-bränsleblandningens kvalitet.
Vidare har viktiga egenskaper i den utvecklade sprayen sammankopplats med
flödesfenomen som observerats i regionen nära inloppet.

I denna avhandling undersöks uppbrytningen av en jet-str̊ale med hjälp
av numeriska simuleringar. Fall av b̊ade enkel- och tv̊afasströmning undersöks
för att beskriva uppbrytningsprocessen för olika injektionsfrekvenser och flu-
idegenskaper. För de fall som tillhör enkelfasströmning pekas en koppling
ut mellan blandningstakten och de flödesstrukturer som genereras, samt hur
de interagerar. Genom en betraktelse av vorticitens transport förklaras den
symmetribrytning som observeras utmed pulsen och som senare leder till en
ökad blandning. Denna sekvens visar att blandningstakten är högre i den
efterföljade delen av varje puls, när injektionen är tillräckligt l̊ang för att
sekundära flödesstrukturer ska bildas. Studien utökas genom att inkludera ef-
fekterna av acceleration och deceleration under injektionsfasen. Blandningstak-
ten beror p̊a hur den insprutade fluiden samlas inom de genererade
flödesstrukturerna. En snabb ökning eller minskning av injektionshastigheten
har visats öka blandningen och spridningen genom att strukturerna bryter sam-
man p̊a ett mindre avst̊and fr̊an inloppet. L̊angsamma förändringar hos in-
jektionshastigheten stimulerar istället separation av flödesstrukturerna, vilket
leder till lägre blandning.

Simuleringar har även utförts av insprutning av en vätska i stillast̊aende
gas. Uppbrytningen betraktas genom att uppskatta storleken av gränsytan
mellan vätska och gas, samt minskningen av vätskepulsernas volym över tid.
P̊a grund av vätskans högre rörelsemängd beror pulsernas sönderdelningen för
dessa fall mindre p̊a den omgivande gasens rörelse. En ökad injektionsfrekvens,
samt en lägre kvot mellan injektionsperiod och icke-injektionsperiod, leder till
en ökad uppbrytning. Detta beror delvis p̊a en mekanism där vätskepulserna
sträcks nära inloppet och delvis p̊a att kollisionen mellan vätskepulser ges en
starkare inverkan.
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Nomenclature

Ac Jet fluid (α > 0.1) coverage share (−)
ARi Area of interrogation region i (m2)
Ce Entrainment coefficient (−)
D Nozzle/inlet diameter (m)
D32 Sauter Mean Diameter (m)
Dm Mass diffusion coefficient (m2/s)
K Turbulence kinematic energy (m2/s2)
L Equivalent pulse length (m)
Oh Ohnesorge number (−)
r Radius from centreline (m)
r50% Radius from centreline enclosing 50% of Vtot (m)
Re Reynolds number (−)
St Strouhal number (−)
TP Taylor parameter (−)
T Time elapsed since initial injection start (s)
T1 Injection duration (s)
T2 Dwell time (non-injection duration) (s)
Tcyc Injection cycle duration (s)
Tph Time elapsed since last injection start (s)
U Nozzle/inlet injection velocity (m/s)
Vtot Injected fluid volume present in the domain (m3)
w Axial velocity normalized by U (m/s)
We Weber number (−)
z Axial coordinate from nozzle/inlet (m)

α Marker scalar volume fraction (−)
ᾱ Mean passive scalar in corresponding region (−)
ε Energy dissipation rate (m2/s3)
η Pulse duty-cycle (−)
Γ Circulation share (−)
κ Surface curvature (1/m)
ν Kinematic viscosity (m2/s)
ω Vorticity (1/s)
ψ Variance of α− ᾱ (−)
ρ Fluid density (kg/m3)
σ Surface tension coefficient (liquid/gas) (N/m)

Equilateral Equilateral triangle shaped injection scheme
LAHD Low Acceleration High Deceleration injection scheme
Square Square shaped injection scheme
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CHAPTER 1

Introduction

Planet Earth is a place of continuously evolving life. Currently about seven
billion people inhabit the world and human population is growing by approx-
imately 80 million every year (UN (2015)). This population growth results in
larger demands on the extraction and distribution of energy. Both globally and
locally, energy needs to be supplied in various forms to meet the requirements
of many different actors. In recent years, the share of electricity provided by
renewable sources in Europe has increased, shown in Fig.1.1. In 2012, almost
a quarter of the consumed electricity was derived from renewable sources. A
similar trend can also be noted regarding the energy consumed in the trans-
portation sector, a key component in the total energy budget, although having
a lower share of energy derived from renewable sources.
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Figure 1.1: Share of renewable energy consumed as electricity and by the trans-
port sector in Europe. Data: Eurostat 2013.
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Emissions generated by the transport sector are released into the environment
together with contributions from other sources, such as electricity generation,
industry, agriculture, and waste treatment. Air pollution is harmful to both
human health and vegetation, and constitutes a grave worldwide problem.

Regarding health related effects, some key species are of special impor-
tance. Nitrogen oxides (NOx) may affect the liver, lung, spleen and blood, and
can also increase susceptibility to respiratory infections (EEA (2013)). Partic-
ulate matter (PM) can cause cardiovascular and lung diseases, cancer, heart
attack and affect the central nervous system. Carbon monoxide (CO) can cause
headache, fatigue but also lead to heart disease and nervous system damage
(EEA (2013)). The transport sector is one of the major contributors of these
key pollutants. More specifically, in Sweden, it is responsible for about 40%
of the NOx emitted, 20% of particulate matter and 30% of carbon monoxide
(EEA (2013)).

Approximately one billion vehicles are currently in use, consuming around
13 million tons of oil every day (US-EIA (2013)). As the major part of the
transport energy is provided by internal combustion (IC) engines, its efficiency
and performance has a significant environmental impact. Due to the environ-
mental significance of the IC-engine, its use is regulated by authorities issuing
legislations governing among other things allowed emission levels. This is espe-
cially true for automotive engines where emission requirements are frequently
regulated. Figure 1.2 shows how the maximum allowed emission levels have
been decreased from European emission legislations. For visualization pur-
poses, all levels have all been normalized by their respective initial level from
the Euro 1 standard.

As has been mentioned before, the emission of NOx, unburnt hydrocarbons
(UHC) and soot particles has a strong impact on human helath and the en-
vironment. These emissions depend strongly on the combustion process that
takes place in the cylinder, a highly complex process. It is affected by physical
factors such as compression, temperature, or local fuel-air mixture composi-
tion, as well as chemical factors (ignition and the wide range of time-scales
for the many different elementary chemical reactions). This thesis focuses on
one specific physical factor, namely the unsteadiness of fuel injection, and how
it affects the disintegration of the fuel jet and the subsequent fuel-air mixing
process.

Increased knowledge on the combustion process and its dependence on the
temporal injection characteristics in a realistic parameter range is useful in the
development of adapted injection strategies. However, flows similar to realistic
diesel fuel injection are very difficult to investigate experimentally, especially
in the region of primary breakup. Even if detailed measurements would be
possible, the outcome would always be subject to a multitude of uncertainties in
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Figure 1.2: Restriction of European emission standards, heavy-duty diesel en-
gines. Data: Dieselnet.com

form of boundary data, injection rate and spatial distribution of the jet within
the nozzle. Such uncertainties are making the separation of different effects
impossible. Numerical simulations do not suffer from the same difficulties, as
the boundary conditions are user defined and the problem setup can be set in a
precise manner. This allows a complex process to be decomposed, and each part
subjected to systematic investigation within its bounds. The main drawback
of numerical simulations, though, lies in the inaccuracies/uncertainties related
to approximations of the engine geometry and associated boundary conditions.

The main objective of the current work is to increase the understanding of
how pulsation affects the jet development and the breakup process in the near
nozzle region through numerical simulations of injection into a quiescent ambi-
ent fluid in a confined chamber. As part of the investigation both single phase
and two-phase cases have been considered. The emphasis is on the entrain-
ment effects of intermittent mixing. Results from the numerical analysis of the
injection process have been compared to results in the literature and limited
experiments carried out within the research group. The main finding of the
theoretical work is that intermittent injection enhances the mixing and ambi-
ent fluid entrainment into the jet initially through collisions between pulses,
adequate for IC-engine situations. For continuous intermittent injection the
gain in terms of entrainment may not be equally clear. It has also been found
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that the rate of deceleration of the pulse tail determines the entrainment, mix-
ing and disintegration rate. By studying different injection schemes, the effect
of injection rates and modes could be studied.

The thesis is organized in a form of continuous text and no papers are
included. In the following, a review of fuel injection, a physical background
to the flow, numerical methods and models are given. The results chapter
accounts for the cases that have been studied, followed by a discussion chap-
ter summarizing the findings and the underlying mechanisms explaining these
findings. Finally, the main conclusions drawn from this study are listed, and
some proposals for future work are given.



CHAPTER 2

Fuel injection

This chapter deals with the discharge of liquid fuel into the combustion cham-
ber of an internal combustion engine. This is a process closely related to the
combustion, which is itself a major field of research with a high degree of
complexity. The chemical reactions taking place in an engine produce several
hundred different reaction products with varying degree of importance. The
favoured reactions and their rate depend on many parameters involving the
local thermodynamic state as well as the local fluid composition and its mix-
ing. Although combustion physics are not studied in this work, it is highly
linked to the preceeding stages when a combustable mixture is produced. The
breakup, mixing and evaporation of the liquid fuel is very important since it
constitutes the initial condition for the subsequent combustion process. In the
following, the fundamental operation of fuel delivery is described, the concept
of the multiple injection strategy is introduced and key features on which the
spray formation depends are pointed out.

2.1. The Diesel engine

The Diesel engine is an invention credited to Rudolf Diesel, dating back to
the end of the 19th century when its successful operation was demonstrated
(Pulkrabek (1997)). The Diesel engine converts the chemical heat of hydrocarbon-
based fuel into heat, that in turn generates pressure on a piston producing
mechanical work. The engine was not utilized in vehicles until the 1920’s
when its reduction in size allowed implementation and has since then been
continuously developed. Commonly, the Diesel engine is used in a number
of applications such as passenger cars, heavy trucks and buses as well as in
the maritime industry in large ships and smaller vessels. Following the intro-
duction of new fuel injection technologies in the 1990’s such as the common
rail and electronic control systems (Baumgarten (2006)), major improvements
were achieved. During the course of the last two decades, performance charac-
teristics such as engine power and torque have more than doubled while fuel
consumption has been significantly reduced. Perhaps an even more important
key improvement is the reduction of particulate emissions by almost two orders
of magnitude (Pulkrabek (1997)).

8
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The operation of the Diesel engine is briefly described in the following, by
considering the four strokes carried out during one engine cycle. During the
intake stroke, the cylinder volume is increased as the piston moves downward
from its highest point, the top dead centre (TDC) to the lowest point, the
bottom dead centre (BDC). During the intake stroke the intake valve is open
and air fills the chamber as a result of the pressure difference that is formed.
When the piston has reached BDC, the valves close and the air is compressed
as the piston motion changes direction (compression stroke). As the piston
approaches the TDC, the injection of fuel is initiated. The liquid fuel forms a
spray and evaporates as it mixes with the hot compressed air. This process is
called internal mixture formation. The resulting mixture ignites after sufficient
heating has taken place. During the power stroke the pressure produced from
combustion of the fuel pushes the piston downwards, performing work. Most
part of the combustion occurs early during the power stroke. The pressure
and temperature drop quickly as the piston moves toward the BDC, reducing
the rate of the combustion processes. Late in this stroke the exhaust valves
are opened initiating the release of the hot burnt gases. The exhaust stroke
starts when the piston has reached the lowest point and again moves toward
the TDC. During this movement the remaining exhaust gases are evacuated
and the intake valve opens when the exhaust stroke is nearly complete.

2.2. Injection systems

The purpose of the injection system is to provide the cylinder with a high qual-
ity air-fuel mixture at the right point in time (i.e. at ignition). The spray vol-
ume, momentum, injection profile (i.e. variation in time) and duration are “free
parameters” that can be used for engine performance optimization. Providing
a general definition of a high quality spray is difficult since many parameters
are involved in the combustion process and the optimum combination depends
on the specific application. However, the term quality in this context typically
refers to a well atomized spray, meaning the resulting droplet sizes are small
in size. The fuel injection system incorporates components such as fuel lines,
valves, pumps, control electronics and injectors. Typically, modern Diesel en-
gines injection systems can be split into two types (Baumgarten (2006)). The
first type is camshaft driven and the injection pressure generation is synchro-
nized with the injection event. A mechanical coupling links the pressure profile
to the crank angle and therefore the flexibility of injection system is restricted.
However, a positive feature is that it allows for very high peak pressure to be
obtained.

The second type is the common rail injection system, in which the injection
pressure generation is decoupled from the crank angle of the engine. A pump
continuously supplies a rail with fuel under high pressure, connected to indi-
vidual injectors for each cylinder. A benefit of this system is that the injection
event can be tailored without crank angle dependence.
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Another important component regarding the flexibility of the fuel injection
system in a injector specifications must meet the requirements posed by a
certain injection scheme, i.e. follow the directions of the electronic control
system. Modern injectors are typically required to be precise and open and
close in very short times. Increased speed of the actuation allows the use of
advanced injection control, as well as enables improved tuning of the mixture
formation.

A very important feature of the injector is the design of the nozzle. In this
context, the nozzle is the part where fuel leaves the interior of the injector and
enters the cylinder. The two most common nozzle types are the valve covered
orifice (VCO) nozzle and the sac hole nozzle, illustrated in Fig.2.1. The VCO
nozzle closes by letting the needle rest against the needle seat, covering the
very entrance of the injection holes. The sac hole nozzle, on the other hand,
closes the fuel path upstream of the injection holes and has a small volume in
between the holes and the needle tip during rest. The benefit of the sac hole
design is the production of an even spray pattern, as well as being insensitive to
needle imperfections and alignment. However, once the injection ends, the fuel
contained in the sac volume may evacuate into the cylinder. The combustion of
this quantity of fuel will be very poor, typically resulting in increased unburned
hydrocarbon emissions.

VCO nozzle Sac hole nozzle

needle

sac holeinjection hole

Figure 2.1: Schematic of different nozzle designs, after (Baumgarten (2006)).

The influence of the nozzle is important to the spray evolution because it
can be linked to a number of flow disturbance sources. As fuel passes through
the injector and enters the nozzle region, it may carry turbulence introduced
from the upstream flow. In addition, strong coherent structures may affect
cavitation in the nozzle and break-up of the jet further downstream. Long
injection holes tend to damp disturbances but give rise to a larger pressure
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drop, whereas short injection holes may increase the turbulence level. Fur-
thermore, sharp nozzle inlet edges promote the strength of cavitation effects
whereas smooth rounded edges are beneficial in supressing them. The presence
of cavitation increases the initial atomization as well as the turbulence level in
the spray acting in order to increase the spreading rate of the resulting fuel jet.
A negative effect of cavitation is the damage done to the walls of the nozzle,
associated to the collapse of the bubbles, reducing the nozzle lifetime and alter
its performance.

2.3. Emission of pollutants and their formation

Internal combustion engine research is driven by the need to improve efficiency
and at the same time reduce emissions. While the performance of after treat-
ment systems such as catalytic converters and filtering devices has improved,
engines do not always operate at optimal conditions which in turn adversely
affects performance and emission levels. Thus, the need to address the very
generation of pollutants remains important. Due to the fact that the combus-
tion process in an IC engine is not ideal, other by-products than water and
CO2 are formed. Such pollutants are soot particulate matter (PM), unburned
hydrocarbons (HC), nitrous oxides (NOx) and carbon monoxide (CO).

Soot may be formed during diffusion combustion and is typically gener-
ated in fuel rich regions. The first step is the formation of soot precursors
(polycyclic hydrocarbons). These species form particles by chemical means as
well as coagulation which later agglomerate, further building the particle size.
The concentration is reduced by oxidation in flame regions at the spray tip
(Dec (1997)). The final result is determined from the rate of production and
oxidation in these processes. High temperature during the post-oxidation is
beneficial to reduce soot as combustion products mix with remaining oxygen.

Nitrous oxides are locally produced in very hot regions characterized by
excessive air content, given that the residence time is long enough (Pulkrabek
(1997)). These regions normally correspond to weakly turbulent regions in
the developed part of the flame. Emissions of hydrocarbons (HC) and carbon
monoxide (CO) may form under fuel rich conditions but also from overly lean,
low temperature regions or at low loads in excess of air because of incomplete
combustion. The rich mixture condition may arise at cold start-up operation or
during maximum power output. At stoichiometric or lean conditions CO may
also be found in substantial quantities as a result of dissociation of CO2. The
CO equilibrium concentration decreases rapidly with temperature. However,
the time scales during the engine cycle do not always allow for equilibrium states
to be reached. Moreover, incomplete combustion may result of quenching (the
flame is extinguished), for example at cold surfaces leaving a region of unburned
reactants near cold walls, leading to higher emissions of CO and UHC.

The mentioned formation conditions of particulates and nitrous oxides take
place under different conditions. Reduction of both species is typically difficult
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because the supression of one pollutant may stimulate the generation of the
other. This is called the soot - NOx trade-off and is illustrated in Fig.2.2
where the concentration of both NOx and particulates are shown as function
of the start of injection (SOI) angle. When the start of injection is advanced
(shifted toward an earlier crank angle) the point of ignition is shifted in the same
direction. This results in a rapid heat release closer to the TDC, producing
high cylinder pressure and temperature. The high temperature stimulates the
oxidation of soot at the same time as providing the condition for nitrous oxides
to be formed. By retarding the SOI (shifting it to a later crank angle) the
opposite effect is observed. In general, the contradicting need for low emission
of NOx and UHC/soot is inherent to the process of combustion and can also
be observed in other devices, such as in gas turbine engines.

Figure 2.2: Diesel combustion design typically implies a compromise between
NOx and soot emission output levels. Illustration after Mollenhauer & Tschöke
(2010).

The diesel combustion process consists of four stages, namely, the ignition
delay, premixed combustion phase, mixing-controlled combustion and lastly the
post-oxidation phase. The ignition delay denotes the period of time in between
the start of fuel injection and the starting of ignition. During a period of time,
the injected liquid undergoes a process of atomization, evaporation and mixing
as it interacts with the hot gas in the combustion chamber. After some time,
when the local conditions (adequate high temperature and mixture composi-
tion) are met, a premixed flame forms (Baumgarten (2006)). The combustion
process is continuous in a so called mixing-controlled mode, where the fuel
burns at the edges of the spray and emissions are formed.

A conceptual model for the diesel spray combustion has been proposed
by Dec (1997), and is reproduced in Fig.2.3. In this model, the fuel spray
penetrates some distance (called the lift-off length) from the nozzle before
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combustion starts and a fuel rich region is found close to the liquid core. At
the edge of this region, a fuel rich flame generates soot which is oxidized further
downstream and a diffusion flame extends from the edge of the lift-off region
covering the entire combustion plume. In this flame the generation of NOx is
strong due to high temperatures and the high availability of oxygen. After the
injection has ended a quantity of unburned fuel still remains in the cylinder.
During the post-oxidation phase that follows, a large part of the soot that is
present will be oxidized before the combustion chamber is evacuated. This
process is important in determining the resulting soot-out emission level and
depends heavily on temperature. Strong large scale motions promote mixing
and increase the oxidation rate during this process. Due to this reason, the
momentum of a spray may play an important role and needs to be considered
also in the design of the injection characteristics.

Figure 2.3: Schematic of combustion flame, after Dec (1997).

2.4. The multiple injection strategy

For some time it has been recognized that unsteady injection may have a major
impact on the flow associated to jets and their properties. Instead of using
a single injection duration, the total fuel quantity can be split into several
pulses injected in sequence with a pause of injection separating them. This
approach is often called the multiple injection strategy. A simplified injection
scheme is illustrated in Fig.2.4, displaying some typical names of pulses used
in literature. These different pulses and their respective purposes are discussed
in the following.
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Figure 2.4: Schematic injection scheme of multiple pulses.

The pilot injection is the first injected pulse (also called pre-injection) con-
taining a small fraction of the total fuel. It is injected before the piston reaches
EVO with the purpose to increase the chamber pressure and temperature from
the combustion, shortening the ignition delay of the following main pulse. The
quantity of fuel injected during the ignition delay is related to the steepness of
the pressure rise during the main injection. A large pressure gradient at that
stage may promote NOx generation. Thus, a short ignition delay is preferred.
The heat released from the pilot injection reduces the peak pressure gradient,
also leading to a reduction in combustion noise. A disadvantage of the pilot
injection is the possibility of a minor increase in soot emission at moderate load
due to a shortened premixed combustion phase and increased diffusion burning
(Pulkrabek (1997)).

The Main injection contains most of the fuel and its duration depends on
the engine load level. Lastly, following the main pulse, a Post injection can
be used. By placing the post injection relatively close to the main injection,
a short ”pause” is introduced. The post injection pulse enters into the partial
oxidation zone left by the main pulse and its combustion keeps the temperature
high, promoting further soot oxidation.

The effects of separation of pulses was studied experimentally by Badami
et al. (2003), utilizing several different combinations of a three pulse injection
scheme (pilot-pilot-main and pilot-main-post), investigating the impact of each
pulse start of injection. The results were compared to a double-injection refer-
ence case of equivalent mean effective pressure. A four cylinder turbocharged
Diesel engine with an active auxiliary exhaust gas recirculation (EGR) system
was used for the experiments. Changing the injection time of either the first
pilot charge or the main charge resulted in a large variation in soot output
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(up to 60%). The levels exceeded those of the double-injection case for all in-
vestigated injection timing settings, which was also the case for the measured
NOx emissions. The brake specific fuel consumption, combustion noise as well
as emissions of HC and CO were decreased as compared to the reference over
the entire timing range. The concentration of HC emissions decreased as a
larger quantity of heat was released from the pilot charge combustion. This
was explained to be the consequence of reduced ignition delay of the main
combustion.

A series of experiments seeking the mechanism of emission reduction in
unsteady injection were performed by Reitz (1998), utilizing a single heavy-
truck cylinder equipped with a common-rail and electronically controlled fuel
injection system. Single and multiple injection schemes were evaluated, varying
the relative fuel fraction and temporal separation in between pulses. Baseline
cases were compared to equivalent configurations also including exhaust gas
recirculation (EGR). Substantial reductions were reported by using multiple
injections, especially in combination with EGR. Significant modifications to
the emission trade-off output were produced from double pulse injections at
pronounced separation (approximately a pulse width). The reduction of par-
ticulates from multiple injection schemes was explained to be the consequence
of two contributions. The momentum of the single injection jet was higher than
that of a shorter pulse and therefore penetrates deeper into the chamber, con-
tinuously reaching the fuel-rich, low-temperature front region of the jet. This
stimulated the generation of soot. In the case of split charges, combustion of
the first charge raised the temperature prior to subsequent injection. Penetra-
tion was weakened and the equivalence ratio (fuel-to-air ratio) ahead decreased
since fuel was combusted quicker during its transport downstream. The second
reason was explained to be that soot generated by the initial charge combus-
tion had more time to further oxidize when the second charge was somewhat
delayed.

The post pulse injection timing can have different impact depending on the
properties of the previous injections. Emission levels may be higher at both
short and long separation times between the main pulse and the subsequent
injection as shown in Badami et al. (2003). Moreover, it was argued that
increased soot generation following a short delay of the after injection charge
may adhere to the main combustion cooling. If instead the delay is too long,
the soot concentration increases because the temperature is too low to support
its oxidation. On the other hand, if the post injection combustion is placed
after the TDC, it does not contribute to the effective work done by the engine,
although acting to reduce the temperature drop of the exhaust gases. This is
useful for the processes occuring in catalytic after-treatment systems, typically
operating more efficiently at higher temperature.
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Figure 2.5: Schematic illustration of single and split injection, after Reitz
(1998).

From the results of experimental works comparing single shot injection
characteristics to multiple shots (Asad et al. (2008), Zheng & Kumar (2009),
Payri et al. (2010), Thurnheer et al. (2011), Suh (2011), Park et al. (2011)),
a number of conclusions can be drawn. Significant impact can be made on
the emission levels by the use of multiple injections as compared to the sin-
gle injection. Typically, for observed conditions producing reduced soot and
NOx emissions, the concentration of HC and CO may increase. The resulting
outcome is highly dependent on the timing settings used as well as the engine
power demand. This includes parameters such as the number of pulses, each
pulse respective duration, injection placement during combustion cycle, injec-
tion velocity, relative fuel quantity fraction, and so on. In addition, when used
in combination with emission decreasing strategies such as EGR, the efficiency
of each scheme is a function of the current level of EGR.

The success of a certain scheme has been shown to be heavily dependent on
the conditions surrounding the injection. In light of this, it is quickly realized
that the optimal injection scheme design is not easily found. The technique of
non-continuous fuel distribution offers great potential in influencing the process
taking place in the compression ignition engine.

Analytical models of idealized flow have been proposed (for instance by
Musculus (2009)) to explain observations of increased entrainment related to
fuel injection. Simple models used to describe enhanced entrainment is ade-
quate for discussing the concept, but limited to an idealized case. Thus, many
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research questions remain to be answered regarding the mechanisms responsi-
ble for the evolution of the liquid and vapour states during this process. By
understanding how different parameters influence the motion, breakup, evap-
oration and mixing, further reductions of emission levels are enabled in the
future. This does not only apply to conventional liquid fuels but also to emerg-
ing future alternatives that may require spefic combustion approaches.



CHAPTER 3

Flow regimes in atomization

3.1. Classification of flows

Injection of a fluid pulse into a chamber filled with quiescent fluid can be
characterized through different parameters. Depending on the application, the
most relevant parameters have to be identified to characterize the jet behaviour.
A commonly reported parameter when investigating the fragmentation of liquid
jets is the jet breakup length. This length is defined as the distance of the
coherent part of the jet from the nozzle, see illustration in Fig.3.1.

Figure 3.1: Illustration of the jet breakup length.

A schematic plot of the jet breakup length is shown in Fig. 3.2 as function
of the injection velocity. At low velocity the breakup length increases linearly
with velocity (marked A). The interval B marks the limit between laminar and
transitional flow. This point represents the impact of gas resistance, depending
on the relative velocity at the interface, as well as the onset of turbulence.
An increased level of disturbances lowers the breakup length from this point
to a minimum, from which the turbulent flow region starts. When further
increasing the injection velocity, reported observations differ. Whereas some
authors note a continuous decrease from point C, others report instead a local

18
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minimum, likely a consequence of differences of internal nozzle designs (Lin &
Reitz (1998)).

Figure 3.2: Breakup length dependence on injection velocity. Illustration after
Lin & Reitz (1998).

The spray angle is defined as the angle by which the jet expands from its centre-
line and is a measure of the radial spreading of the jet, as depicted in Fig 3.3.
The distance the jet extends into the domain, often denoted the penetration
length, is another important characteristic in fuel injection. The time depen-
dence of tip-penetration is often reported from numerical simulations, but is
insensitive to errors in the numerical model or uncertainties in the set-up. The
reason for this insensitivity is due to the jet penetration being largely deter-
mined by the conservation of momentum and mass (assuming a simple model
of an expanding self-similar conical jet). Thus, in order to have a deeper un-
derstanding of the mechanism determining the mixing and entrainment due to
intermittent jets, one has to understand details and rely on other parameters
that characterize the jet better.

At high enough velocity, injection into ambient gas results in the disintegration
of a liquid jet. In order to describe the disintegration process, parameters that
characterize the size of the droplets generated during the disintegration of the
liquid jet has to be used. Such resulting droplets typically display a wide range
of size, shape and velocity and are initially far from spherical in shape. The
Sauter mean diameter (D32) is a common measure of non-spherical droplet size.
This number relates the droplet volume to its surface area. Large surface area
implies faster evaporation and the Sauter mean diameter is therefore important
for fuel evaporation and combustion. Commonly, the spray is characterized by
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Figure 3.3: Illustration of the jet and expansion angle, here denoted θ.

a single number, corresponding to the average of the droplet volumes over the
corresponding droplet surface area.

D32 =

∑
Vi∑
Ai

where, Vi and Ai are the volume and surface area of the i-th droplet, respec-
tively. Other global measures for droplet size may also be used, such as D21

representing the average of the droplet surface area over the averaged droplet
size, that can be defined in different ways. Although attractive due to their sim-
plicity, global measures (such as representative diameters) alone are insufficient
to describe jet atomization and its quality in terms of impact on the follow-
ing combustion process. More detailed information is needed to characterize
the jet behaviour. Such information includes the droplet spatial distribution
as function of droplet size/shape/temperature and velocity. For even more
refined knowledge, the flow inside the droplet is needed, along with the tem-
perature distribution on the surface and inside the droplet. In addition to this,
the ambient conditions around the individual droplet (vapour concentration,
temperature and gas velocity) must to be taken into account.

The final droplet size distribution may be the result of several different
steps and mechanisms during the break-up process. During the process of
disintegration, different liquid structures are formed from the main jet. The
break-up process depends strongly on several physical and geometrical factors.
These include the flow in the nozzle (e.g. cavitation, secondary structures
and level of turbulence), nozzle shape (circular, ellipsoidal, saw-tooth like)
ambient flow conditions (turbulence and temperature) as well as the physical
properties of the liquid (temperature, density and surface tension). The initial
breakup stage is commonly referred to as primary breakup, and the later stages
are referred to as secondary breakup. The final state is not reached until the
droplets are small enough to resist further breakup in the given flow field.
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Depending on the conditions of the injection, disconnected liquid volumes may
undergo several subdivisions until the droplet reaches the scale where surface
tension stops the process. Generally, secondary breakup occurs mainly in a
region of the jet that is dilute, meaning that collisions of droplets are rare.
The probability for collision between droplets is small when the mean distance
between droplets is large as compared to droplet diameter (e.g. low number
density). Since stable droplets are commonly small (size of order of microns)
the breakup leads to a large number of small particles.

3.1.1. Break-up regimes

For single-phase flows, a jet issued into a domain containing a quiescent fluid
is inherently unstable. This instability is due to the shear-layer formed at the
surface of the injected jet. The rate of growth of the shear-layer is strong as
compared to the growth of the instability of a boundary layer. Furthermore,
the exponential instability is independent of the Reynolds number, i.e. the flow
is unstable for all Reynolds numbers. Due to the strong exponential growth,
the jet becomes turbulent after a few diameters, in turn depending on the
perturbations inside the nozzle and at its exit. The instability leads to the
formation of large vortices at the shear-layer moving downstream. Further
downstream a coalescence of the annular vortices may be observed, and even
further downstream (yet only a few diameters downstream of the nozzle) the
symmetry breaks down and most often the presence of helical modes can be
found.

In this work, two-phase injection is considered. A simple example is that
of a slowly moving liquid jet surrounded by gas at atmospheric conditions. As
shown by Lord Rayleigh in the late 1900’s, the breakup of this liquid column
is subject to hydrodynamic instability triggered by small amplitude perturba-
tions. These perturbations may be amplified through a mechanism different
from the one described above. In the case of surface tension, ripples are formed
on the liquid surface (may also be observed on the ocean surface or in the cup
of tea) depending on the size of the surface tension. Larger amplitude ripples
lead to the formation of droplets, This mechanism leads to so called capillary
pinching. The droplets that are formed through this mechanism have a diam-
eter larger than the diameter of the parent jet. The distance from the nozzle
at which the droplets are formed depends on the jet velocity. This region in
parameter space where surface tension effects dictate the breakup of the liquid
jet is called the Rayleigh regime. Weber (1931) showed that the breakup rate
is reduced with increasing liquid viscosity. By increasing the velocity of the
jet, other forces than those arising from surface tension become important. At
some point, the breakup is no longer purely axisymmetric due to the influence
of the surrounding gas. This marks the beginning of the first wind induced
regime, in which the relative velocity at the interface enables forces from sur-
rounding gas inertia to contribute to jet disintegration. At higher jet velocity,
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the growth of short wavelength waves causes breakup, as perturbations arising
from aerodynamic interaction are dominating, rather than contributing. In this
regime, called the second wind induced regime, surface tension effects now acts
to suppress breakup, as demonstrated by Lin & Creighton (1990). The start
of jet disintegration occurs further upstream as compared to the first wind in-
duced regime. During early development, the tip of the injected jet will form
a mushroom like shape. The shear layer vortices carry the some of the liquid
with them leading to the formation of larger droplets and filaments. Droplets
and ligaments of much smaller diameter than the jet are sheared off at the
interface, and a chaotic disintegration of larger liquid structures occurs further
downstream. Lastly, in the atomization regime, even smaller droplets are for-
med and the jet fragmentation starts immediately at the nozzle exit. Figure 3.4
illustrates typical jet breakup characteristics in the different regimes.

Figure 3.4: Illustration of jet breakup in different breakup regimes.

The contributions determining the disintegration process depend on flow con-
ditions (for instance the jet velocity U) and the properties of the interacting
fluids, such as surface tension (σ), fluid densities (ρ) and viscosities (µ). These
parameters can be cast into several dimensionless numbers, as defined below

ReL = ρLUD
µL

WeG = ρGU
2D
σ WeL = ρLU

2D
σ Oh = µL√

ρLDσ

where the Reynolds number, Re, describes the ratio of inertial forces to viscous
forces and D denotes the characteristic nozzle diameter. The subscripts L and
G correspond to liquid and gas, respectively. Furthermore, the Weber number,
We, describes the relative importance of the inertial forces to surface tension,
and the Ohnesorge number, Oh, relates the viscous effects to surface tension
and inertia. A criterion for a (spherical) droplet to be stable, is reaching a
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small Weber number (We<12). This Weber number can be found by assuming
that the kinetic energy of the droplet goes to generating the surface energy of
two daughter droplets with zero velocity. Approximate regime delimitations
can be made according to Oh and Re, as illustrated in Fig.3.5.

The Schmidt number, Sc, is commonly reported and defined as the ratio
of the kinematic viscosity (ν) and the mass diffusivity (Dm). Additional pa-
rameters influencing the breakup characteristics are the liquid to gas density
ratio, viscosity ratio and Taylor parameter, TP , defined as

TP =
ρL
ρG

(
ReL
WeL
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Figure 3.5: Regime delimitations by Reynolds and Ohnesorge number, after
Wu et al. (1986).

Breakup of steady jets
The generation and effect of streamwise vorticity is single-phase jets was stud-
ied by Liepmann & Gharib (1992) by means of Laser Doppler Velocimetry
(LDV) and PIV, in the Reynolds number range of 3000 to 25000. The authors
noted the formation of axisymmetric primary structures as well as streamwise
structures connected to the main flow. They showed the onset of azimuthal in-
stability, as in the single phase case, at some jet diameters from the nozzle exit
and the subsequent development of streamwise vortex pairs. The instability
manifested itself as in-and out of plane waves on the vortex rings. This paper
defined entrainment as

dQ

dx
=

ˆ 2π

0

urrdθ
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where Q is volume flux rate. Near the nozzle the primary axisymmetric struc-
tures control the entrainment. However further downstream, where the vortex
rings became weaker the total entrainment was higher. In this turbulent region,
streamwise secondary vortical structures were shown to be more energetic and
constituted the dominating mechanism of entrainment.

Focusing on single-phase jet flows, Hill & Ouellette (1999) investigated
the dependence of the penetration length based on an assumption of jet self-
similarity. By assuming the penetration length to be a function of time with
exit momentum flow rate (Ṁ) the scaling

Zt = Γ

(
Ṁ

ρ

)1/4

t1/2,

was used, where Zt was the penetration length and Γ was a constant, found
to be approximately equal to 3. Comparisons to different experimental data
agreed relatively well. The authors also concluded that the self-similarity cri-
terion for the transient turbulent jet was consistent with the equivalent nozzle
diameter parameter, equal to

d
ρjet
ρamb

where ρjet and ρamb are the jet and ambient gas densities, respectively. This
relationship originates from the conservation of axial momentum in the absence
of a pressure gradient.

The study of liquid sprays and their breakup has traditionally been carried
out by using optical tools. However, due to the high droplet concentration
optical techniques have only limited success in such regions. Consequently,
much more experimental results are available in the dilute regions of the jet.
The results are often expressed in terms of mean values of atomization data,
such as probability distribution of droplet diameter. Based on a large number
of data, expressions that correlate well with the experiments may in some cases
be found (Simmons (1977)).

Reitz & Bracco (1982) investigated the influence of aerodynamic effects,
liquid turbulence, jet velocity profile, nozzle design and liquid to gas density
ratio on the breakup of a liquid jet. The experiment consisted of 67 different
cases injecting water and water/glycerine mixtures into a chamber contain-
ing different gases. Results showed that compressing the chamber gas caused
the spray angle to increase, demonstrating the importance of the ambient gas
density on the breakup process. Moreover, multiple global parameters pro-
vided only a very rough qualitative description to the type of breakup regime.
Rounded nozzles as well as nozzles of higher channel length-to-diameter ratio,
were found to produce more stable jets. Comparing the influence of numerous
variations, it was concluded that no single parameter can explain the result-
ing breakup process. Instead the outcome depends on a combination of many
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different mechanisms that in the general case, all need to be taken into ac-
count. The discussion notes the importance of different cavitation and liquid
turbulence characteristics, generated by different nozzles, contributing to the
aerodynamic interaction. This has later been pointed out in review papers,
such as Lin & Reitz (1998) and Dumouchel (2008) mentioning that flow fea-
tures such as nozzle turbulence intensity, the existence of a boundary layer
or the presence of cavitation are not always reported in early works. These
factors could not always be determined and discrepancies among experimental
results may likely originate from different nozzle design and injection driving
conditions.

By using a back-lighted spark photographic technique, Wu et al. (1986)
measured droplet mean diameters formed from a set of liquid jets in the at-
omization regime, aiming to elucidate the mechanism of entrainment. The
experimental setup was chosen so as to vary the injection velocity, ambient
gas density, test liquid used and nozzle geometry. The droplet properties were
measured from images obtained from a 20ns exposure and a minimum of 100
drops were counted for each series. By comparing the results, trends owing to
changes in injection velocity, liquid properties and nozzle geometry were found
to be in agreement with those made from supplemented aerodynamic theory.

Furthermore, attempts have been made to relate observed breakup out-
come to different mechanisms. Wu et al. (1983) and Wu & Faeth (1993) pre-
sented a number of correlations relating the Sauter mean diameter, integral
scale, liquid Weber number and jet diameter. This was done by considering a
phenomenological analysis and making assumptions of energy transfer between
the smallest turbulent eddies in the flow and droplet formation at the jet sur-
face. By assuming that the eddy is convected with the injection velocity at
the surface during a time corresponding to the characteristic time for Rayleigh
breakup, a breakup distance was obtained. When the influence of the aero-
dynamic effects is small (ρL/ρG >> 1) the correlations have been proposed
(Faeth et al. (1995))

D32,i

Λ
= 133We−0.74

L ,
z

Λ
= 3890We−0.67

L

where z is the streamwise location of breakup and Λ is the radial integral length
scale of turbulence, showing good agreement over a Weber number (WeL) range
covering two orders of magnitude.

Building on the same idea, Sallam & Faeth (2003) considered the corre-
lation of droplet and ligament formation on the surface of a turbulent liquid
jet. Droplets were formed in 90% of the observed occurrences due to Rayleigh
breakup from the ligament, lending some confidence to the assumption used in
the phenomenological model. In less than 10% of the observations the breakup
occurred of the entire ligament at its base. The orientation of ligaments pro-
truding from the jet surface were shown to align closely to a normal distribution,



26 3. FLOW REGIMES IN ATOMIZATION

suggesting the liquid turbulence rather than aerodynamic forcing governs the
ligament formation at the surface. Blaisot & Yon (2005) used an image based
approach on the diesel spray to characterize unrelaxed droplet shapes and sizes.
An interesting feature among the results is the presence of a bi-modal droplet
size distribution at one side of the jet (150D downstream of nozzle exit). It
is mentioned that this may be the result of a periodical phenomenon gener-
ated by cavitation. At twice the axial distance the distribution is mono-modal
at the same side of the jet, indicating the importance of droplet morphology
change during its motion. Different morphological parameters calculated from
the droplet shape are shown to correlate in different ways to the droplet size.
The authors also conclude from their findings that the characteristic time for
droplet size stabilization is shorter than the characteristic time for its shape
relaxation.

At recent years, the capabilities of diagnostic techniques have enabled more
detailed data to be acquired in the near nozzle region. Spray features from
such techniques offer valuable information that can be compared to numerical
results. By using a so called ballistic imaging technique, Linne et al. (2006) cap-
tured the development of a diesel fuel jet injected into stagnant air of ambient
conditions. Three temporal regimes of different characteristics were identified;
the development period, the steady spray period and lastly the flow following
the end of injection. At early times a widening of the jet could be observed
from the fuel cloud roll up at the jet front. During the steady period periodic
structures and voids existed along the edges of the jet. The number of voids
were reported to decrease further downstream, whereas the void size increased.
The average jet angle was largest closest to the nozzle exit (3.8deg), only to
decrease with distance. This last remark does have some significance in rela-
tion to models which build upon self-similar jet expansion. The entrainment
of ambient gas in large scale pockets may also conflict with hypotheses of a
smooth jet expansion.

Another attempt at providing information regarding the liquid jet dynam-
ics by visual acquisition was carried out by Zama et al. (2012). They employed
shadow images as well as a particle image velocimetry (PIV) approach to cap-
ture both global and local jet dynamic effects. The jet expansion was compared
at two locations, approximately 240 and 350 nozzle diameters downstream from
the nozzle exit. The results showed that increasing the ambient gas density in-
creased the spray width in an asymptotic manner. Also, increased injection
pressure yielded a wider spray width. The trends observed in both ambient gas
density and injection pressure were very consistent at both locations considered.
Instantaneous images of the liquid distribution and velocity field indicated the
significance of the ambient gas density on the motion of the jet, especially at
its periphery. Vortical motions at the boundary could be observed and clouds
of dispersed droplets at the jet edge were seen to be re-entrained into the spray
region. This was also regarded as the main mechanism determining the local
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mixture fraction. Higher gas density dramatically decreased the spray velocity.
From these results it is indicated that the zone of intense mixing between the
liquid and gas is shifted inwards from the jet boundary to its core as the ambi-
ent density is increased. However, this effect was not captured at the furthest
downstream location.

Ultra-fast time resolved shadow images have also been used by Sedarsky
et al. (2013) under similar conditions, however investigating the near-nozzle
region (z/D <20). A test nozzle of channel length-to-diameter ratio 5.7 was
used and jets with velocities up to 500m/s were discharged. Spray conditions
featured Reynolds numbers of 9000-14000 and Weber numbers of 1140-1800.
The experiments revealed a significant difference (∼100m/s) in liquid velocity
on opposite sides of the jet. This in turn yielded differences in the atomization
characteristics that followed on each side and also deflects the centreline of jet
expansion by approximately 5.5deg (fully developed spray, Pinj=60MPa). On
the side with lower velocity, breakup began within two nozzle diameters from
the nozzle exit and the jet surface was reported to be rough. In contrast, the
fast side of the jet exhibited no such disturbances near the nozzle exit (2-5D)
and droplets were generated at larger distance downstream. Even the nature
of the breakup was mentioned to be different. Rapid and intricate fragmen-
tation occured at the slow side, whereas the fast side to a larger extent was
characterized by small instabilities growing into large waves, shedding droplets
periodically, shown in Fig. 3.6. The authors argued this behaviour could be
the existence of upstream cavitation or fluctuating pressure conditions which
could arise from nozzle irregularity. Whatever the origin of the additional dis-
turbance, an apparent change in the subsequent spray structure is introduced.
While the highly disturbed (short-wave) side expands by forming a relative
straight boundary, the less disturbed side clearly displays the formation of
large scale patterns. The generation of such structures may have a paramount
impact on entrainment and breakup characteristics, not only in the near nozzle
region but further downstream as well. Secondary breakup
Following the separation of liquid structures from the main liquid surface, the
velocity of fragments may be equal to or even higher than the bulk jet velocity.
Depending on the relative velocity of a ligament or droplet to the surrounding
gas, as well as their size and shape, a series of further decompositions may
take place. Inertial forces typically promote droplet breakup whereas surface
tension and liquid viscosity acts to supress it. Different regimes have been
identified characterizing the droplet breakup depending on the droplet Weber
number (We) and Ohnesorge number (Oh), and are discussed in the following.

The breakup mode termed as Bag breakup is typically observed when vis-
cosity effects are small (Faeth et al. (1995)). This mode manifests as the droplet
expands radially assuming a disc-like shape normal to the oncoming flow. A
rim is formed at the periphery while the droplet centre forms a spherical sheet
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Figure 3.6: Different breakup characteristics on opposite sides of liquid jet
(Picture reproduced from Sedarsky et al. (2013) with permission.

extending from the rim in the downstream direction. The rupture that fol-
lows produces small droplets from the sheet liquid and larger droplets from
the rim. Another mode of breakup is termed as Shear breakup, associated to
higher droplet relative velocities. The surrounding flow exposes the droplet to
shearing, causing the edges to deform in the direction of the flow. The edges
eventually become thin and daughter droplets are shed from the surface. At
very high relative velocity the droplet disintegrates in a more complex fashion
called Catastrophic breakup. Near nozzle exit catastrophic breakup may occur
at very high pressure injection, leading to cavitation in the injector, commonly
observed in Diesel engines. Many investigations have been performed on sec-
ondary breakup in different regimes and comparisons of data from many au-
thors agree very well to parameter maps of Wed and Oh as proposed by Hinze
(1955). Breakup trends are relative insensitive to Oh in the range below 0.1.
In this region, small deformation (< 10%) is found for We ∼ 1. Increasing
the Weber number first causes oscillatory behaviour before entering into the
bag breakup regime slightly above We = 10. The observations demonstrate
important dynamics of separated droplets following separation from the main
liquid. This, in turn strongly implies that the outcome of the droplet breakup
process depends heavily on the primary breakup characteristics, as it acts in
some sense to determine the initial conditions for secondary breakup.
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3.2. Mechanisms in transient and pulsed injection

Subjecting a single-phase jet to a sudden velocity drop is known to induce in-
creased ambient entrainment, and the temporal centreline velocity adjustment
scales well based on the time scale of the following steady state jet, as shown by
Atassi et al. (Atassi et al. (1993)). Between the two statistically steady states,
a disturbance is introduced and propagates in space and time. Furthermore, a
faster decay of the turbulent production terms during the transient phase was
observed and the velocity decrease was associated to large scale motions. It
is mentioned that within the measurement precision, a self-similar description
of the jet can be found using a Gaussian mean velocity profile in the radial
direction. Another comparison between experimental jet results and the hy-
pothesis of jet self-similarity was presented by Joshi & Schreiber (2006). Using
water injected into a water tank (Re=13000), it was concluded that above a
certain penetration distance the jet tip penetration scaled with the square root
of time in agreement with the hypothesis of jet self-similarity. The entrainment
coefficient K was defined as

K =
ṁ0

ṁtotal

D

x

(
ρg
ρl

)0.5

where ṁtotal is the total mass flow into the jet, ṁ0 is the constant mass injec-
tion rate and D is the nozzle diameter. K was found to increase proportion-
ally with the square root of non-dimensional time, until the jet reached 39D
(T=156U/D), after which it remained constant (equal to 0.3).

An analytical model for the integral momentum flux evolution was derived
by Musculus (2009). The model assumed equal density throughout the jet. It
also neglected molecular and turbulent momentum diffusion, the influence of
an axial pressure gradient and assumed the radial velocity profile shape not
to change during the transient process. Building on a simplified conservation
equation for the integral axial momentum, and the mentioned assumptions,
the temporal evolution of an entrainment wave was found. The local wave
speed of this momentum transient was shown to be two times the initial jet
penetration velocity. As the transient propagates downstream the entrainment
approaches a value three times higher than that of a steady jet. This limiting
value is reached at a rate depending on the steepness of the velocity decrease.
The findings were shown to agree well to experimental data. Continuing the
investigation of entrainment following the end of injection, Singh & Musculus
(2010) employed a compressible two dimensional axisymmetric numerical ap-
proach on a similar type of configuration. This work revealed that preceding the
relatively strong convective momentum transient, an acoustic wave propagates
quickly downstream inducing a slight initial entrainment effect. This process,
in combination with turbulent diffusion being taken into account yields a lower
peak entrainment value of the subsequent convective wave that was predicted
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by the 2D code. This also has the effect of widening the region of increased
entrainment as compared to the 1D model.

A step further towards capturing the complex process of entrainment was
taken by Hu et al. (2012), performing numerical simulations of the decelerat-
ing turbulent jet using a LES to determine if the entrainment trend could be
observed by this approach. The work strived to expose the fluid mechanical
mechanism acting during the deceleration phase by simulating the injection of
air into stationary air, corresponding to a Reynolds number of approximately
7300. The ensemble averaged (10 realisations) temporal evolution of the cen-
treline velocity compared well to experimental results of the same case. The
entrainment coefficient was in this case defined as

Ce =
D

dx

ṁtotal

ṁ0

where D is the nozzle diameter and ṁ0 was the mass flow rate at the nozzle.
The entrainment coefficient was evaluated at a cone-shaped surface extending
from the nozzle exit. Although the entrainment coefficient exhibited large fluc-
tuations, the LES results confirmed the same trend as derived by the 1D and
2D models. A region of increased entrainment could be identified to propagate
downstream following the stop of injection, with the peak entrainment increas-
ing with time and distance. As for the mechanisms, the jet boundary during
the deceleration phase was strongly deformed as compared to the quasi-steady
injection period. Many large scale indentations containing ambient fluid were
formed along the jet initial boundary. These indentations could be seen also as
pockets in between vortical structures some time after the injection had ended.
The size and separation of these vortical structures increased with time as a
result of the lower upstream velocity. The authors also argue that the mixing
process is not the result of small scale motions, as the scalar dissipation is
seen to decrease during the deceleration phase. The increased mixing is hence
attributed solely to the large scale motions induced by the injection boundary
condition.

Some definitions used in the literature, useful in dealing with pulsed injec-
tions are the pulse length-to-diameter ratio (L/D), determined by the injection
duration. This ratio, also called the stroke ratio, is the length of the injected
ideal liquid column to its diameter, and is equivalent to the piston displacement
length to the nozzle inner diameter (for setups utilizing this type of experimen-
tal configuration). The duty-cycle, η, is defined as the fraction of the injection
cycle where injection takes place. From the injection frequency (f), nozzle di-
ameter (D) and injection velocity (Uinj) the non-dimensional Strouhal number
can be computed. For cases where the velocity during injection is constant
and the pulse temporal velocity has a rectangular wave shape, the parameters
relate according to
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St =
fD

Uinj
, η =

T1

T1 + T2
,

L

D
=

1

St
,

where T1 and T2 denote the injection and non-injection durations, respectively.

Gharib et al. (1998) investigated the formation of laminar vortex rings (sin-
gle phase) for Reynolds numbers up to 1700. The setup consisted of a nozzle
submerged in a water tank, discharging water charges by a piston motion. A
series of experiments were performed using different maximum piston displace-
ments. The vortex ring circulation was shown to increase close to linearly with
L/D, up to a certain value. Below this limit, all generated vorticity gathered
in the vortex ring. However, when exceeding this value, the result was that
a vortex ring formed at the jet front and was followed by a region of trailing
vorticity. At some distance downstream from the nozzle exit the vortex ring
pinches off from the trailing vorticity column, maintaining its circulation as
indicated in Fig.3.7. The authors conclude that the maximum circulation that
the vortex ring was able to attain, corresponds to the accumulation of vorticity
issuing from the nozzle up to a certain time, which they called the formation
number. This threshold value, approximately equal to 3.8, was shown to be
relative independent of jet exit diameter and pistion velocity.

Figure 3.7: Illustration of circulation bifurcation occuring at a universal vortex
ring formation number, after Gharib et al. (1998).

While convection is dominating the process of entrainment during vortex ring
formation, the effects of a diffusion mechanism may have an impact. Dabiri &
Gharib (2004) experimentally studied the process of ambient fluid entrainment
into a single vortex ring at Reynolds numbers between 2000 and 4000, at L/D



32 3. FLOW REGIMES IN ATOMIZATION

of 2 and 4. Ambient fluid volume in the vortex rings were measured to be 30-
40%, when ejected into a quiescent chamber. The entrainment fraction could
however be increased by subjecting the convecting structures to a counterflow
in the opposite direction of the ring propagation. Ambient fluid fractions of
approximately 65% were reported when a counterflow was used on a pulse of
L/D = 4. This was explained to be the consequence of the different vorticity
distribution produced from the addition of different counterflows. The decay of
peak vorticity was slower for rings in counterflow, and the vorticity was more
radially spread within the ring. Such comparisons revealed higher entrainment
in favour of the counterflow cases. The pinch-off mechanism, which constitutes
a limit for the entrainment process, is explained to be related to the maximum
energy with respect to impulse preserving vorticity rearrangements. Counter-
flow was shown to increase the entrainment for those cases in which counterflow
was initiated before the jet reached the formation number. The counterflow de-
layed the pinch-off of the vortex ring from the trailing region leading to further
ambient fluid entrainment even above the formation number. This is consis-
tent with the prediction that pinch-off occurs when the ring convective velocity
exceeds that in the trailing region (Shusser & Gharib (2000)). When counter-
flow was initiated after pinch-off occurred, the entrainment fraction remained
unchanged.

While the mentioned studies give useful information on the vortex ring
formation related to steep changes in the injection velocity, it has also been
found that laminar entrainment is affected by acceleration during the injection
phase. Olcay & Krueger (2008) studied experimentally different piston move-
ment programs and their influence on the fraction of ambient fluid entrained
into a laminar vortex ring. Two piston motion profiles having rapid accelera-
tion and deceleration respectively were compared to a trapezoidal profile that
had both a rapid acceleration and deceleration. The entrained ambient volume
was found using an edge detection algorithm on images obtained using planar
laser induced fluorescence and assuming an ellipsoidal shape of the vortex ring.
It was found that rapid changes in the injection velocity favours increased en-
trainment rate. Although, the trapezoidal piston profile was found to produce
vortex rings containing more circulation (approx. 20%), for some stroke ratios
the high deceleration profile case showed the highest entrainment rate. The
findings demonstrate the entrainment process changes, in that the gap where
ambient fluid enters the ring depends on the injection scheme used.

When jet fluid is introduced by longer injections, the leading ring is only
partly responsible for the entrainment of ambient fluid. In addition to this,
the effects ot the trailing jet must be considered. The relative importance
of the vortex ring compared to the trailing region, in terms of entrainment
was investigated numerically by Sau & Mahesh (2007). A passive scalar was
used to track the transport of the injected fluid. Results of simulations with
Schmidt numbers of 1 and 10 were compared. The shape of the vortex rings
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were determined using a translating frame of reference, revealing stagnation
points and radial extent. Simulations considered L/D ratios both above and
below the formation number. Strong inward radial velocity showed substantial
entrainment occurring near the ring structure. By extending the injection past
the formation number, a trailing region formed but did not show nearly as
strong entrainment. An increased stroke ratio was reported not to change the
vortex ring, and longer injections resulted primarily in extending the length
of the trailing column. The paper summarizes the generation of the trailing
column should be avoided in order to entrain as much ambient fluid as possible
although was little was mentioned regarding the pulse dynamics past the end
of injection.

The same authors considered the dynamics of a sequence of vortex rings in-
jected into a uniform crossflow (Sau & Mahesh (2010)). Injections of an incom-
pressible fluid featured among other things, a variation of stroke ratio (L/D),
jet-to-crossflow velocity ratios, and the duty cycle. The transition stroke ratio
was seen to approach the formation number at high injection-to-crossflow ve-
locity ratio. Interestingly, the rings were reported to strongly interact with the
vorticity in the trailing column decreasing the penetration of the jet. Lowering
the stroke ratio from above the formation number resulted in increased pene-
tration length and above a velocity ratio of six, the optimal cases were found
to be those of St = 0.28 for cases of moderate duty cycle. No optimal fre-
quency could be found for cases of duty-cycle above 50% because of interaction
between rings in the near field, independent of St. Comparing the results of
the ideal pulse shape to a distorted injection profile (having unchanged stroke
ratio, velocity ratio and duty cycle), no significant differences could be found.

Lastly, some mention will be given to recent developments made for similar
studies of two-phase flows. References made so far in this section are to works
which discuss features of unsteadiness in single-phase jet injection. Owing to
the nature of such flows, the topic has received attention from the research
community for a long time. For two-phase flows, less coverage of detailed non-
continuous jet breakup can be found in the literature because of difficulties
typically associated to such measurements. However, in conjunction with re-
cent improvements of experimental techniques, numerically based works have
been able to provide partial insight into the disintegration process occurring in
the dense spray region. For instance, by focusing on the dynamics of droplet
and ligament formation at the jet tip, Shinjo & Umemura (2010), Shinjo &
Umemura (2011a), Shinjo & Umemura (2011b), performed direct numerical
simulations of a starting liquid jet injected into stagnant air. The flow condi-
tions and fluid properties in the simulations were close to those of realistic fuel
injection and detachment of liquid structures were found to be caused by mech-
anisms acting at the tip edge and the along the liquid core. The results showed
details on the trainsient jet development, such as the disturbance growth be-
hind the front, and the leading sheet deforming by shearing at its surface. In
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addition to aerodynamic shearing, droplets originating from the tip region were
shown to trigger surface deformation as they impact onto the liquid core. Typ-
ically, the amplitude of the surface crests grew, creating a peripheral rim which
generated droplets upon rupturing. Increasing the bulk Weber number pro-
duced smaller liquid fragments, which was shown by a shift in the distribution
of the droplet Sauter mean diameter.



CHAPTER 4

Governing equations and their solution

Intermittent injection of fuel into a combustion chamber is associated with
different physical phenomena governed by a set of physical laws and models. In
the following, the modelling needed to describe the flow and mixing associated
with such injection is described. The system of partial differential equation
requires constitutive relations that relate the behaviour of the fluid to the forces
acting on it, as well as the physical properties of the fluid itself (such as viscosity,
surface tension, heat conductivity). The set of equations require initial as
well as boundary conditions. As the equations are non-linear, an analytical
solution can be found only under very restrictive and generic conditions. Thus,
numerical methods are required in order to obtain a solution. In this chapter,
the numerical methods that have been applied in this thesis are described.

4.1. Governing equations

The injected jet and the ambient fluid may be compressible, yet we assume
that the compressibility effects are small and thereby assume the fluids to be
semi-compressible, meaning the density may be a function of temperature but
not the pressure. If isothermal flow is assumed, one ends up with the common
incompressible formulation. The system of governing equations of the flow
considered in this work are the Navier-Stokes equations, 4.1-4.2.

∂ρ

∂t
+
∂ρuj
∂xj

= 0 (4.1)

∂ρui
∂t

+ uj
∂ρui
∂xj

= − ∂p

∂xi
+

∂

∂xj

(
µ

(
∂ui
∂xj

+
∂uj
∂xi

))
+ ρf (4.2)

The equations represent the conservation of mass and momentum, while the
conservation of energy is satisfied automatically if the flow is isothermal, as is
assumed in this work. Historically, the name has been used only for the mo-
mentum equation (4.2), but nowadays, also the conservation of mass (4.1) is
implied when referring the Navier-Stokes equations. The formulation assumes
that the scales of the flow are much larger than the mean distance among
molecules (i.e. the mean free path). The assumption of the continuum frame-
work requires the formulation of a relation between the stress and deformation
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rate (assuming linear relation for a Newtonian fluid), implying a constant vis-
cosity, which could be temperature dependent. In equation (4.2) f represents
an external force, acting on the fluid per unit volume. In this thesis all exter-
nal forces are neglected, and f is used only in the presence of surface tension
effects.

4.1.1. Turbulent flows and the energy cascade

The behaviour of the flow depends strongly on the flow speed and the geometri-
cal set-up itself. The independent and dependent variables may be normalized
by a characteristic length scale (D), time scale (T ) and a characteristic velocity
scale (U), respectively. By doing so, the momentum equation is found to have
two dimensionless parameters, the Reynolds number and the Strouhal number
(both defined in the previous chapter). For a steady-state flow case the gov-
erning equations contain only a single parameter, the Reynolds number. The
behaviour of a slow jet, as described in the previous chapter, is valid for flows
with small enough Re. As the Reynolds number increases, the forces related to
viscosity become less significant whereas the non-linearity at the left hand side
of equation (4.2) becomes dominant. Under such situations the flow is referred
to as being turbulent.

Turbulent flow is characterized by chaotic, random motion at a large variety
of scales. Turbulent flows are always three-dimensional as well as responsible
for enhanced momentum exchange in space (mixing), much stronger than the
mixing due to molecular diffusion (momentum by viscosity or heat by heat
diffusion). This mixing effect is a property of the flow (i.e. turbulence) and
not a physical property of the fluid. Therefore, turbulence cannot be charac-
terized by the fluid that carries it. Additionally, due to its chaotic character,
turbulent flows can only be characterized by averaged quantities. The mean
velocity is applied, computed most often by averaging over a time that is long
enough, yet shorter than the time scale of external (non-turbulent) time varia-
tion. Similarly, the mean value of the fluctuating level of the turbulence kinetic
energy (TKE) of the fluid is used to characterize the turbulence intensity (often
denoted the rms). Higher order statistics may also be used for characterizing
turbulence. However, two turbulent fields with the same mean and rms may
still differ in their instantaneous behaviour.

Most of the kinetic energy of the flow, if decomposed in frequency, is con-
tained at the low frequency range. The energy spectrum of the velocity field
is depicted schematically in 4.1. As shown, the low end range of the spec-
trum is named the energy containing range, where the eddies belonging to this
range strongly depend on the particular geometry under consideration. In this
range, energy is continuously introduced to the instantaneous flow by the driv-
ing mechanism of the flow. By interaction of the fluctuations with the mean
velocity gradients (i.e. vortex stretching) energy is transferred among eddies.
In average, energy is tranferred from larger eddies to smaller ones, in what is
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known as the Energy cascade of turbulent flows, see Fig.4.1. According to Kol-
mogorov’s first hypothesis, there exists a range in which the transfer rate from
large to small scales is independent on specific geometry and fluid viscosity; this
is called the inertial subrange. In this range, the transfer rate of turbulence
kinetic energy from the larger to the smaller scales is assumed to be equal to
the rate of dissipation at the smallest eddy length scale (or mode frequency).
By dimensional arguments, the scalar spectral turbulence energy can in the
inertial subrange be shown to depend on the eddy size or the corresponding
mode frequency to the power of -5/3.

Energy-
containing
range

Inertial subrange

Dissipation
range

-5/3

lo
g(

E(
f)

)

log(f )

Figure 4.1: Turbulence kinetic energy content plotted against frequency (or
eddy size), illustrating the energy cascade.

The existence of viscosity sets the limit of the smallest possible scales in a
turbulent flow. As the energy transport approaches the smallest scales, viscous
effects dominate, dissipating the smallest scales of motion into heat. This
range of the spectrum is called the dissipation subrange. The small scales
(the so called the Kolmogorov scales) can be estimated by assuming that they
depend only on the kinematic viscosity, ν, and TKE dissipation rate, ε, per
unit mass. The Kolmogorov scales for time (τη), length (lη) and velocity (uη)
can by dimensional arguments be shown to be

τη =
(ν
ε

) 1
2

lη =

(
ν3

ε

) 1
4

uη = (νε)
1
4 .

In the following we discuss shortly some common approaches for handling tur-
bulent flows. One such technique is to decompose the instantaneous variables
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into a mean component and a fluctuating component (using the so called Rey-
nolds decomposition) according to

ui = Ui + u′i (4.3)

p = P + p′ (4.4)

where U and P represent the mean of the velocity and pressure, respectively,
and the prime denotes deviation from the mean. The decomposition of the
non-linear terms results in an additional term to the momentum equations

∂〈ρu′iu′j〉
∂xj

where the angle brackets denote time averaging. By insering this decomposition
into Eq.4.2 and assuming constant density, one obtains the so called Reynolds
Averaged Navier-Stokes equations:

∂Ui
∂t

+ Uj
∂Ui
∂xj

= −1

ρ

∂P

∂xi
+

∂

∂xj

(
ν
∂Ui
∂xj
− 〈u′iu′j〉

)
(4.5)

The correlation −〈uiuj〉 is called the Reynolds stress. This second order terms
plays a central role in computing turbulent flow fields. It cannot be expressed
in terms of the averaged velocity and hence it leaves the system of equation
open in the sense that it cannot be solved unless one gives an expression for
the Reynolds stress. One may derive an equation for the components of the
Reynolds stress, but that also results in a triple correlation term making the
equation unclosed. These facts make the simulation of turbulent flows intricate.

4.1.2. Modelling of turbulent flows

Considering the spectrum in Fig.4.1, it can be noted that the flow contains
only a limited range of temporal and spatial scales. If all these scales can be
resolved, than one does not necessarily need to consider the mean flow field
and the fluctuating components separately. The equations (4.1) and (4.2) can
then be solved directly. By nature, this approach is called Direct numerical
simulation (DNS). This represents solving a large range of scales from the
inertial subrange down to the Kolmogorov scales. However, it must be noted
that the solution of all scales for may realistic flow cases typically implies an
extensive computational effort. Since computational power is limited, DNS is
restricted to flows of simpler geometry and/or low Reynolds number. For this
reason some truncation of the resolved range is commonly introduced. The
most common way is to use the Reynolds decomposition, (Eqns.4.3-4.4). In
order to close the system different expression for the Reynolds stresses can be
used, where the most common approch uses an eddy viscosity model such that

−〈u′iu′j〉 = νt

(
Ui
xj

+
Uj
xi

)
− 2

3
Kδij
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where K is the turbulence kinetic energy ( 1
2 〈u
′
iu
′
i〉). Here, νt is the turbulent

(eddy) viscosity of the flow, and can be computed by solving additional trans-
port equations for K and the turbulence kinetic energy dissipation rate ε, (K−ε
model) or eddy frequency, ω (K −ω model), in conjunction with the Reynolds
averaged equations. Similar (gradient) diffusion models have been proposed for
modelling turbulent diffusion of mass and heat. The dependence of K and ε on
the mean variables can be assumed, equations in a similar form can be derived.
However, also by solving additinal transport equations, one faces the closure
problem and has to explicitly introduce modelling to the equations. Bound-
ary conditions must also be given, which is trivial for K on solid walls but
non-trivial for ε. The different models are often calibrated against simple flows
(such as flow past a flat surface). The approach provides reasonable results for
high Reynolds numbers and statistically stationary (or slowly varying) flows.

4.1.3. The Large Eddy Simulation approach

In this work, the transient of the injected jet is of interest, where the flow
is developing and may become turbulent. Under such conditions it is not
appropriate to use Reynolds Averaged based models, such as the K − ε model.
Since the flow field considered here has only a limited range of scales, most, if
not the whole range of temporal and spatial scales can be resolved. Resolving
all scales represents performing DNS, as described above. When the flow is
not fully resolved, part of the spectrum is resolved, including a portion of the
inertial subrange.

The Large Eddy Simulation (LES) approach utilises a filtering of the gov-
erning equations reducing the computational expense. As a result, there exists
a limitation on the smallest scales that can be resolved by LES. The filtering
decomposes variables into a resolved part and an unresolved part as

ψ = ψ̃ + ψ̂

where ψ̃ denotes the filtered quantity and ψ̂ denotes the unresolved quantity.
The filtering can conceptually be described according to

ψ̃(xi, t) =

ˆ ∞
−∞

ˆ ∞
−∞

ˆ ∞
−∞

F (x̄i − xi)ψ(xi)d
3xi

where F represents a kernel function whose integral equals unity. Moreover,
the filtering operation introduces an additional term

∂τsgs
∂xj

=
∂

∂xj
(ũiuj − ũiũj)

to the momentum equation, where τsgs is called the subgrid scale (SGS) stress
tensor. The closure of this term requires modelling to account for the dissipa-
tion of energy at the smallest scales. As the grid resolution increases, the size
of the SGS term diminishes and only as the grid size tends to zero the original
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equations are recovered. At a certain resolution limit, the neglected energy
content is that of fluid motions pertaining mainly to scales at which turbulence
is isotropic. At this scale the motions have approached a universal behaviour
allowing them to be subject to modelling. An error is made if instead this term
is simply neglected, but the grid resolution may be high enough to place the
influence of the unresolved motions in the dissipation range. At some point the
dissipation originating from the numerical scheme may be comparable to that
by an explicit model.

In this work, no explicit subgrid scale model is used. The dissipation of
energy at the smallest scale is the result of the numerical dissipation due to
discretization. This approach in general can be motivated by arguing that
the rate of energy transfer from large to small scales is independent of the
dissipation on small scales and hence it is independent of the source of the
dissipation (molecular or numerical). This argument holds only if a segment of
the inertial sub-range is resolved, so that the underlying hypothesis is valid. In
all, the assumption works with adequate spatial (and temporal) resolution. The
situation in our case is more favourable, since the flow is not fully developed
and thereby the range of scales is limited and these are largely resolved and in
particular at regions of transitional flow.

In order to capture fundamental features of the initial liquid jet breakup
process the flow needs to be well represented and the effects of numerical arte-
facts minimized. The process of disintegration will start from a coherent state
where interaction in between the fluids will occur leading to a state in which
the injected liquid volume is more or less redistributed in space. A number of
challenges can be pointed out when one wishes to simulate such a physical pro-
cess by means of limited computational resources. A major source of concern
is the spatial resolution used in the simulation. The resolution of the jet core
region requires sufficient resolution in order to accurately predict the physi-
cal processes taking place in the jet and at the interface. At the same time,
tracking individual fragments created and separated from the main liquid are
also dependent on the local grid resolution. Additionally, as the flow develops
the outcome will be influenced if the solution is spatially confined, implying
that the distance to boundaries can be important. Performing a simulation
resolving all features of the flow while having no influence from any boundary
would require immense computational resources.

Due to mentioned limitations in computational power, simplifications are
needed in order to be able to obtain results. One such measure is the use of
LES instead of DNS. By subjecting the solution to spatial filtering, the large
scale effects can be expected to be well captured. Phenomena at smaller scales
will be affected and those acting at scales below the resolution limit will not be
distinguished. In the case of simulating disintegration, this means that the de-
scription of individual fragments at some point will be beyond the capability of
the numerical framework. While it is true that consideration of fragment sizes
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and shapes will not be meaningful, the primary breakup behaviour which shows
a large separation of scales constitutes a physical situation highly suitable to
LES representation. As shown in literature, the breakup of an undisturbed
liquid jet starts with the deformation of the interface and continues at different
scales ranging from the order of the jet length and ending up at the scale of the
smallest produced droplet. Given the premise of low internal nozzle turbulence,
the mechanisms operating during this time originate from an aerodynamic in-
teraction in which inertial forces play a major role. Under the hypothesis that
this interplay is governing the physics and that its influence is reduced toward
smaller scales, it is reasonable to assume that the important part of the process
will be resolved by such an approach.

4.2. Multiphase modelling

When dealing with multiphase flows, the representation of the fluid distribution
needs to be handled. Intuitive, one way to handle this interaction could be to
consider two sets of equations, each representing the governing equations of
the respective fluid. Such methods are called two-fluid models or multi-fluid
models. While this framework may facilitate the description of each phase
motion and differences in fluid rheology, it has some drawbacks that require
attention. In this approach the interaction between the phases would need to
be handled by imposing appropriate boundary conditions at the interface. For
instance, additional expressions may be needed for the exchange rate of mass,
momentum, heat, etc. In addition, computational time may increase due to
that more than one set of equations are to be solved.

Another approach is to combine the two fluids into a single set of equations.
Provided the distribution of each fluid is known, the fluid properties throughout
the domain can be determined by a step function (also called marker function).
The function value is zero in the regions containing one fluid and unity at the
regions containing the other fluid. In between these regions, there will exist
an interface region where surface tension effects need to be considered. This
representation is known as the one-fluid approach and is used in several different
methods such as the Volume of Fluid method (VOF) and Level-Set method.

A key feature to the accuracy of the fluid motions, is the advection of
the marker function. This in turn depends on how the function is described.
The Level Set method builds upon the use of a level-set function describing
the distance to the interface throughout the field, allowing the interface to be
smooth and accurately described. The level-set function has the advantage that
it allows for accurate computation of normals and curvatures. A disadvantage
is that it is not generally mass-conservative in its original form, although this
can be compensated for by using a coupled algorithm.

The Volume of Fluid method introduced by Hirt & Nichols (1981) has re-
mained one of the most used methods for tracking the interface in multiphase
flow simulations. It is similar to the Level-Set method in that it does not need
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special handling when interface regions are approaching each other. An ex-
ample of such a case could be two gas bubbles in a liquid colliding or making
contact. This is handled directly by the way the method is constructed. In
VOF, the interface is reconstructed from the distribution of the fractional com-
position of the fluids in each cell, and at each timestep. An advantage is that
since the topology follows from the volumetric fractions, the method is mass
conserving. This is of major importance in many flow situations where mass
loss can lead to significant errors. However, the interface alignment depends on
the specific algorithm used but will never be completely smooth, often requiring
a smoothing step.

The boundary in between fluids can also be computed using marker points
methods. The procedure is to advect a number of marker points whose locations
are later used to reconstruct the complete marker field. As in other methods,
the action of surface tension will need to be handled. This forcing is distributed
from the orientation of the marker points onto the fixed grid used for the fluid
calculations. To do so, a distribution kernel or similar measure needs to be
implemented. This step may involve smoothing steps for stability and accuracy.
The merging of the interface is not carried out automatically as for methods
advecting the marker function directly. For this reason, marker point based
methods require special measures to be taken as the points meet.

A conceptually different approach is to use the Lattice Boltzmann method
(LBM). It builds upon the Boltzmann equation from gas kinetic theory and
can be regarded a discretized model as it uses a minimal set of phase space ve-
locities. Fluid quantities are extracted from probability functions and the fluid
flow is computed from a mesoscopic consideration of interaction. Due to the
computational formulation, this method is highly suitable for parallelization.

4.2.1. The Volume of Fluid method

The Volume of Fluid method is attractive because of its efficiency and accurate
conservation of the transported phase. This model is suitable, and therefore
employed within the numerical framework of this work, and a description of it
is given in the following.

In addition to the continuity and momentum equations, an additional equa-
tion (4.6) for the transport of the volume fraction variable, α, is solved accord-
ing to

∂α

∂t
+
∂ujα

∂xj
= 0. (4.6)

This method allows for the fluid properties to be calculated directly from the
distribution of the α field, requiring only one set of equations to be solved.
Thus, the interaction of the phases can be handled directly, without additional
models or algorithms for breakup and coalescence.
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The local density is calculated according to

ρ = (1− α)ρg + αρl

and the weighted viscosity is calulated analogously.

Utilizing this formulation of the density, the continuity equation can be
rewritten as

ρl
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∂xj

)
− ρg

(
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+
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+ ρg

∂uj
∂xj

= 0

where the terms inside the brackets can be identified as equation 4.6 and are
therefore equal to zero. The remaining term states that the divergence of u
is zero. Therefore, the continuity equation of the incompressible fluid can be
expressed as

∂ρ
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∂ρ

∂xi
= 0. (4.7)

The left hand side of 4.2 can be reformulated into

ρ
∂ui
∂t

+ ui
∂ρ

∂t
+ ujρ

∂ui
∂xj

+ uiuj
∂ρ

∂xj

where the second and fourth terms together can be identified as the product of
ui and (4.7) and therefore vanishes. The remaining equation for the momentum
is therefore
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where surface tension enters in the last term. Here, κ and δni represents the
interface curvature and the corresponding surface normal at the interface where
surface tension acts, respectively. The expression can be made dimensionless
by using the nozzle diameter D as characteristic length scale and the injection
velocity U as velocity scale, leading to the following equation
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where ReL and WeG are the jet liquid Reynolds number and gaseous Weber
number, respectively. The two incompressible Newtonian fluids are immiscible,
no heat transport is taken into account and evaporation and condensation
effects are neglected.
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4.2.2. The surface tension model

The surface tension is a sensitive parameter when modelling multiphase flows.
As the scale of structures decrease, surface tension forces become increasingly
important and depend on the accuracy of the α field and the subsequent com-
putation of curvature. The surface tension model used here is consistent with

δnj =
∂α

∂xj

using the Continuum Surface Force model (CSF) proposed by Brackbill et al.
(1992).

In each timestep the phase distribution field is reconstructed using the
Direction Averaged Normal (DAN) method (Lörstad et al. (2004), Lörstad &
Fuchs (2004)). The DAN method uses the values of the first layer of adjacent
neighbouring cells to compute a first estimate of the interface normal. A co-
ordinate system (xi) is defined with the x3 direction normal to the maximum
normal component of the interface.

The normal is estimated by

nj(αx3
, f) =

αx3

|αx3
|
(−f,x1

,−f,x2
, 1).

The variable f is a distance defined in the points (x1, x2 = 0,±h/2) and
(x1, x2 = ±h/2, 0) to an equivalent level calculated from the neighbours of
the current cell. The equivalent level is obtained by summing α into four cor-
ner sets. The first estimation of the normal orientation may not fulfill the
computed equivalent distances at the cell faces, but is improved by an iterative
process.

In each grid point, the Direction Averaged Curvature (DAC) method pro-
vides a calculated value of the phase interface curvature needed to calculate
surface tension forces. This method, similar to the DAN method, computes
values of the distance function f . However, since a curvature is sought for,
three values are required in each direction considered. Only cells that contain
0 < α < 1 are taken into account. This may require using neighbouring cells
outside the first layer to compute the distance function values. The curvature
is then calculated according to

κ =
α,x3

|α,x3 |

(
f,jj
|n|
− f,if,jf,ij

|n|3

)

4.2.3. Marker scalar transport

The two incompressible Newtonian fluids are immiscible, no heat transport is
taken into account and evaporation and condensation effects are neglected. To
compute the marker fluid transport, each cell interface normal is first deter-
mined using the DAN method. From the interface normal, the geometrical
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orientation of a plane is computed, so that it cuts the cell into two parts, sat-
isfying the volume fraction of the cell. Then, in each direction, the plane is
translated by a distance proportional to the product of the cell face velocity
and the timestep. From this, the marker fluid flux is defined as the part of the
geometrical α-body that protrudes outside the cell boundary.

In order to avoid overestimations of surface tension derived from the α
field, a smoothing functions is used. A cubic kernel defined as

α̃ijk =

∑
l,m,n αlmnK(|Xijk| − |Xlmn|, γ)d3xi∑

l,m,nK(|Xijk| − |Xlmn|, γ)d3xi

where α̃ijk represents a smoothed version of the α field. The kernel K is defined
as

K(r, γ) Range

1− 6(r/γ)2 + 6(r/γ)3 r/γ < 0.5
s(1− r/γ)3 0.5 < r/γ < 1
0 1 < r/γ

where h is the cell length and the smoothing length γ is equal to 3h.

The solution of the transport equation,

∂α

∂t
=
∂ujα

∂xj
= 0

is based on Youngs Direction Split method by Rudman (1998), extended to
three dimensions by Lörstad & Fuchs (2004). This method uses three sub-
sequent updates of α at each iteration, one for each spatial direction. The
cell volumetric marker fraction cannot be negative or exceed unity and this
constraint needs to be considered also during the updating sequence. This is
handled by the introduction of a variable called the effective volume, defined
as

δV kijl = 1−∆t

k∑
q=1

∆uqijl
∆xqijl

where the index k denotes the sweep direction (1 < k < 3), ∆t is the timestep,
∆xqijl is the length of the cell in the q:th direction and ∆uqijl is the velocity
difference in the q:th direction.

Thus, each update is made according to

αn+1,k
ijl =

αn+1,k−1
ijl δV k−1

ijl

δV kijl

where αijl = αn+1,0
ijl and the final updated value is obtained after the last sweep

so that αijl = αn+1,3
ijl . The variable ∆F kijl denotes the marker flux difference in

the k:th direction.
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4.3. Computational grid and discretization

As no analytical solutions exist, except for special cases, numerical methods
are applied to solve the system of non-linear equations. Numerical solution
involves discretization of the domain of interest to a set of small volumes (cells)
with vertices often referred to as grid points. The shape to the cells may be
tetrahedral, hexahedral or of other multi-faced shape. A value of the dependent
variables may be assigned to each node point and assumptions on the variation
of the dependent variables within the cell can be made. When polynomial
variation is assumed, the order of approximation of the discretization is set.
For example, on an equidistant grid assuming linear variation of the dependent
variables, one may have a second order discretization approximation to first
and second derivatives of a C4 continuous function.

In general, the cells are not uniform in shape or size, which makes it easier
to conform a grid to a general geometry. If one reformulates the governing
equations (e.g. equation (4.1) and equaition (4.2)) by integrating the equation
in the cell volume, one ends up in a set of algebraic equations and the dis-
cretization is term as a finite-volume approach. Some further details about the
discretization that we have used within this thesis is given below.

The process of discretization and the ability to use higher order polyno-
mials allows one to attain higher order accuracy and efficient solvers. The
drawback of using uniform cells/grids is in handling complex geometries where
the boundaries are not aligned with cell edges. Yet, we have found out that for
most cases under consideration here, Cartesian grids may be attractive. Thus,
the solution is computed on a structured Cartesian staggered grid. Velocity
components u, v and w are defined at the centre of the faces with normal in
the x, y and z directions respectively, as illustrated in Fig.4.2. The pressure
and any other scalars are defined in the centre of the computational cell. This
arrangement is called staggered grid, whereas when all the dependent variables
are defined at the same location the arrangement is called as collocated grid.
The advantage the staggered grid system is that the continuity equation is sat-
isfied on the cell level and hence also global mass conservation is guaranteed,
given that the boundary fluxes vanish. The main disadvantage of the staggered
grid system is the need for special treatment near boundaries, where the veloc-
ity components are not collocated whereas the non-slip condition, for all three
velocity components, is given at the boundary.

The chosen grid has many advantages in combination with the solution strategy.
Due to the structure of the grid, generation and modifications are easily made
and no large storage is required. The computational effort is reduced since
all cells share the same geometry and there is no risk of deteriorated accuracy
from skewed or badly oriented cells. In addition to this, high accuracy can be
gained and the implementation of different numerical methods is less complex.
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Figure 4.2: The computational cell with velocity components

The current structure is highly suited for the use of the multi-grid approach.
However, it may be a challenge adapting the grid to complex geometries making
it less attractive for general fluid dynamics problems.

In each velocity grid, the convective terms are discretized using a scheme
proposed by Rai and Moin (1991). It is composed of a central part as well as
an up-winding part and is third order accurate.

(
u
∂ψ

∂x

)
i

=
uj(ψi−2 − 8(ψi−1 − ψi+1)− ψi+2)

12h
+

|ui|(ψi+2 − 4(ψi−2 + ψi−1 + ψi+1) + 6ψi)

12h
+O(h3)

The pressure gradient terms are calculated using a fourth order accurate
central scheme.

(
∂ψ

∂x

)
i

=
ψi−1 − 27(ψi − ψi+1)− ψi−2

24h
+O(h4)

The central scheme used for the diffusive terms in the single phase regions
is (

∂2ψ

∂x2

)
i

=
−ψi−2 + 16ψi−1 − 30ψi + 16ψi+1 − ψi+2

12h2
+O(h4).

The solution is evolved in time using an implicit and second order accurate
scheme, on the following form.(

∂ψ

∂t

)
i

=
3ψn − 4ψn−1 + ψn−2

2∆t
+O(∆t2)
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4.3.1. Solution algorithm

The time dependent equations are integrated in time using an implicit or ex-
plicit scheme. In the case of the explicit scheme, the velocity vector can be up-
dated by advancing the momentum equations. However, the pressure has to be
updated in an implicit manner (reflecting the fact that for incompressible flow,
the speed of sound (pressure fluctuations) propagation is infinite and there-
fore the pressure has to be updated throughout the domain simultaneously, i.e.
implicitly. The basic approach is to define a pressure and velocity correction
such that the continuity equation is updated while maintaining the momentum
equation. By taking the divergence of the momentum equations and using the
continuity equation, one obtains a Poisson equation for the pressure correc-
tion. From the pressure correction one may compute the velocity correction as
well. A typical algorithm of this kind is the SIMPLE (Semi-Implicit Method
for Pressure Linked Equations) method. The Poisson equation in the case of
the explicit time-marching and additionally the momentum equation in the
implicit case, require the solution of PDE of elliptic type. Such equations can
be solved very efficient by so called Multi-Grid (MG) methods, such as the one
describe in the following.

The solver algorithm is based on a simultaneous update of the velocities and
the pressure. This in done using a technique similar to the SIMPLE approach.
The algorithm is based on a predictor-corrector step where the velocities are
updated according to ∆ui+,j,l = Pi+,j,l∆p. The subscript indices + and −
denote which cell face is used from the corresponding direction in the i,j or l
cell indices. Here, the pressure correction ∆p is calculated according to

∆p(Pi+,j,l + Pi−,j,l + Pi,j+,l + Pi,j−,l + Pi,j,l+ + Pi,j,l−) = −huk,k

where h is the grid size and P is defined as

Pi+,j,l =

[
Qi+,j,l +

2µi,j,l
h

(
1 +

Qi+,j,l
Qi−,j,l

)]−1

, Qi+,j,l =
3h

2∆t
ρi+,j,l+

8µi+,j,l
h

.

Symmetric expressions are used for the update at the other faces. The update
of the complete set of cells keeps the flow symmetry in each Cartesian direction.
In the in-house code, based on the discretization on a Cartesian grid, explicit
time-marching is used. The time-step is taken to be small enough so that the
Courant number is less than 0.6.

For spatial discretization in Openfoam, a Gaussian integration finite vol-
ume spatial discretization of second order is used, together with Gauss-Seidel
preconditioning. For the time-marching in the same solver, an implicit bounded
first order scheme is used, with continuous time-step adjustment to maintain
the maximum Courant number lower than 0.5.
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Implemented multigrid method
Several benefits can be gained by using a multi-grid approach. The method
builds upon solving a system of algebraic equations on different levels of refine-
ment, illustrated for the two dimensional case in Fig.4.3. The technique builds
upon the fact that by common approaches for updating the solution (such as
Gauss-Seidel, or Jacobi approaches) the high-frequency errors in the solution,
with wave length of the order of the cell size, are removed (dissipated) quickly.
This operation is often called smoothing or relaxation. On the other hand, long
wave length modes dissipate very slowly. By transferring the smoothed error
to coarser grid, with larger cell size, the modes that are of long wave length
on the fine grid become of shorter wave length relative to the coarse cell size.
Thus, these errors can also be smoothed out. By repeating the process on a
sequence of grids, all the error modes in the solution can be removed.

Grid level m

Grid level m-1

Grid level m+1

Figure 4.3: Different grid levels used by the multi-grid technique

To begin with, the problem consists of solving the system

Kφ = F

with an accuracy given by the finest possible grid. Introducing different res-
olution grids of ranging from level 1 (coarse) to level m (fine), the system of
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equations can be solved on any of these levels. The movement from one level
to a coarser level performed using an interpolation step according to

φm = Im+1
m φm+1

where Im+1
m is the interpolation matrix used for coarsening in between the

specific levels. The transport of F is done by setting up the equation

Kmφm+1 + Fm = Im+1
m (Km+1φm+1 + Fm+1))

and solving it for Fm. The update of data in the opposite direction, going from
coarser to finer is done according to

φm+1 = φm+1 + Imm+1(rm)

where rm is the residual φnm − φ0
m arising from completed iterations done on

the system at level m. The process of moving in between grid levels iterating
at each step id performed until convergence has been obtained.

Defect correction for increased accuracy
Commonly, low order schemes are robust and yield faster convergence. How-
ever, low order schemes need finer grid to attain the same accuracy as high-
order schemes. High order schemes are often less robust and may be more often
numerically unstable. Defect correction is a computational method to increase
the accuracy of the solution while maintaining robustness. The idea is to use
the low order scheme for solving the problem, but adding to the problem, at
later steps, a correction that accounts to the difference between the low- and
high-order schemes. In this algorithm two different numerical schemes are used
to discretize the same system of equations.

Kφ = F.

One scheme is of low-order (Klow) and one is of high-order (Khigh). One
may introduce an iterative process by which one updates the approximation in
iteration n+ 1 by adding to the right hand side the difference between the two
approximation (the so called defect) to the governing equation. The iterative
procedure is thus as follows:

Klowφ
1 = F

for φn+1. And then implementing the higher order scheme iteratively according
to

Klowφ
n+1 = F +Klowφ

n −Khighφ
n

where Khigh is the corresponding high order discretization of the same original
system of equations.

It has been proven by Gullbrand et al. (2001) that the number of iteration
may be limited and a few steps may be enough to attain high accuracy. For
example if Klow is a second order scheme and Khigh is the corresponding fourth
order scheme, than by using a single-step of defect correction step, fourth order
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accuracy is attained. Even higher order accuracy can be achieved by using two
defect steps, with Khigh having 6th order of accuracy. This approach has been
employed in the in-house code.



CHAPTER 5

Problem setup

In this chapter, the two numerical setups used in this thesis, are presented.
Setup 1 considers injection of fluid into a rectangular box with solid walls,
except at the outlet boundary which is placed opposite to a circular inlet placed
at the centre of that boundary. The computational domain thus excludes the
inflow pipe. Setup 2 in contrast does include a section of the inlet pipe. To
account for this extension, the second computational setup uses a different
solver which is slower and also less accurate than the high order method that
is used on the Cartesian grid of Setup 1. The numerical simulation using Setup
2 have been validated against data collected by experimental measurements.
The results of this validation, and a description of the experimental setup are
both included in the following. A study concerning the accuracy of the solvers
is also given here.

5.1. Setup 1

The computational domain has the shape of a box as shown in Fig.5.1. The
inlet is a circular surface located on one short end of the domain, and has a
centred location at this side. The outlet is placed at the other short end at the
opposite side of the inlet.

Parameter values of single-phase simulations
The parameters of the cases covered in the first part of Chapter (6.1.1) are
presented in Table 1. These represent pulsed injection for the case of single-
phase flow. In these simulations, the injection frequency (or pulse length-
to-diameter ratio) is varied to investigate the effect on the generation and
development of flow structures that subsequently lead to primary jet breakup.

Parameter values of two-phase simulations
Next the primary breakup of intermittent liquid jets in a gaseous surrounding
is considered. The purpose of this section is to identify and characterize the
different mechanisms that govern the breakup process resulting from generic
highly non-continuous liquid-to-gas injection. Similar to the first part, atten-
tion is given to the influence of injection timing on the observed jet mixing and
spreading. Injection timing influence is studied in this section by varying the

52
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Figure 5.1: Illustration of the domain geometry in 3D (a) and the inlet face
(b).

Case A B C

We (-) 108 108 108

ρl/ρg(−) 1 1 1
Tcyc (-) 5 10 20
η (-) 0.5 0.5 0.5

Table 1: Parameter values for the cases presented in the results section of
single-phase intermittent injection (Section 6.2).

injection frequency as well as the duty-cycle. Some cases are also introduced
to include a limited study of the effect of relative fluid properties (liquid-to-gas
density ratio, Weber number). The parameters of the cases covered in the last
part of Chapter (6.2) are presented in Table 2.

Case 1 2 3 4 5 6 7 8 9 10 11

We/103 (-) 9 9 9 9 9 9 9 9 0.5 2 105

ρl/ρg(−) 20 20 20 20 20 10 20 20 20 20 20
Tcyc (-) 5 5 5 5 5 10 10 15 10 10 10
η (-) 0.25 0.375 0.5 0.625 0.75 0.5 0.5 0.5 0.5 0.5 0.5

Table 2: Parameter values for the cases presented in the results section covering
two-phase intermittent injection (Section 6.2).
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5.1.1. Boundary conditions

The flow in the proximal parts of a jet depend strongly on the shape and
disturbances in the nozzle. For example, cavitation, boundary layer effects,
and nozzle induced motion can trigger instabilities influencing the jet motion
characteristics. However, for the conditions considered in this work, no explicit
disturbances are introduced to the inflow. By neglecting these aspects, the
focus can be directed on the inherent properties of the jet flow. For certain
engineering applications, nozzle effects can be utilized to enhance mixing or
generate certain coherent structures.

It is complex and most often impossible to replicate the boundary condi-
tions within an experimental nozzle. The fuel injection conditions are highly
dependent on the application considered, therefore commonly generic bound-
ary conditions are used for validation purposes. For example gasoline engines
typically utilize injection pressures one order of magnitude smaller than those
used in diesel injection. The injection boundary conditions may drastically
change with a shift of engine operating point (temperature, load, speed, etc.)
and traditional fuels may possess different mechanical and physical properties
than possible future alternatives. In addition, design features such as the com-
pression ratio and after treatment systems may vary. Altogether, this implies
that there is not one single set of parameters that can characterize the process.

A density ratio of unity is equivalent to a single phase flows (for high
Schmidt numbers and small enough surface tension) and is very common in
literature. A low density ratio is not commonly representative of the density
ratio found in liquid fuel injection in a combustion chamber. Despite being
injected under very high pressures, the density of liquid fuel will not notably
change. The air is subjected to heating from the cylinder walls and subject
to compression that increases its density. A modern diesel engine has a com-
pression ratio of approximately 1:18, producing air densities of approximately
35-45 kg/m3 during the injection event. To represent the realistic liquid to gas
density ratio of modern engines, a value of 20 is chosen. This is close to real
values and it is low enough to avoid deteriorated numerical performance that
can occur from too high density gradients in the simulation.

The Weber number, We, based on the injection conditions, determines
the effect of surface tension to inertial forces. In the case of single phase
injection, the surface tension coefficient would be zero corresponding to an
infinitely high Weber number. In order to mimic the single phase physics, a
jet Weber number of 108 is used. This value of We is too high compared
to the realistic conditions associated with fuel injection but it is interesting
since it represents the limit of a very low surface tension liquid fuel. Realistic
diesel injection velocities are typically up to 500m/s. Injection nozzle diameters
are of the order of 100µm and the diesel to air surface tension is close to
0.03N/m. The Weber number depends on the injection velocity squared and
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may vary considerably depending on the specific case considered. The value
9000 corresponds approximately to an injection velocity within the mentioned
range and is chosen as an intermediate We value. A third value of We = 500
is also used, representing the case of strong surface tension.

As for the question of implementing unsteadiness on the jet inflow, various
authors in literature report that more pronounced effects arise when stronger
temporal gradients (i.e. flow acceleration/deceleration) are used (Vermeulen
et al. (1992)). For this reason the pulsation is done by instantaneous amplitude
modulation of the injection velocity, i.e. the injection is completely shut off
between pulses. The chosen injection scheme consists, for example, of a periodic
repetition of a rectangular pulse. It is expected that at long injection durations
the flow approaches that of the steady jet, and as the injection duration is
decreased the transient effects will eventually become dominating. By this
view, the injection duration of interest in the current context is comparable to
the formation number.

The injection timing for these generic injection cases is described by the
pulse duty-cycle, η, and the injection cycle duration, Tcyc. The duty-cycle and
injection cycle duration are defined as

η =
T1

Tcyc
, Tcyc = T1 + T2

where T1 denotes the injection duration and T2 denotes the dwell time (non-
injection duration). The Reynolds number was kept at 9300, which is compa-
rable to that of fuel injection in an internal combustion engines.

Inlet boundary condition
At the inlet surface a time dependent Dirichlet boundary condition is applied
on the velocity vector, see illustration in Fig.5.2. No boundary conditions are

Figure 5.2: Illustration of a jet near the inlet and a schematic injection scheme
showing the first two pulses.

required explicitly for the continuity equation. Numerical schemes that use
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explicitly a pressure solver (which is not the case in the finite-difference code)
do require boundary conditions on the pressure or its (normal) derivative. The
axial velocity (z-direction) profile is uniform over the radius with the exception
at the outermost cell layer where the amplitude decreases to zero over one cell
width. The in plane components are assumed to vanish. During non-injection
periods the inlet surface lack flux of fluid through it. In order to track the
injected fluid we mark it by a scalar α. This scalar is used to monitor the
mixing of the jet. During the injection phase the fluid entering the domain
through the inlet is marked as α = 1.

Outlet boundary condition
On the outlet surface, a zero-gradient boundary condition is applied to the
velocity in the axial direction. One may use a small co-flow at the inlet section
to allow the entrainment of surrounding fluid by the jet. Such an approach
is an alternative to allowing entrainment through the side walls. Global mass
conservation is maintained by considering the time dependent inlet flow and
modifying the outlet fluxes so as to maintain the global net flux to zero.

Wall boundary condition
No-slip is applied for velocity, using a fourth order accurate scheme for single
phase variables/regions and a second order scheme for the scalar marker, α.

5.1.2. Sensitivity analysis

To investigate the sensitivity of the simulations to the spatial resolution, results
are compared from simulations of continuous jets, run on different grids. All
grids have uniform structure and are adjusted to yield approximately equal
domain size. In addition, simulations are carried out using the same case set-
up but on different domain sizes. This is done in order to determine the effect
of the distance to the walls and outlet. The cell size h, total number of cells
and domain size of the simulations are presented in Table 3.

Case h/D Cells (106) Lx/D Ly/D Lz/D

Coarse grid 0.056 7 8.0 8.0 17.3
Medium grid 0.039 19 8.0 8.0 16.9
Fine grid 0.030 40 8.0 8.0 17.2
Small domain 0.039 12 6.8 6.8 14.8
Large domain 0.039 33 9.6 9.6 20.0

Table 3: Data of grid resolutions and domain sizes.
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One way to assess the accuracy of the results is to calculate the Grid
Convergence Index, GCI proposed by Roache (1994). It is defined as

GCI = Fs
e21

rp21 − 1

where Fs is a safety factor, r21 is the ratio of the grid size between grids 1 and
2, p is the formal order of the algorithm, and e21 is the relative error of the
studied quantity defined as

e21 =
φ2 − φ1

φ1

The grid convergence index represents a confidence bound, and provides an
interval of the converged solution which is

[φ(1−GCI), φ(1 +GCI)],

represented by the error-bars in Fig.5.3 where azimuthally averaged axial ve-
locity profiles of two continuous jet cases are compared. The plot to the left
in this figure compares the averaged streamwise velocity component and cor-
responds to a Weber number of 108 and a liquid-to-gas density ratio of unity.
The presented results are produced by running this simulation of the medium
and fine mesh shown in Table 3. The maximum difference between the curves
of the medium and the fine grid is approximately 3% at the jet centreline at
the presented axial location, and the overall trend is relatively well captured.
This simulation was also run on the coarse grid but this is not presented due
to the lack of physical relevance. An attempt to extrapolate the formal order
of accuracy using the data from the coarse grid would be misleading due to
the coarseness of the coarsest grid. For this reason, in the current comparisons
only the medium and fine grids are used for the uncertainty assessment. To
compensate for this the relatively high value of three for the safety factor Fs is
adopted. The formal order is conservatively chosen to be two and the ratio of
cell size, r21, is 1.28.

In Fig.5.3b, an averaged radial distribution of the streamwise velocity com-
ponents, computed on different grids, is compared for the continuous jet case
corresponding to a Weber number of 9000 and ρL/ρG = 20. For this case, the
averaged data agree very well among the three grids. However, the problem
setup and the higher momentum of the jet allow a very small angle of the jet
spreading.

The largest error-bars shown in Fig.5.3a are located close to the centreline
of the jet and decrease with increasing radius. At some locations the curves
cross and at these locations the error-bar size is small. In Fig.5.3b the agree-
ment of the data is better which can be seen also from that the error-bars
are relatively short. It should be noted that the size of the error-bars in both
these figures increase as the curves approach the zero level. This is because the
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uncertainty is derived from the relative error between the curves, which is ex-
tremely sensitive as the absolute value of the medium grid is close to zero. The
GCI is therefore not representative of the true uncertainty in these regions.
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Figure 5.3: Continuous jet: Comparison of azimuthally averaged streamwise
velocity component for different grid resolutions at z = 12D, with We = 108,
ρL/ρG = 1 (left) and We = 9000, ρL/ρG = 20 (right).

The results show that there exists a difference between the medium and fine
grid, especially in the low density ratio simulations. However, the discrepancy
is considered to be reasonable and the medium grid is believed to capture the
most relevant physical features in of the simulations.

Two continuous jet cases were computed using three different sizes of the
domain (Cases Small domain, Medium grid and Large domain in Table 3), all
corresponding to the medium grid resolution. This represents a difference in
domain dimensions of approximately 20% between each step. The averaged
streamwise velocity component corresonding to WeG = 108 and ρL/ρG = 1,
is compared in Fig.5.4a. In this plot the curve trend is very similar in among
the cases and a crossing takes place at approximately r = 0.7. The largest
differences are found further out and also close to the centreline. The maximum
difference between the small and large domain curves is approximately 8% of
the centreline velocity, and approximately 4% between the medium and the
large domain. Fig.5.4b shows the corresponding comparison for We = 9000
and ρL/ρG = 20. The difference is less than 2% of the centreline velocity
between the small and large domain curves.

The results show that also the domain size affect the results. A smaller
domain size can be seen to result in increased centreline velocity and decreased
peripheral velocity in the low density ratio case. This effect is much less pro-
nounced for the higher density ratio case. The differences between the medium
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Figure 5.4: Continuous jet: Comparison of azimuthally averaged streamwise
velocity component for different domain sizes at z = 12D, with We = 108,
ρL/ρG = 1 (left) and We = 9000, ρL/ρG = 20 (right).

and large domain should be noted. Since the simulations here are not done
for a specific engineering case, it has no impact on the conclusion herein with
respect to the mixing aspects. However, for engineering applications, we do
recommend not only a grid convergence study but also a study for assessing
the effects of domain size if one does not simulate the complete geometry under
consideration.

5.2. Setup 2

In order to assess the accuracy of the simulations, we have compared some of the
numerical results with particle image velocimetry (PIV) data obtained on an
experimental set-up. This case is used for the validation of the computational
model by comparing these results with the data from the experimental test
tank. Since the test tank has solid walls, with the exception of the upper
surface where the water has partially a free surface at the far-end part of the
box, no-slip conditions were applied at all wall boundaries, see Fig.5.5. At
the outlet, a zero gradient boundary condition was used for velocity. A time-
dependent plug inflow profile was set at the nozzle inlet. Thus, according to
the injection profile applied, only the axial velocity varies in time, whereas the
spanwise components are set to zero. A multiblock hexahedral grid containing
approximately 5.3 million computational cells was used. The grid around the
nozzle is shown in Fig.5.6. The mesh is refined inside the nozzle and merges
into a region of uniform mesh density outside the nozzle orifice. All enclosed
simulations of different injection schemes are run on the same mesh, with a cell
size of approximately 0.02D in the region corresponding to the experimental
measurements.



60 5. PROBLEM SETUP

Figure 5.5: Illustration of the geometry used for the validation simulations.

Figure 5.6: Left: Illustration of the o-grid mesh structure in a nozzle cross-
section. Right: Illustration of the nozzle with the mesh visible in a centred cut.
The mesh structure is maintained further down in the domain, but is expanded
radially in the near nozzle region.

The rig consists of an open circuit starting driven by a computer controlled
piston driving the jet (water) flow, see Fig.5.7. The jet enters a tank with
partially open top surface, which is also used to evacuate the access water
from the tank. The tank is 18 cm x 18 cm in cross-section and is 50 cm long.
The jet enters through a pipe that is about 20 times longer than its diameter
(D=2.5cm). The amount of water and the rate at which the jet is injected is
computer controlled allowing changing the acceleration/deceleration of the jet
as desired. Equally, the amount of fluid that is pumped in each pulse as well as
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the repetition rate of the pulses are adjustable. The PIV measurements have
been carried out in the axial-vertical (x-z) plane using a computer triggered
10Hz PIV system. Thus, multiple pulses have been made for each case so that
phase averages of the flow field could be computed.

Figure 5.7: Illustration of the experimental apparatus.

5.2.1. Validation - pulsed jet

In this section the validation of the numerical simulations is compared with
(two-dimensional) PIV data from experiments using water as working fluid.
The accuracy estimate of the experimental velocity data is of the order 5%.
Both the numerical and experimental data are time resolved, though the ex-
perimental data has been gathered in different cycles (after restart of the mea-
surements). We use the phase averaged velocity data for comparison.

A direct comparison of the experimental and computational flow fields in
the mid-plane is depicted in Fig.s 5.8-5.11 for four different instances in time
during the injection cycle. In these figures, a sequence of comparisons of phase
averaged axial velocity, for an “on/off” (square type) injection of T1/Tcyc =
0.85 are shown. The Reynolds number was kept at 12.500. For the experimental
and numerical results 50 cycles were used for the averaging. The four figures
contain four frames each. The two left frames depict the streamwise velocity
component field obtained by PIV (upper left frame) and simulations (lower
left frame). The right frames show the radial distribution of the axial velocity
component for different z-locations, comparing the experimental measurements
with simulations.
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Fig.5.8 shows the vortex generated by the injection which reached the be-
ginning of the area covered by the PIV-measurement. Although slightly dif-
ferent in width, the vortical structure of both measured and simulation data
displays two peaks in the axial velocity, generated by the vortex ring. The mag-
nitude of the peak values are similar (within 4%). However, the experimental
velocity distribution further away from the centreline is narrower as compared
to the corresponding simulation curve. The field for Tphase/Tcycle = 0.60, de-

Figure 5.8: Tphase/Tcycle = 0.35: Comparison of phased averaged axial velocity
between measurement and simulation results.

picted in Fig.5.9 shows the leading part of the vortex well within the framed
area. At this point in time, both the radial extension of the high velocity re-
gion and the magnitude of the negative velocity region at the outer sides of the
vortex core agree well. However, a centred axial velocity peak is visible for the
measured data, whereas the numerical data still retains the highest velocity off-
centre. In the contour plots to the left in the figure, the observed peak values
can be attributed to the well maintained toroidal shape of the leading struc-
ture of the simulation (bottom). Behind this leading ring, a weaker secondary
ring-like structured can be noted. In comparison, the measured field, although
fairly axisymmetric, displays a diffuse high velocity region within the leading
ring centre with no apparent trailing structures. Fig.5.10 shows the vortex
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Figure 5.9: Tphase/Tcycle = 0.60: Comparison of phased averaged axial velocity
between measurement and simulation results.

rings approaching the right side of the framed area. At this stage, the leading
part of the velocity field is similar, although the high velocity region is still con-
centrated toward the centreline in the experiment. The velocity distribution
through the ring centres show the same trend, and agree well away from the
centreline. In the simulation, the leading ring is followed by a centred region
of lower axial velocity. A similar feature can also be observed in the measured
data, although significantly weaker and not extending as far upstream. Fig.5.11
shows the point in the cycle when the vortex cores have just passed outside of
the framed area (Tphase/Tcycle = 0.1). The simulation contour plot reveals a
region of weak residual motion is left near the centreline, in the middle of the
framed area. The velocity profiles are similar although the experimental data
shows a stronger axial velocity gradient above the centreline, as compared to
the numerical results. The data presented here is a direct comparison of the
experimental and computational results, in terms of the behaviour of the axial
velocity component at different locations and different times in the injection
cycle. There is some discrepancy found between the experimental and numer-
ical data, as pointed out above. It should also be noted that the discrete and
multiple sampling of the experimental data may give rise to some mismatch in
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Figure 5.10: Tphase/Tcycle = 0.85: Comparison of phased averaged axial veloc-
ity between measurement and simulation results.

temporal agreement. Additionally, other possible sources that may contribute
to differences include the free surface boundary in the experiment, as well as
the partial truncation of the upstream nozzle in the simulations. However, the
instantaneous pictures show that there is an agreement, within the estimated
errors, between the PIV data and the simulated results.
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Figure 5.11: Tphase/Tcycle = 0.1: Comparison of phased averaged axial velocity
between measurement and simulation results.
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5.2.2. Injection rate variation

With the setup and accuracy of the numerical framework assessed, we now turn
our attention to a more generic case in which confinement is not considered.
The same numerical approach is utilized to investigate the pulse character-
istics produced by linearly varying injection velocity over time. In order to
compare the effects of acceleration and deceleration during injection, simula-
tions of unconfined flow were run within a nearly cylindrical computational
domain illustrated in Fig.5.12. The mesh structure is similar to the mesh
used for the confined flow simulations, but extended in both the radial the
axial directions. The resolution in the region of interest is nearly identical and
the size of the cylindrical mesh is 8.3 million cells. In these simulations, free

Figure 5.12: 2D sketch of the cylindrical mesh with dimensions.

entrainment of ambient fluid was enabled by putting zero gradient boundary
condition on the side surfaces. Unphysical numerical artefacts, in form of back-
flow, were avoided by using a fixed velocity surface-normal co-flow of 0.05m/s
(approximately 7% of the highest peak injection velocity) applied to the short
end surface, surrounding the nozzle. Additionally, to provide information of
the evolution of the generated flow structures, an advection-diffusion equation
(5.2.2) of a passive scalar αi is solved, where Dm is the diffusion coefficient.
The scalar is given the value of unity at the inlet, and is carried downstream
by the jet fluid.

∂αi
∂t

+ uj
∂αi
∂xj

= Dm
∂2αi
∂x2

j

(5.7)

The following comparisons aim to address the mixing and spreading charac-
teristics between injection schemes of comparable length, in both the injection
duration and injection cycle. The cases are defined so as to be comparable, and
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the results are presented in sets where either the injected pulse fluid momentum
or volume of the cases is equal.

The first set of injection schemes is shown in Fig.5.13, where the mean
injection velocity (Ū =) is used for normalization. The purpose of this set is
to investigate how the pulse development is affected by injection acceleration
and deceleration. Similar to the simulations presented for Setup 1, one of the
injection schemes is of a “top-hat”-type and called Square A in the following.
In this case, the velocity alternates between zero and the peak velocity, nearly
instantaneously. In the second case, LAHD A, the injection velocity increases
linearly from zero to the peak velocity and then drops nearly instantaneously
back to zero. The name stems from the abbreviation of Low Acceleration,
High Deceleration, which characterizes the injection profile. For the third case,
called Equilateral, the injection profile resembles an equilateral triangle, since
the injection velocity increases and decreases linearly with equal duration of
the acceleration and deceleration. For this set, the injected pulse momentum is
equal is kept equal. Two more cases are introduced which are modulations of

Figure 5.13: Injection schemes of Cases Square A, LAHD andEquilateral.

the previous cases. One is Case Square B, where the injected volume is equal to
that of Case Square A, but the injection has been divided into three constant
velocity steps. The scheme is illustrated in Fig.5.14, where Case Square A is
included for reference. For Case Square B, injection discontinuity is introduced
in three steps of instantaneous deceleration, which has previously been attrib-
uted to favorable effects regarding ambient fluid entrainment. Lastly, the Case
LAHD B is similar to Case LAHD A, but has a moderate instantaneous ve-
locity decrease introduced to the injection profile halfway during the injection
(see Fig.5.15). The acceleration is adjusted so that the injected pulse volume
and peak injection velocity of Cases LAHD A and LAHD B are equal.

5.2.2a. Sensitivity to grid size. The accuracy of the simulations is investigated
using again a continuous jet injection. Three computational grids have been
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Figure 5.14: Injection schemes of cases Square A and Square B

Figure 5.15: Injection schemes of cases LAHD A and LAHD B.

used to assess the adequacy of the spatial resolution. The meshes all share the
same structure. The increased resolution has been performed through a global
refinement over the entire domain. Using a refinement factor of 1.3 in between
each grid level, yields grid sizes of approximately 2.4, 5.3 and 12 million cells
for the coarse, medium and fine resolution grids, respectively. Figure 5.16
depicts the time averaged axial velocity at two different distances from the
inlet; z = 100mm and z = 150mm, respectively. The comparison shows that
there is a slight difference among the simulations of different resolutions. Closer
to the nozzle, the velocity profile of the coarse mesh displays a more narrow
distribution of mean velocity across the spanwise direction. As the mesh is
refined, the mean velocity distribution is widened at the jet periphery with
a decrease of the maximum velocity near the jet centreline. The difference
between the medium and fine grid is approximately 2% at the centreline. At the
second location, positioned further downstream, the coarse mesh result displays
a flat segment at the centreline and a less smooth distribution outside the radius
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Figure 5.16: The axial velocity profile distribution at z=100mm (left) and 150
mm (right) as computed on three different grid resolutions.

where the highest shearing occurs. The magnitude of the mean velocity on the
two finer meshes is lower within this region and has a corresponding difference
of approximately 4%. Despite the difference, the convergence of the results with
respect to the performed grid refinement indicates the physics are captured to
an acceptable level. In order to achieve a reasonable computational time, while
still maintaining a high enough numerical accuracy, the medium mesh is used
for the simulations shown in the next chapter.



CHAPTER 6

Results

In the following the results of the thesis are presented. The results are organized
into three main sections, as illustrated in Fig.6.1 for reference. The first section
handles the mixing due to intermittent injection as well as the mechanism for
the mixing. This study is based on considering the vorticity transport equation.
In the second section, effects of injection acceleration and deceleration effects
are investigated. Lastly, the third section corresponds to two-phase simulations
of liquid jet injection into a pressurized gas (i.e. a Diesel engine like case). The
effect of varying the injection times and duty cycle on the break-up and mixing
is presented, along with a variation of fluid properties (liquid-to-gas density
ratio and Weber number).

6.1. Single-phase simulations

First, the breakup characteristics of a generic, fully modulated injection profile
is considered for different injection cycle durations. The focus lies on describing
the development of generated flow structures associated with pulsed flow in-
jection, and the breakup resulting from structure interaction and destruction.
This is followed by a section where different injection schemes (i.e. temporal
variation of the injection velocity), are employed, investigating the effects of
injection acceleration and deceleration on primary jet-breakup and mixing.

6.1.1. Pulse length variation

The first set of simulations are generated from an “on/off” (“Square” profile in
the following) type injection, in which the injection velocity alternates between
a constant value and zero. Mixing is studied by considering a passive scalar
marker added to the injected fluid. This scalar marker has the value of unity in
the injected fluid, and zero in the ambient fluid. The concentration variations
are followed in space and time by a solving a diffusion-advection equation,
similar to the one used in the Volume-of-Fluid (VOF) methodology for the
multi-phase flows. The concentration has no effect on the flow and mixing
itself, but is used to track the interface between the injected and ambient
fluids. Hence, the simulations represent flows of large Schmidt number, where
effects of molecular diffusion is negligible.

70
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Figure 6.1: Roadmap providing an overview of the work represented throughout
the thesis.

In the following, injection strategies are presented and different choices of
injection duration are discussed. The flow considered here is the introduction of
a jet into a domain of stationary ambient fluid of the same phase. As discussed
in Section 3.2, for similar conditions it has been found that vorticity generated
during injection organizes into a single vortex ring, below a certain injection
duration (Gharib et al. (1998)). Past this point, called the formation number,
vorticity generated from injection will remain external to the ring. When the
injection velocity is constant, this limit corresponds to an injection duration of
3.8D/Uinj .

To investigate transient breakup of individual pulses as well as interaction
effects, the first set of injections are chosen close to the formation number.
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In this context, the time period of non-injection in between injections is long
enough to allow development of individual pulses, and low enough to study how
pulses affect each other. A duty-cycle of 0.5 is applied, which is a reasonable
initial timing in order to generate moderate separation of the pulses. For
clarity, the injection timing parameters of these cases are provided in Table
1. Considering the three cases, Case A has an injection duration below the
formation number. Cases B and C on the other hand exceed it, implying the
formation of trailing vorticity. The relative pulse length is indicated in the
Table 1, by including the denotations “short”, “medium” and “long”, making
reference to the concept of the formation number.

Case A B C
We (-) 108 108 108

ρl/ρg (-) 1 1 1
η (-) 0.5 0.5 0.5
Tcyc (-) 5︸︷︷︸

“short′′

10︸︷︷︸
“medium′′

20︸︷︷︸
“long′′

Table 1: Parameter values for different cases with varied Weber number, density
ratio and injection timing

We now proceed to presenting results of the simulations, starting by cover-
ing the characteristic features of initial jet development. Then the influence of
the intermittent injections on the gas flow is discussed, along with observations
of local entrainment. This is followed by a vorticity redistribution considera-
tion focusing on how different flow structures are generated and subsequently
disintegrated, pointing out the coupling to the resulting jet fluid distribution
within the domain.

When injection of the first pulse is initiated, the ambient fluid in the domain
is stationary. Immediately after injection start the higher speed jet fluid meets
the ambient fluid and a shear-layer is formed. The resistance provided at
the front leads to jet fluid being pushed radially outwards, generating an axi-
symmetric vortex at the pulse front. The jet fluid follows the spiralling motion
and takes a spherical mushroom-like shape. During this process the vortex
ring grows, partly due to the entrainment of ambient fluid at back part of the
mushroom head.

Fig.6.2 depicts the boundary of the injected fluid at time T≈8.5D/U, for
the different cases. The left, centre and right frame correspond to the short
(Case A), medium (Case B) and long injection (Case C), respectively. As seen
at the given time, two pulses have been injected in Case A, which remain
separate from each other. Both pulses have generated vortex rings, leading to
the rotational motion illustrated by black arrows in the figure. Clear differences
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in formation exist between the first and second pulse. Due to its location in the
wake, the second pulse propagates faster and approaches the tail of the first
jet in the region around the centre of the jet. The centreline velocity is higher
in this region and the formed mushroom-shape is less wide, with a weaker
axi-symmetric vortex. Both structures are characterized by the injected jet
fluid accumulating within the vortex ring with time, and following its induced
motion (as indicated by the red arrows in the figure.

For Case B, one pulse has been injected at the same time instance as Cases
A and C. It has taken the shape of a similar ring at the front, but is followed
by an elongated tail. The leading ring is larger as compared to the short pulse,
which is a consequence of the longer injection duration. However, we note that
not all the injected fluid tends to organize within the leading ring. Instead,
a part of it shows irregularity near the tail region where a weaker vortical
structure has started to form. This results in an indentation at the tail, in
which ambient fluid is introduced. The major part of the jet fluid still resides
in the centre and leading region, and is advected downstream by the action of
the leading ring.

The right frame corresponds to a continuous jet for the given time, since the
injection has not yet terminated for Case C. Just as for the other cases, a leading
ring has been generated. Its size is comparable to that of Case B, although
the neck region within its centre is wider. By comparing the jet region further
upstream, interesting differences emerge. The long injection has generated
multiple secondary vortical structures while the shear layer originating from
the inlet is still maintained. At this time, the flow structures have caused
minor distortion of the jet surface, clearly visible as wave-like protrusions at
the boundary.

So far, less than one long injection has taken place (T < 10D/U). The jet
fluid have begun to show distortion originating not only from motion within
each respective pulse, but also due to effects of interacting among pulses. This
is an indication that mixing optimization between the jet and ambient fluid
depends both on the duration of each injection as well as the repetition rate,
among other parameters.

Next, we consider two snapshots in time, which show the topology of the
jet/ambient fluid interface in more detail. It is represented by the isosurfaces
of the marker scalar at level α = 0.5, and colored by the local axial velocity.
The first one is shown in Fig.6.3, which depicts a three-dimensional shape of
the interface. The three frames all correspond to the time T≈16D/U. Frame
a), which represents Case A (T1 = 2.5D/U, T2 = 2.5D/U), depicts three ring
structures within the domain, and a fourth one developing at the inlet. Up
to this point in time, the pulses have showed little interaction. The structure
furthest downstream has taken a torus-like shape, displaying high positive axial
velocity close to its centre and negative velocity at the outermost parts of the
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a) Case A b) Case B c) Case C

Figure 6.2: Illustration of the main vorticies (black arrows) and jet fluid flow
(red arrows) near the jet/ambient fluid interface (red solid line), represented
by isocontour of α = 0.5.

surface. Nearly all injected fluid is contained within each respective torus
boundary. At the leading ring, the jet fluid has been displaced enough radially,
for an opening to be visible through its centre. In contrast, sharp tops have
formed at the centreline of the trailing pulses, fully enclosing the upper region of
the structures. For the second structure from the front, long extensions stretch
down toward the surface of the third structure. This quantity of jet fluid
originates from the second injection and indicates a lower degree of symmetry
exists within the corresponding region.

Frame b) shows the corresponding situation for Case B (T1 = 5D/U, T2 =
5D/U) at the same time (T ≈16D/U). In this case similar round structures
exist at approximately the same locations as for the first and third short pulses
in Case A, showing that the propagation speed of the rings is insensitive to
the injection duration. The liquid at the front displays a torus-like shape but
shows a higher level of distortion, as compared to Case A. Jet fluid at the
leading ring only partly covers the top. A more important difference is that
this medium injection duration can be seen to produce a significant quantity
of disorganized jet fluid in between the round structures. This fluid is confined
within a trailing region which is narrow behind the leading structure and widens
further upstream. The corresponding trailing jet fluid behind the second pulse
has not had time to develop, and remains in the form of a column at this time.



6.1. SINGLE-PHASE SIMULATIONS 75

Frame c) shows the dispersion of Case C (T1 = 10D/U, T2 = 10D/U) in
which the injection duration is far above the formation number of approxi-
mately 4, discussed in Section 3.2. As previously mentioned for this case, the
interface early displayed some distortion behind the leading ring, resulting from
the formation of some trailing structures in the shear layer. The state of the
interface in Fig.6.3c) shows how the surface distortion has now increased. The
trailing region has entrained ambient fluid and thereby widened in diameter.
Jet fluid can be seen to protrude in ligament-like strands and large pockets of
ambient fluid are engulfed within the trailing jet region. Similar to Case B,
the jet fluid at the top of the leading ring has started to disintegrate and show
even more distortion.

a) Case A b) Case B c) Case C

Figure 6.3: Interface state colored by axial velocity at T ≈16D/U for Case A
(T1 = 2.5D/U , T2 = 2.5D/U), Case B (T1 = 5D/U , T2 = 5D/U) and Case C
(T1 = 10D/U , T2 = 10D/U).

Similarly, the interface topology is shown for time T≈21D/U in Fig.6.4.
The left frame again represents the short injection (T1 = 2.5D/U, T2 = 2.5D/U)
and shows an interesting development. While the front ring shape shows only
minor change compared to the previous time instance, the rings have now begun
to make contact. The jet fluid at the top of the second ring is drawn into the
centre of the leading ring, and both the second and third ring structure show
long extensions in the wake regions. In general, the interface topology starts
to display a larger degree of irregularity. Frame b), depicts the corresponding
instance for the medium length injection duration (T1 = 5D/U, T2 = 5D/U).
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Also for this case, the leading ring has not changed significantly in appear-
ance. However, the jet fluid trails behind it have widened, taking thread-like
shapes due to the extensional flow in this region. This is also observed for the
second pulse where the ring-like structure has lost axi-symmetry and its tail
has become more separated. Regarding the long pulse injection (T1 = 10D/U,
T2 = 10D/U) shown in frame c), the overall length of the injected fluid has
increased during its advection and fragments have become increasingly sepa-
rated. When injection continues, a flow establishes within the domain and the

a) Case A b) Case B c) Case C

Figure 6.4: Interface state colored by axial velocity at T≈21D/U for Case A
(T1 = 2.5D/U , T2 = 2.5D/U), Case B (T1 = 5D/U , T2 = 5D/U) and Case C
(T1 = 10D/U , T2 = 10D/U).

breakup of subsequent pulse become more similar. Fig.6.5 shows the axial ve-
locity field of Cases A, B and C in a cross-section of the domain at T ≈ 72D/U .
These cases correspond to injections with T1 = T2 = 2.5D/U , T1 = T2 = 5D/U
and T1 = T2 = 10D/U , respectively. The train of vortex rings generated by
the shortest pulse injection (Case A) is clearly visible as distinct high velocity
spots at the centreline in the lower part of the domain, and break down at
approximately half the domain axial distance from the nozzle. This train of
rings generate a column of high axial velocity near the centreline, with transi-
tion occurring as the rings come in close contact. Regarding the leading rings
produced by the medium and long injections of Cases B and C, a similar degree
of distortion can be seen near half the domain length. However, the breakup
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process shows some differences compared to Case A. For Cases B and C, the
separation between strong flow structures is larger and the axial velocity in
between pulses is significantly lower. We also notice that the axial velocity dis-
tribution at the tail indicates the ambient fluid entrainment and dispersion of
the jet fluid is clearly initiated at the pulse trailing region. This is in agreement
with the visualizations of the jet interface state discussed previously. A prereq-

a) Case A b) Case B c) Case C

Figure 6.5: Instantaneous axial velocity of Cases A (T1 = 2.5D/U , T2 =
2.5D/U), B (T1 = 5D/U , T2 = 5D/U) and C (T1 = 10D/U , T2 = 10D/U) at
T ≈ 72D/U).

uisite for mixing to take place is the introduction of ambient fluid into the jet
core. When each new pulse enters the domain, some ambient fluid will be en-
trained into the rings themselves. This however is a minor quantity, compared
to the entrainment that results from the structures breaking down. Indeed,
the vortex rings are responsible for the highest radial velocity observed, but
do not expand the jet. The major contribution to enable mixing results from
the symmetry breaking downstream. To illustrate this, an assessment of the
instantaneous fluid entrainment coefficient over the jet is presented for Case A
in Fig.6.6, at T ≈ 72D/U . For visualization purposes the jet interface is added
to the figure, showing the jet state at the corresponding location. The figure
shows the net entrainment coefficient (black line), defined as

Ce = − D

V̇inj

ˆ 2π

0

ˆ z+∆z

z

v · n dz rdθ (6.7)
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where V̇inj is the inlet volumetric flux during injection, n is the outward point-
ing surface normal vector, and the expression is evaluated over the conical
surface S, (its outline shown as dashed blue lines in the image below). In the
same figure, the corresponding expression is evaluated using the absolute value
of the integrand, i.e. |v · n|. This measure, denoted C∗e , does not relate to the
jet influx, but rather provides an assessment of the local flow strength and flow
axi-symmetry across the chosen surface. For perfect axi-symmetric flow, the
magnitude of Ce and C∗e are identical (C∗e is always positive).

For the given time, 14 complete pulses have been injected. In the upper
frame of the figure, the sign of Ce is alternating and has the highest peaks
close to the inlet. The rapid switching of the sign corresponds to the local
flux induced by the organized motion of the vortex rings, displayed in the
lower frame of the figure. The interaction among the rings, which is initially
weak, becomes stronger as the separation between two vortex rings is reduced.
Following a duration of interaction, the proximity is small enough to where
a transition takes place and the net flux across the conical surface drops to
fluctuations around 0. Past the transition region, individual structures can no
longer be distinguished.

Consider the curve corresponding to C∗e in the same figure (blue dashed
line). Close to the nozzle and over a large part of the interaction region, the
value of C∗e follows closely that of Ce. This in not the case from the point
of transition and onwards. At z/D ≈ 8 the difference between C∗e and Ce be-
comes noticeable, indicating the onset of more chaotic motion. Throughout the
remaining part of the domain, it can be observed that C∗e reaches a stable level
meaning of low fluctuation. At this point, residual motion from the rings are
negligible, and the flow across the plane S is dominated by the bulk flow. This
consideration is only made for case A, since it well represents the development
of the pulses. The same process is seen for the other cases, but the data gives
little additional information and is therefore not presented.

6.1.2. Vorticity generation and transport

Until this point, the variation of injection lengths have shown differences in
terms of the distribution of the injected fluid. This is clearly coupled to the
generation of additional flow structures in the wake of the primary vortex ring
produced from each injection, which have so far been addressed only qualita-
tively. The remaining part of this section will is therefore devoted to describing
the mechanism of the jet breakup in more detail.

In order to understand better the mixing process, one has to consider large
scale and small scale effects. Small scale mixing takes place by smaller scales
of turbulence and a molecular process (i.e. molecular diffusivity). This mixing
process is slow, with a time scale of the order of l2/Dm, where Dm is the
diffusivity and l is the length under consideration. Large scale structure advect



a) Case A

Figure 6.6: The entrainment coefficient as a function of the streamwise coordi-
nate. A visualization of the jet interface is overlayed , also showing the bound-
ary at which the flux is computed. Cases A (left: T1 = 2.5D/U ,T2 = 2.5D/U),
B (right: T1 = 5D/U ,T2 = 5D/U)

the fluid with a time scale of l/U , where U is the advection velocity. The
latter time scale may be related to the size of vorticity. Hence, it is natural
to consider the formation of larger flow structures as part of generation and
transport of vorticity. We now proceed by considering such vortical structures
created during the injections.

To provide further insight regarding the coherent motions within pulses, the
vorticity field is first decomposed into two parts. The first is the streamwise
vorticity (ωz), and the second consists of the combination of the remaining
vorticity components (ω⊥ = ω−ωz). Fig.6.7 shows iso-surfaces (at level 15U/D)
of |ωz| (green) and ω⊥ (red) at time instances T ≈ 20, 24, 28 and 33D/U for
the Case A (T1 = 2.5D/U, T2 = 2.5D/U). At early times the vortex rings
generated display nearly perfect symmetry. At some point, the axi-symmetry
breaks down which is shown in frame a) of the same figure. At this time
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(T ≈ 20), the second ring exhibits a pronounced transversal pattern and some
streamwise vorticity exists within it. The third ring display some wiggles while
the first ring remains undisturbed. At T ≈ 24 (frame b)), the vortical structure
of the second ring is strongly deformed and stretched as it is drawn through
the first ring centre. Streaks of streamwise vorticity have now been produced
from both the second and third pulse vortical structures. In frame c), the
vorticity has been transported through the first ring and formed streaks that
extend around it. At this time the structure of the third pulse has been lost
and it exhibits disorganization. In frame d), also the leading ring structure has
started to disintegrate. Streaks of streamwise vorticity still remain attached to
the centre and extend some distance upstream. Behind the front there exists a
region of disorganized vortical motion. The chaotic flow in this region has been
created by the breakdown of the vortical structures of the third and fourth
pulses. The relatively rapid breakup of the third and fourth rings indicate
that residual motions left by the two first pulses stimulate the breaking of
symmetry of subsequent pulses, and shifts the location of interaction closer to
the nozzle orifice. A similar comparison for the vortical structures is made in

a) T ≈ 20D/U b) T ≈ 24D/U c) T ≈ 28D/U d) T ≈ 33D/U

Figure 6.7: Case A (T1 = 2.5D/U, T2 = 2.5D/U): Iso-surfaces of |ωz| (green)
and ω⊥ (red) at times T≈20,24,28 and 33D/U. Please note the different scales
of the z-axis.

Fig.6.8 for Case B, and time instances T ≈ 7, 10 and 16D/U . In frame a)
(T ≈ 7D/U) the injection of the first pulse has ended and a leading vortex ring
has formed. Behind the vortex ring predominantly azimuthal vorticity exists
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at the shear layer on the interface. At T ≈ 10D/U streamwise vorticity streaks
have formed in the trailing region and is being advected downstream through
the leading ring, similar to what was observed for Case A. As the leading ring
moves downstream, the strength of the trailing streamwise vorticity decreases.
However, their influence becomes apparent at T ≈ 16D/U , when the leading
ring begins to display a transversal pattern.

a) T ≈ 7D/U b) T ≈ 10D/U c) T ≈ 16D/U

Figure 6.8: Case B (T1 = 5D/U, T2 = 5D/U): Iso-surfaces of |ωz| (green) and
ω⊥ (red) at times T≈7, 10 and 16D/U. Please note the different scales of the
z-axis.

Fig.6.9 shows the vortical structures of Case C at T ≈ 10, 13 and 16D/U .
In frame a), a vortex ring has formed at the front and behind it a sheet of
vorticity covers the interface. In frame b), three time units have passed since
the injection was stopped, and streamwise vorticity streaks can be observed at
the centre of the ring and also along the outside of the trailing region. The
shape of the ring shows disturbances owing to the presence of the streamwise
vorticity at its centre. Frame c) shows how the distortion of the leading ring
is increased as more vorticity is advected toward and through it. Visualizing
different parts of the vorticity may assist in grasping the main features of
its transport, but gives little detailed information. In the following, we seek to
assess the relative strength of different contributions to vorticity generation and
advection. To make such an assessment we start by considering the vorticity
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a) T ≈ 10D/U b) T ≈ 13D/U c) T ≈ 18D/U

Figure 6.9: Case C (T1 = 10D/U, T2 = 10D/U): Iso-surfaces of |ωz| (green)
and ω⊥ (red) at times T≈10, 13 and 18D/U. Please note the different scales of
the z-axis.

transport equation, which for an incompressible fluid simplifies to

Dωi
Dt

= ωj
∂ui
∂xj

+ ν
∂2ωi
∂xj∂xj

. (6.8)

The transient and advection terms represented by the material derivative on the
left hand side are balanced by the vortex stretching and viscous terms on the
right hand side. In the following we investigate the specific mechanisms driving
the vorticity transport and the distribution of the different components of the
vorticity vector. To do so, we look at the radial and axial components of the
vortex stretching term of Eq. (6.8), assuming axial symmetry. The expressions
(6.9) and (6.10) describe the change of the axial and radial component of the
vortex stretching term, respectively. The different terms are numbered for later
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Fig.6.10 shows a comparison for Case C, between the individual terms included
in (6.10) and (6.9) as a function of the axial distance from the inlet. A visu-
alization of the vorticity development is shown to the left, where iso-surfaces
of the jet fluid distribution and each vorticity component magnitude are ren-
dered. A number of vortical structures have been marked by roman numbers
for reference. The plots to the right compare the relative size of the terms in
the axial direction (the last term is small and is disregarded in the plot for
clarity).

In the top plots, the first injection has nearly completed and several distinct
structures can be observed. A strong leading vortex ring (I) has been formed at
the front and vorticity is partially collecting into coherent flow structures in the
trailing region. The induced rotational motion accelerates the jet fluid in the
centre of the vortex ring. Due to continuity, the jet column is narrowed at the
acceleration zone. At the location where the recirculated flow from the leading
vortex ring meets the trailing jet column, a restriction is generated which causes
a deceleration and diverts the trailing flow outwards. Subsequently, owing to
the acceleration and deceleration phase pairs, additional vortex rings (II-V) are
generated along the trailing jet. The strongest peaks of the vortex stretching
terms all coincide with the location of the vortex rings. The plots to the right
show that the leading ring transfers vorticity into the other directions. How-
ever, at this time the transfer rate is significantly larger in the trailing region,
especially 1.5D behind the ring where the first trailing ring (II) is strongly de-
formed. As it destabilizes and deforms, the flow tilting and stretching caused
by the strong velocity gradient behind (I), leads to the growth of radial and
streamwise vorticity. The relative orientation of (I) and (II) raises N1 and N2

more than N4 and N5, at the time depicted. The net effect is a larger gain of
vorticity into the axial component at this location. The presence of small axial
and radial structures originating from (II), can be seen at z/D ≈ 3. These play
an important role in the interaction that follow shortly after.

In the centre plots, the injection has been cut off. Ring (I) now displays a
wavy pattern and the trailing structures have changed shape and orientation.
Long streaks originating from the radial and axial parts of (II) have formed as
a result of the strong contraction region behind (I). Structure (III) remains in
a ring-like shape and have advected the trailing ends of streaks (II) outward,
while at the same time engulfed ring (IV). The deforming action from the
streaks (II) onto (I) increases the transfer rate at the leading region, which can
be seen in both N2 and N5. The rise in N3 comes from the extensional flow
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created by (I), which in return amplifies the streaks (II) as they approach the
centre of (I).

In the bottom plots, the mid-section vorticity has diminished and the struc-
tures II-V can no longer be individually identified. The destabilization of (I)
continues as streaks of comparable strength wrap around it, finally resulting in
all larger structures breaking up. A peak in the transfer rate is visible at the
axial coordinate of (I), especially for the radial vortex stretching components,
due to the pronounced gradient of the radial velocity caused by the streaks.
As expected, once the larger structure have broken up, the levels of N1-N6 are
nearly equal.

The vorticity development presented so far has focused on Case C. The
development for other cases is similar, with some exceptions. Fig.6.11 shows
the vorticity component iso-surface in the front region for Cases A and B, with
the same iso-level as was used in Fig.6.10. As compared to the transition to
chaotic motion observed in Case C at the same time, Case A displays a high
degree of symmetry. Each injections gives rise to an individual vortex ring,
and until approximately this point in time only minor interaction has taken
place in between these. The streaks shown behind the leading ring do not
originate from secondary structures, but are instead created from the breakup
of the second vortex ring located at approximately 8 < z/D < 9. Similarly to
Case C, the second ring is subjected to the strongest perturbation because it
is situated in between two stronger structures.

Case B displays similarities to both of the other cases. Injection first creates
vortex rings which are well separated. But in contrast to Case A, a small tail
of jet fluid and external vorticity lags behind the ring. Case B exceeds the
formation number by a fraction compared the Case C. Because of this, the
perturbation of the leading ring is weaker in Case B, allowing its leading ring
to propagate a longer distance before it breaks up. Once the second pulse is
injected, residual motions contribute to ring symmetry breakdown closer to the
inlet.

The vorticity transfer is quantified over a longer period of time in Fig.6.12,
by comparing the global (evaluated over the entire computational domain)
circulation as defined in Eq. 6.11, in each direction.

Γi =
||ωi||
||ω||

(6.11)

For Case A, the organization into a vortex ring train displays the slowest trans-
fer rate. The global azimuthal circulation share still constitutes the major part
when the fourth injection has been completed, at T = 20D/U . Global breakup
is delayed for a long time partly because the lack of initial external vorticity
keeps disturbances growth low. Another contribution is that the vortex rings
are relatively strong structures compared the secondary structures that are gen-
erated past the formation number. Once the breakup occurs at the jet front,
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vorticity is transferred at a higher rate as indicated by the slope change in the
leftmost plot in Fig.6.12. Cases B and C, show similar azimuthal circulation
decay during non-injection. It is interesting to note that nearly equal circula-
tion shares have been obtained 5D/Uinj after the first injection has ended for
Case C. At T = 20D/Uinj the same jet volume has been injected for Case B.
However, the circulation shares show less vorticity transfer even though two
non-injection periods have been completed. This indicates that the generation
of trailing structures are advantageous for vorticity redistribution. Once the
initial breakup has occurred, the vorticity transfer is increased in all cases. In-
dividual structure interactions are then less important since disturbances are
already provided in the domain.

Next the radial spreading of the jet is assessed over time. To do this, we
divide the domain into three zones in the radial direction. Zones 1, 2 and 3
each correspond the volume within the limits r/D < 1, 1 < r/D < 2 and
r/D ≥ 2, respectively (r denotes the radius from the jet centreline). In each of
these zones, the integral jet fluid, Vi, is computed and normalized by the total
jet fluid in the entire domain, Vtot.

Fig.6.13 shows Vi/Vtot in the different radial zones, for the Cases A, B and
C. Frame a) shows the jet volume share closest to the jet centreline (r/D < 1).
In this zone, Case A remains high for a long time, essentially maintaining all of
the injected jet fluid until T ≈ 15D/U . This corresponds to the structures of
Case A propagating downstream of the inlet with relatively large separation.
Once the transition of the vortex ring train initiates, the volume share starts to
decrease. The rate of change is moderate at first, when only the leading rings
undergo breakup and widen radially. Following soon after this, the breaking of
axi-symmetry reaches the entire jet length, and jet fluid over the majority of
the jet length rapidly flows into Zone 2 as a result.

The spreading of jet fluid between Zones 1 and 2 is slightly different for the
longer injections of Cases B and C. The initial volume share decrease of these
cases is higher. This is partly due to the larger injected quantity of jet fluid
which causes the pulse to grow larger radially, but also that their transition
to turbulence is triggered earlier. In Zone 2, the large jet fluid displacement
of Case C can be observed over the studied time interval, as shown in frame
b). Interestingly, Case B follows the same curve initially, only to approach
that of Case A within a couple of injections. On the one hand, its breakup
and therefore expansion is initiated relatively fast, similar to Case C. On the
other hand, at approximately the same point in time as for Case A (T ≈ 25),
the major part of the jet expands as a result of contact between the pulses.
In other words, the cascade of disturbances initiated at the jet leading region
travels upstream, thereby shifting the point of transition toward the nozzle. In
frame c) the jet fluid share in Zone 3 is presented. All cases display almost
an identical mean increase rate, resulting from a slow expansion of the jet.
Although the difference are relatively small in Zone 3, surprisingly the highest
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jet fluid share belongs to Case A. The reason is highly coupled to the generation
of its vortex rings, compared to the strong secondary structures produced in
the other cases. In cases B and C, the trailing vortcity at each pulse trigger the
structures to breakdown, which takes place over a longer distance. In contrast,
as the flow establishes, the rings of Case A break down at approximately the
same point, as a result of interaction between each other. An undisturbed ring
will cause both an outward, and then inward radial motion on its surrounding
as it propagates. However, the well-established breakdown disrupts each vortex
ring. The consequence is a net outward displacement, which efficiently expands
the jet around the corresponding location. As observed, a longer pulsation
duration increases the global vorticity transfer rate. This is partly due to that
trailing secondary structures are unstable and lead to faster local mixing. But
also since such vortical structures are advected downstream from the trailing
region. The contribution to the symmetry breaking of the stronger leading
rings depends in turn on the secondary structure strength, thus linking the
global breakup rate and jet fluid expansion to the injection duration past the
formation number.
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axial radial

Figure 6.10: Vorticity development for Case C. To the left is a visualization
showing iso-surfaces of the volume fraction variable at level α = 0.5 (gray), as
well as each vorticity component magnitude: radial (green), azimuthal (red)
and axial (blue). The plots to the right are cumulative, with each contribution
Ni representing the integral of the absolute values of the corresponding vortex
stretching term in Eqs. (6.10) or (6.9), evaluated in each x-y cross-section over
the length of the domain. The times are 10D/Uinj (top), 13D/Uinj (centre)
and 24D/Uinj (bottom). 87



a) Case A b) Case B

Figure 6.11: Snapshot at t = 24D/Uinj showing isosurfaces of the jet fluid
distribution (gray) and each vorticity component magnitude: radial (green),
azimuthal (red) and axial (blue).

Figure 6.12: The circulation share in the radial, azimuthal and axial directions
versus time for Case A (top left), Case B (top right) and Case C (bottom).
The vertical grey fields indicate when injection is active.
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a) Zone 1: r/D < 1 b) Zone 2: 1 < r/D < 2

c) Zone 3: r/D > 2

Figure 6.13: Jet fluid volume share, Vi/Vtot, in the three radial zones versus
time.
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6.1.3. Effects of accelerated/decelerated injection

In this section, the results of additional simulations of intermittent single-phase
injection are presented. The purpose is to investigate the effects of injection
acceleration and deceleration onto the primary breakup and mixing, by using
set of different injection scheme shapes. As has been discussed previously,
the distribution of jet fluid in general depends on both a molecular mixing
process, as well as the convective fluid transport. In the previous section, the
main focus was the mechanisms of single-phase pulse breakup, and the effects
of molecular diffusion were neglected. In this section, we include such effects
and give attention to the mixing and spreading of the jet. Firstly, the general
characteristics of the jet development from different equal integral momentum
injection strategies are presented, along with a comparison of the corresponding
phase averaged pulse propagation velocity. After this, results are presented
from cases in which the pulse volume is equal, and the resulting jet spreading
and mixing is also compared. Lastly, the effect of injection discontinuity on the
employed integral measures is compared.

In the following, the pulse propagation is compared for three cases with
different acceleration/deceleration rates; The Square A has abrupt accelera-
tion/deceleration, whereas LAHD (“Low Acceleration and High Deceleration”)
as the name indicates has a graduate acceleration and an abrupt end of in-
jection. The third case, Equilateral, has a mild acceleration and deceleration.
Continuous sampling of the passive scalar and velocity is performed at several
points along the jet centreline. For these simulations, the coordinate system
origin is the centre point of the inlet boundary, located within the nozzle.
Figures 6.14 and 6.15 present comparisons of the streamwise velocity at four
different locations downstream of the nozzle orifice. The left frame of Fig.6.14
represents the location z/D ≈ 1.4. This location is close to the inlet and
demonstrates that some influence of the co-flow near the nozzle is present. It
can be noted that LAHD, which has the largest velocity drop, displays a local
decrease during injection. This is associated to the formation of a counter-
rotating vortical structure forming at the nozzle end, as a result of the injec-
tion cut-off. At z/D ≈ 2.5 (right frame), the inherent shape of the injection
scheme is skewed but still distinguishable. The profile of Square A shows a
smooth velocity change during the velocity increase and decrease, as well as
slight velocity peaks at both ends of the plateau. The curve has a noticeable
kink near the plateau centre, resulting from the injection cut-off. When the
pulse has reached approximately six diameters downstream, a separate region
of trailing axial velocity has developed for Equilateral, shown in the left frame
of Fig.6.15. Case Square A also shows two peaks at this location. However,
these are less separated in comparison. The right hand side of Fig.6.15 displays
a difference in time until the pulses arrive, between the cases. The Equilateral
injection scheme has the shortest time until arrival at this location (z/D ≈ 12),
and also has the highest peak value. Further insight into the jet fluid motion
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Figure 6.14: Phase averaged axial velocity at centerline points: z/D ≈ 1.4
(left) and z/D ≈ 2.5 (right).

Figure 6.15: Phase averaged axial velocity at centreline points: z/D ≈ 5.6
(left) and z/D ≈ 12 (right).

can be obtained by visualizing iso-surfaces of the passive scalar. This is carried
out in Figures 6.16 and 6.17, where iso-surfaces are rendered based on the pas-
sive scalar value α at level 0.5. The iso-surfaces are colored by the streamwise
velocity. Fig.6.16 illustrates the distribution of the jet fluid at T/Tcyc ≈ 4.5
for all three cases. At this point in time, injection has ended, and the pulses
can be visualized by the axisymmetric structure to the left. The jet encounters
resistance from the ambient fluid during injection and the front is rolled into a
mushroom shape. In the centre and right part of each figure, regions of high α
concentration are visible as distorted shapes at the jet centreline. Only minor
iso-surfaces are located between the two major structures in the bottom frame,
indicating that trailing jet fluid in this region has lower concentration in com-
parison. In contrast, elongated strands of residual jet fluid from the preceding
injection is observed for Case Square A, along with a separated region (see
Marking ”A”). Trailing jet fluid exhibiting a larger degree of coherence, can
be observed for Case Equilateral (see marking ”B”). In the same frame, the
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emerging jet stem displays a spherical shape at the tail, marked ”C” for later
reference.

a) SquareA

b) Equilateral

c) LAHD

Figure 6.16: Instantaneous jet fluid interface colored by axial velocity for the
different cases at T/Tcyc ≈ 4.5

Fig.6.17 illustrates the passive scalar distribution at T/Tcyc ≈ 5.0, when the
subsequent injection has just started. The main vortex ring displays distortion
for all cases. However, for Case Square A it remains relatively smooth and
axisymmetric, not solely at the pulse front but also over its tail. As noted
previously, this case shows the slowest propagation rate, and the vortex ring
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of the preceding pulse is still visible in the image. The equilateral injection
generates a vortex ring characterized by many extensions of high passive scalar
concentration reaching from the back of the ring toward the nozzle (see mark-
ing ”E”). The structure mentioned previously (marked ”A” in Fig.6.16) has
now developed into a similar separate structure (see marking ”D”), also with a
noticeable passive scalar tail. An axial velocity gradient exists along the centre-
line as indicated by the colouring on the iso-surfaces, which further separates
the trailing jet fluid and leading ring with time. The trailing strands of jet
fluid partially merge with the ring, which is rapidly distorting.

a) SquareA

b) Equilateral

c) LAHD

Figure 6.17: Instantaneous jet fluid interface colored by axial velocity for the
different cases at T/Tcyc ≈ 5.0
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These simulations clearly demonstrate differences in the formation of the re-
sulting fluid mixture. All cases share the common feature of ambient fluid
accumulating at the pulse front, due to the rotational motion around the vor-
tex ring centre. In addition to this mechanism, the jet is diluted in a more
chaotic manner once the rings become disorganized, as was also discussed in
the previous section. This transition generates smaller scale vorticity, promot-
ing mixing of jet fluid that is shed from the propagating vortex rings. The most
important difference observed in between the cases, is the way that this jet fluid
shedding takes place. The organization of jet fluid into trailing structures is
one of the governing mechanisms that determine the outcome in terms of its
spreading and mixing. As shown, the choice between a constant or varying
injection-rate strongly influences triggering into separate structures, as well as
the stability of the individual vortex ring.

Next, we compare the pronounced effects of injection rate acceleration and
deceleration by comparing the phase averaged pulse development in more de-
tail. As described in Sec.5.2.2 this set of simulations are setup to yield equal
injected momentum from each pulse. Because of the different injection shapes,
case Square A has a 15% larger injected pulse volume than the other two cases.
Each case is first discussed separately, with distinct features pointed out corre-
sponding to the respective injection scheme. After this, the cases are compared
using integral measures of jet expansion and mixing.

The first case to be discussed is the “Low Acceleration and High Decelera-
tion” (LAHD) mode. The continuous injection velocity increase of Case LAHD
forces nearly the entire pulse jet fluid into one single primary vortex ring. How-
ever, the ring cannot accommodate all the jet fluid introduced through the fast
injection. As a result, the disturbance subjected onto the ring, in turn, leads to
it shedding jet fluid relatively close to the nozzle. The process is partly related
an interaction with flow near the nozzle orifice, caused by the strong velocity
drop, and results in a continuous expansion close to the nozzle orifice.

In order to visualize this development of the jet, the passive scalar field
of α1 is presented in Fig.6.18 at six different times. The time series starts in
frame a) with the injection of the second pulse. Just outside of the nozzle,
jet fluid from the first injection can be seen in this frame as two elongated
fields, marked by letters in the figure for later reference. Dark spots can be
noted at this time, approximately centred within the nozzle length (see marking
“A”). These are the consequence of a stopping vortex containing ambient fluid,
generated when the injection is rapidly cut off. During the dwell duration,
this stopping vortex forms at the nozzle orifice and slowly enters the nozzle.
Frame b) shows the primary vortex ring growing, as fluid is fed through the
nozzle. The stopping vortex is convected toward the front and is still visible
as a dark strip through the vortex ring centre. As the roll-up of fluid into the
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ring continues, the stopping vortex is transported to the outermost layer of the
ring, where it manifests itself by a counter rotation (marked by an arrow) of its
surface in frame c). Due to the counter rotation, a wide gap has been generated
between the ring and the centred pulse body, as shown in frame d). This
leads to ambient fluid being entrained into the vortex ring, while the stopping
vortex carrying jet fluid, is being shed from the primary ring. At this time, the
injection has ended, and a new stopping vortex has started to form. The frames
e) and f) show the shape of the primary ring rapidly moving downstream, as
it is distorted. The disintegration of the primary ring first manifests itself as
strong waves on the ring surface, which become quickly more pronounced by the
contracting flow in its wake. Jet fluid is shed and left near the centreline (see
white arrow in frame e) and marking “C” in frame a)) as the ring separates from
the slow moving trailing region. The spanwise displacement of jet fluid caused

a) T/Tcyc = 3.1 b) T/Tcyc = 3.25 c) T/Tcyc = 3.4

d) T/Tcyc = 3.5 e) T/Tcyc = 3.6 f) T/Tcyc = 3.75

Figure 6.18: LAHD: Instantaneous passive scalar (α1) field in the domain
centre-plane for times T/Tcyc =3.1, 3.25, 3.4, 3.5, 3.6 and 3.75.

by the stopping vortex, becomes important to the near nozzle jet spreading
as injection continues. The jet fluid shed with the stopping vortex creates
branches extending radially from the centreline, indicated by green arrows in
frame e) and marking “B” in frame a). Figure 6.19 shows the passive scalar
field at time T/Tcyc =5.05. The primary vortex ring has started to destabilize,
but is still relatively coherent. The jet fluid downstream is mainly located
near the centreline, whereas the regions upstream display increasing expansion
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(see markings “II” to “V”, indicating branches generated from pulses 2 to
5, respectively). No such shedding is generated from the first pulse, since
no motion existed in the domain prior to its injection. As subsequent pulses
do not excessively entrain jet fluid from previously generated branches, jet
fluid expansion is stimulated close to the nozzle. The passive scalar fields of

Figure 6.19: LAHD: Instantaneous passive scalar (α1) field in the domain
centre-plane for times T/Tcyc =5.05.

Equilateral and Square A are presented in Fig.6.20 for times T/Tcyc=2.3, 2.4,
2.55, 2.8 and 3.05 (top to bottom). The frames are placed in the same figure
at equal times to facilitate comparison, and the cases are discussed separately
in the following, starting with case Equilateral.

One of the most important observations from Case Equilateral, is that the
injection rate decrease itself triggers separation into trailing structures, which
because of the different propagations velocities continue to separate, resulting
in insignificant interaction. The weaker disturbances allow the axi-symmetry of
the flow to remain for a longer time. The interaction of importance is instead
that between the primary ring and the preceding pulse secondary vortex ring.
Only once these structures merge, the symmetry of the primary ring quickly
breaks down, as will be illustrated in a sequential series of snapshots in time.

The row of frames to the left all belong to Case Equilateral. The top frame
(a) shows the third injection taking place at the nozzle, as well as jet fluid left
along the centreline by the preceding pulse. Already at this stage, the shear
layer outside the nozzle has generated small vortices behind the larger primary
ring. In frame b), the injection is nearly finished, and the velocity at the inlet is
approaching zero. At this time, the injection rate is no longer sufficiently high
to introduce jet fluid into the primary ring. Because of this, the ring separates
from the trailing jet. Frames c-d) show the trailing shear layer has organized
into secondary vortex rings. As the primary ring moves downstream at a faster
rate, it continues to partially shed jet fluid in its wake. Due to its higher
propagation speed, it approaches the secondary vortex ring of the preceding
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pulse. Lastly, in frame e), the previously undisturbed primary ring has caught
up and merged with the structure in front, and begins to destabilize.

a) T/Tcyc = 2.3

b) T/Tcyc = 2.4

c) T/Tcyc = 2.55

d) T/Tcyc = 2.8

e) T/Tcyc = 3.05

Equilateral Square A

Figure 6.20: Instantaneous passive scalar concentration versus time, in the
domain center-plane. Cases Equilateral and Square A.Note the effect of accel-
eration and deceleration on the shape ahead and behind of the main vortex,
respectively

As for Case Square A, the observed behaviour of the square type injection
agrees well with the results discussed in Section 6.1.1. The injection generates a
primary vortex ring to grow, followed by secondary rings in the trailing region.
Past the injection stop, the rapid convection of trailing vorticity by mainly the
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primary ring induced motion, stimulates symmetry breaking. The right hand
side frames of Fig.6.20 represent the pulse development of Square A. The early
ring state in frames a-b) displays similar features as discussed previously, with
some exceptions. Since the maintained injection rate from the nozzle remains
higher than the ring propagation speed, no separation has yet initiated. At
this time, the previous pulse in front can still be distinguished. In frame c)
the injection has just ended, and a neck has formed between the leading ring
and trailing pulse region, where secondary vortex rings have formed. During
its propagation, the pulse fluid start to accumulate within the vortex rings, as
can be seen in frame d). At the time shown, the rings are nearly adjacent and
starting to interact. The merging of the rings (frame e)) subsequently leads to
their disintegration and jet fluid dispersion in the wake.

The results show how the pulse changes in structure, depending on which
injection scheme has been used. In order to compare the dispersion of the jet
pulses in between cases, we now seek to assess the radial extension of the jet,
as well as the degree of homogeneity of the jet fluid. As has been described
previously, the blending of jet fluid with ambient fluid is represented by the
dispersion of the passive scalar, α, carried by the jet. In order to provide
an assessment of the dominating mixing mechanism, the transport of multiple
passive scalars (α1 and α3) are solved, differing only by the diffusion coefficient.
The fluid properties are constant, the hence the transport of the passive scalars
corresponds to different Schmidt numbers, which are 1 and 102, respectively.

First, some delimitations are made downstream of the nozzle to differ-
entiate evaluated characteristics with downstream location. Four rectangular
windows are defined within the domain horizontal centre-plane. The area con-
tained within the windows represent interrogation regions, called Region 1 to
Region 4, from which data will be presented separately in the following. To
monitor the extension of the jet fluid, an outer jet boundary is defined as the
isolines within the domain centre-plane of the passive scalar at level α = 0.1,
as illustrated in Fig.6.21. Next, we consider Schmidt number effects. The
transport of the jet fluid has contributions from molecular diffusion, as well
as convection. While convection will affect the scalar transport throughout
the entire range of length scales, diffusion transport is confined to the small-
est of scales, and its transfer rate driven by the scalar gradient. The ratio of
momentum diffusivity to mass diffusivity is described by the Schmidt num-
ber, as introduced in Section 3.1. Diffusion will be important to mixing when
fluid movement is low and strong scalar gradients are present. In contrast, the
transport will be governed by convection in regions of high fluid velocity and
weak scalar gradients. Before comparing cases of different injection strategies,
the sensitivity of different metrics to the Schmidt number is investigated. Case
Square A is selected for this comparison.

As the injected jet pulses entrain ambient fluid, its radial extension of the
jet grows. This occurs as ambient fluid is rolled up in the vortex rings, or
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Figure 6.21: Illustration of jet outer scalar boundary (dashed line) and different
interrogation regions (solid rectangles) within the domain centre-plane.

engulfed in pockets throughout the wake region. The centre-plane outer jet
boundary, as defined previously, is used to monitor the widening of the jet. An
integral measure of the jet expansion is obtained by comparing the area within
this boundary to the total window area, in each of the chosen interrogation
regions. Fig.6.22 shows a comparison of the jet coverage based on the outer jet
boundary corresponding to both α1 and α3 for case Square A. Each plot shows
the share of area, Ac, contained within the jet boundary compared to that of
the respective window, as a function of the phase time, Tph. The data plotted
represents the sampling of over 15 consecutive pulses, after a number of initial
pulses of the initial transient were removed to eliminate the effects of the initial
conditions. The passing of each pulse yields an increase in the area covered in
all regions. Region 1, which represents the ring formation and jet width shows
very little difference in the covered area of the two fields. The close proximity
to the nozzle yields fast downstream convection over the major part of the
cycle. As the pulse travels through Region 2, strong extensional flow occurs
near the jet boundary due to the merging of vortical structures carrying jet
fluid. Following the strong convection near the centreline, large passive scalar
gradients generated by jet fluid streaks, are left in the slow moving wake. As a
result, a noticeable offset can be observed between the coverage of α1 and α3,
especially just before the subsequent pulse enters the region. This difference is
diminished farther downstream as the passive scalar gradients have weakened.
Within both regions 3 and 4, the transition to turbulence leaves smaller scale
vorticity mainly within the jet boundary. Further, the separation between
coherent vortices is increasing, suppressing the generation of strong gradients
from interacting structures. While the fluctuation between pulses increases for
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Figure 6.22: Variation of Ac in the different regions for ᾱ1 and α3 for Case
Square 4A

these downstream regions, the coverage difference from the Schmidt number
variation is nearly negligible.

The next parameter to assess mixing is the mean passive scalar concentra-
tion, defined as

ᾱi =
1

ARi

¨
αi dydz (6.12)

within each respective region of area ARj . Fig.6.23 shows ᾱi for each region as
a function of Tph. All regions show very close agreement in the mean passive
scalar from the two fields. This results, being a representation of conserva-
tion, indicates mass diffusion has negligible effect on the downstream jet fluid
transport in comparison to that of convection. Lastly, in order to evaluate the
homogeneity of the mixture, the passive scalar deviation variance (ψ) in a plane
is adopted according to

ψi =
1

ARi

¨
(αi − ᾱi)2 dydz (6.13)
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Figure 6.23: Variation of the mean volume weighted scalar in the different
regions for ᾱ1 and ᾱ3 for Case Square 4A

which is a classic measure of mixing of miscible fluids, becomes zero for a
perfectly homogeneous mixture. The passive scalar variance is compared for
α1 and α3 of Case Square A in Fig.6.24. Just as for the coverage, the variance
rises and decays with the presence of jet fluid entering and leaving the region.
Closer to the nozzle, the variation in between pulses is small but becomes
larger in Region 4. Still, the trends produced from both passive scalar fields
yield nearly identical results. From this, it is concluded that the mixing and
spreading rate in the parameter range studied here has little influence from
scalar diffusion, and is governed by the transitional and turbulent mixing.

Next, we consider the effects of acceleration and deceleration in terms of the
integral measures discussed previously. In the following, the cases are divided
into representative sets, for clarity. First, we compare the Square type injection
to linearly varying injection rate (Square A, Equilateral and LAHD). Then,
the effect of a discontinuity during injection is compared, with a modulation of
the ramp-type case (LAHD and LAHDB), as well as a step-wise modulation
of constant injection (Square A and Square B). The injection schemes of all
presented cases are illustrated in Section 5.2.2.
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Figure 6.24: ψ1 and ψ3 for Case Square 4A

Fig.6.25 shows the expansion of the jet represented by Ac in the different
regions, for the first set to be compared (Square A, Equilateral and LAHD). In
region 1 (frame a)), Case LAHD shows a significantly higher expansion then
the other cases, due to two things. One is that the injection rate increase ini-
tially collects the jet fluid into a coherent shape which grows radially, engulfing
ambient fluid by the folding around itself. Secondly, the jet fluid shed close
to the nozzle remains there and widens, until the next pulse pushes it out.
The other cases, are similar to each other in this region, with an increase to
a peak value followed by a decay to the same minimum level. Case Square A,
shows a faster increase rate owing to the high velocity during injection growing
the vortex ring at the nozzle. Case Equilateral, on the other hand, shows a
higher coverage during decay because of the early separation of the jet pulse
into parts.

In region 2 (frame b)), LAHD still shows the largest coverage along with
more fluctuation in between pulses. Case Square A shows a similar behaviour
at a lower level and with a slight lag behind in time. The jet fluid remains
relatively coherent as it passes through the region, giving a large variation over
the cycle. Case Equilateral remains higher than case Square A over the major
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cycle duration, and shows the smallest cycle variation. This is because the
trailing ring, triggered by the injection rate decrease, enters the region just as
the primary ring exits.

For regions 3 and 4 (frames c) and d)), a number of things can be observed.
Case LAHD shows even higher fluctuation in between pulses. This is a result
of the vortex ring destabilizing because of excessive introduction of vorticity
already during the end of injection. The transition of the pulse corresponding
to Square A is somewhat delayed in comparison. However, especially in region
4, breakup of both the ring and trailing region is in affect and its expansion
approaches that of the LAHD upper limit. It may also be noted that nearly
no time lag exists between Square A and LAHD as they leave the domain.
Regarding Case Equilateral, the generation of separate flow structures does not
stimulate individual breakup. Instead, as mentioned previously, destabilization
occurs as the primary ring merges with the preceding secondary ring, which
stakes place just at the boundary between regions 3 and 4. Except for the
passing of this primary ring, its coverage is comparable or slightly below that
of the other cases. The mixing behaviour is now assessed for the same set of

Figure 6.25: Jet expansion by Ac for Cases Equilateral, LAHD and Square A.

cases. Fig.6.26 shows the mixing characterized by the passive scalar variance
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within each respective region. The mixing in region 1 (frame a)) is similar for
Cases Square A and Equilateral, and higher than for Case LAHD. However,
because the jet remains intact and solid at this location, the variance tends
to become a measure of the size of the “interface” region, which not the main
point here. In region 2, Case Square A alternates between the lowest and
highest mixing, of the three cases. The jet fluid is coherent as it enters the
region and widens from ambient fluid being engulfed along the pulse body. For
Case Equilateral, this process is effectively split in two parts: First he primary,
and then the secondary ring that passes, which narrows the span of the mixing
in this region. As for Case LAHD, ambient fluid has already been introduced
into the pulse core upon entering region 2. Subsequently, strong mixing occurs
of the shed jet fluid streaks as the primary ring passes.

In region 3, Case LAHD shows a higher degree of mixing as compared to
the other cases. Case Square A follows the same trend but displays a higher
variance measure at nearly all times. In comparison, Case Equilateral lags after
in time and shows generally a slightly higher value of the variance, indicative
of its lesser degree of flow structure breakup at this location.

Within the last region, the mixing is more even over the cycle, and has
improved to some degree for all cases. Case LAHD still show a marginally
lower variance than Case Square A, which is attributed to that its primary
ring destabilization is triggered closer to the nozzle. Except for the time lag,
the mixing of case Equilateral is comparable although it does show a faster
decay from the peak value compared to the other cases. Next, we consider the
difference between cases Square A and Square B, (these injection profiles are
depicted in Fig.5.14). In analogy with the comparison above, the jet expan-
sion is assessed by Ac in Fig.6.27. In Region 1 close to the nozzle, Square B
shows higher coverage due to the higher initial injection rate. The coverage is
decreased during a small duration only to remain higher throughout the cy-
cle. The dip corresponds to a separation initiated by the instant injection rate
decrease. The higher near-nozzle coverage by Case Square B remains also in
region 2. The change over the cycle is relatively small, due to individual rings
being introduced to the region frequently. In regions 3 and 4, the expansion
mainly differs by a shift in time, with the cycle mean remaining nearly the
same. Fig.6.28 shows the passive scalar variance of cases Square A and Square
B, within the respective regions and shows a close coupling the jet expansion.
The higher area coverage in region 1, also yields a higher variance because of
the larger interfacial region between the jet and the ambient fluid. In region 2,
multiple rings generated in Case Square B give a flat level of mixing during a
majority of the cycle. For regions 3 and 4, difference in mixing level is reduced
between the cases. This is a result of the structures merging further down-
stream for Case Square B, in a process similar to that previously described for
Case Equilateral. Due to this shift further downstream, the injection strategy
of multiple injection discontinuity tends to a mean state over the cycle, which
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Figure 6.26: Jet/ambient fluid mixing, ψ, for Cases Equilateral, LAHD and
Square A.

is mixed to a slightly lower degree than the single injection of Square A. The
last comparison in this section is made between Case LAHD A and LAHD B
(these injection profiles are depicted in Fig.5.15). The development of the pas-
sive scalar field of Case LAHD B is first presented in Fig.6.29 at six different
times (same instances as used was in Fig.6.18. In frames a) and b), a small
stopping vortex, and larger growing primary vortex ring can be seen, similar
to that of Case LAHD A at the corresponding times. In frame c), the influence
of the stopping vortex can be noted as the counter-rotating ends on the sides.
But more importantly, the leading outer jet fluid, which was injected before the
discontinuity, has folded over the following part which belongs to the injection
past the discontinuity. This results in the trapping of ambient fluid in the gap
that is created in between. As time continues, the increased injection velocity
pushes the following jet fluid to the front, and the gap of ambient fluid forms a
thin layer around the periphery of the semi-sphere shaped front, as indicated in
frame d). The two remaining frames depict the shedding of jet fluid originating
from the stopping vortex, as well as fluid shed as streaks from the leading ring
near the centerline as the ring separates. Compared to Case LAHD B, this case
shows a stronger disruption of the vortex ring at the corresponding location
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Figure 6.27: Jet expansion, in terms of Ac, versus Tph, for Cases Square A and
Square B

of frame f). A comparison of the jet expansion in the four different regions
is shown in Fig.6.30 for Cases LAHD A and LAHD B. In region 1, a small
difference can be seen during the first half of the cycle. LAHD A is increasing
slightly faster, corresponding to the faster folding roll-up of the jet fluid at the
front. However, in all the remaining regions the highest expansion belongs to
Case LAHD B. In region 2, the maximum difference is less than 15%, whereas
the difference in regions 3 and 4 is more than 30% during a majority of the
cycle. An assessment of the differences in mixing between Cases LAHD A and
LAHD B is presented in Fig.6.31. A minor difference exists in region 1, and
is due to the higher initial injection rate of Case LAHD B. In region 2, the
mixing is consistently higher for Case LAHD A during the first half of the cy-
cle, and comparable in the second half. Once pulses have propagated through
approximately half the domain length, a higher degreee of mixing is observed
for Case LAHD B, at nearly all times. The reason for this is largely related to
the progagation of the leading vortex ring. For Case LAHD A, the leading ring
sheds jet fluid past the injection stop, while maintaining its circulation to some
degree. In Case LAHD B, the disturbance subjected onto the ring is stronger,
and the corresponding reduction in circulation is larger.
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Figure 6.28: Jet/ambient fluid mixing, ψ, for Cases Square A and Square B

a) T/Tcyc = 3.1 b) T/Tcyc = 3.25 c) T/Tcyc = 3.4

d) T/Tcyc = 3.5 e) T/Tcyc = 3.6 f) T/Tcyc = 3.75

Figure 6.29: LAHD B: Passive scalar (α1) field in the domain center-plane for
times T/Tcyc =3.1, 3.25, 3.4, 3.5, 3.6 and 3.75.
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Figure 6.30: Jet expansion, in terms of Ac, versus Tph, for Cases LAHD A and
LAHD B

Figure 6.31: Jet/ambient fluid mixing, ψ, for Cases LAHD A and LAHD B
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6.2. Two-phase simulations of intermittent injection

The following section contains largely the text presented in a journal paper
(Nygaard et al. (2016)). Here, we consider intermittent injection of a heavier
fluid into a lighter one, for a range of parameters The purpose is to characterize
the dynamics pertaining to non-continuous liquid injection in the near-nozzle
region, and how these relate to primary breakup. Again, as in the first section
of the results chapter, we consider the breakup of a generic, fully modulated
injection profile (in time) for different combinations of injection timing, and
with limited excursions of different fluid properties.

We begin by describing general features and show differences arising from
different density ratios, varying from 10 to 20. After this a comparison is made
between cases of large different injection frequency (or equivalently, the pulse
length-to-diameter ratio). After the main features and differences of those cases
are pointed out, an alternative approach to estimating primary liquid breakup
is applied. In that comparison, we focus on the dynamics of a relatively short
injection, and vary instead the injection to cycle time ratio, also known as
the duty-cycle. Lastly, we give an assessment of the influence of the surface
tension. This is done by comparing the results of injections with the gaseous
Weber number varying in the range of 500 to 9000, as well as the limiting case
of 108.

General characteristics and definitions

A number of features are observed for all two-phase cases covered through-
out this section. Their appearance and intensity may differ depending on the
condition associated to the specific injection timing or relative fluid proper-
ties of a certain case. However, since many of these features are commonly
repeated, this section starts with a general description in which common defi-
nitions are also introduced. In the following we use a typical case to illustrate
early development and breakup of the jet (Fig.6.32).

Prior to injection no motion exists in the domain. As the first injection is
initiated, liquid enters the domain through the circular inlet and remains in the
form of a column as it penetrates into the domain. As injection initiates, the
liquid to gas interface is deformed. High pressure acts at the leading region,
deflecting the pulse front radially outward into a thin sheet. The misalign-
ment of the large pressure to density gradient at the sheet edge manifests as a
Rayleigh-Taylor type instability generating large liquid protrusions in the ax-
ial direction, see marking “A”. Liquid is continuously stripped from the sheet
edge marked “B”, where it is thinned and disrupted. A low pressure region
surrounds the front just behind the sheet edge at which gas re-circulates, in
part dragging some of the small separated liquid droplets back toward the jet
stem. The jet circumference also displays waves due to shearing against the
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surrounding gas that lead to minor liquid protrusions, indicated by marking
“C“. Until the point in time where injection stops, practically all separated liq-
uid originates from front sheet detachment and the major volume still remains
coherent. Once injection has ended, the fluid at the inlet is left nearly stag-
nant, while momentum is maintained at the pulse front. This instantaneously
imposed axial velocity gradient gives rise to a radial contraction of the tail of
the pulse, starting at the orifice and moving downstream, rapidly decreasing
the body diameter. The tail stretching has two important aspects. Firstly, the
body thickness reduction itself promotes disintegration since the liquid body
is rendered more susceptible to the effects of surrounding turbulent flow. Sec-
ondly, the size and shape of the remaining tail region, which is located directly
in the path of the inlet is important to the propagation of the following pulses.

Figure 6.32: Definitions and illustration of the core liquid-to-gas interface (η =
0.75, T ≈ 6D/U) with coherent liquid (yellow) and detached droplets (green).
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6.2.1. Density ratio effects

We now proceed to the first comparison, with results corresponding to differ-
ent the density ratios (ρl/ρg=10 and 20). The parameters of these cases are
provided in Table 2.

Case 6 7
We (-) 9000 9000
ρl/ρg (-) 10 20
η (-) 0.5 0.5
Tcyc (-) 10 10

Table 2: Parameter values for cases 6 and 7.

In Fig.6.33 a comparison of the jet development at three different time instances
is displayed, showing a visualization of the liquid-to-gas interface colored by the
streamwise velocity. At the time when the initial injection ends, the liquid has
propagated approximately six nozzle diameters downstream and the rim at the
liquid head has extended into a sheet. Droplets are continuously shed from the
rim edges and follow the rotational motion that is formed behind the sheet.
Differences are observed already during the injection of the first pulse. The
droplets of Case 7 are relatively well separated whereas in Case 6 liquid co-
herent strands extend from the sheet in the backwards direction. The early
separated fragments in Case 7 are smaller in size as compared to Case 6. A
Rayleigh-Taylor-like instability manifests itself on the leading sheet of Case 7
by distinct protrusions on the outer edge along the circumference of the jet.
Similar patterns exist on the front of Case 6 but become less pronounced at
later times. At T=8.5D/U, the first injection is complete and disintegration
has increased in both cases. For Case 7, large liquid fragments have detached
from location where the protrusions were observed at the jet front region. For
Case 6, the sheet formed at the jet front extends further in the radial direc-
tion as compared to the higher density ratio case. The droplets and ligaments
separated from the sheet are observed to be fewer in numbers but greater in
size. The pulse body displays distortion just behind the leading region, corre-
sponding to approximately half the pulse length while the tail region remains
smooth for some time after the injection has ended. Once the injection has ter-
minated, the liquid closest to the nozzle is subjected to a strong deceleration.
However, the liquid found further downstream in the domain is less affected
and maintains a higher velocity. This axial velocity gradient causes the pulse
body to stretch as well as decreases its width, especially at the tail region.
The pulse first takes a tapered shape and becomes continuously thinner as the
interface surface is deformed. A large-scale break-up process starts to form as
indentations and cavities are created that later pinch off or separate, produc-
ing individual fragments and liquid structures. The disintegration process of
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Figure 6.33: Liquid interface colored by streamwise velocity (w) at different
times for two density ratios: 10 (upper frames) and 20 (lower frames)

the liquid is observed to be more sensitive to the turbulent flow field in Case
6. Approximately halfway through the domain, the front sheet structure of
Case 6 separates from the trailing pulse body. For Case 7 on the other hand,
the leading liquid remains attached for another 2-3 time units. The core body
evolution compares in a similar manner. Surface irregularities grow faster for
Case 6, causing the core liquid to disintegrate more rapidly as compared to
Case 7. There is also a noticeable trend in the propagated distance in between
the cases. As the higher density jet front has reached the outlet, the lower den-
sity jet is more than two diameters behind. A difference in the development
arises as the second injection is initiated. In both cases, the emerging second
pulse is immediately obstructed by the tail of the first pulse that remains in
the centreline region. This promotes the detachment of liquid for both cases.
However, the outcome is slightly different. During the contact, the advancing
cylindrical column is split in the centre driving liquid out to the sides, as shown
in Fig.6.34. For Case 6, the leading region of the second pulse widens after the
impact and the liquid tends to align with the strong recirculation that exists
at the front of the jet. Large liquid structures are created as the protruding
liquid detaches, requiring further time until they undergo secondary break-up.
For Case 7, the front of the second pulse displays less radial expansion and the
produced fragments are prone to continue moving straight forward. Further
interaction takes place as the front of the second pulse catches up with the
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η = 10 η = 20

Figure 6.34: Centre-cut view with outline of jet boundary (red line) and in-
plane velocity vectors for different liquid-to-gas density ratio.

trailing region of the first pulse, containing a cluster of low speed droplets.
During its propagation through the domain, the front region is continuously
disturbed from collisions with the cloud of residual fragments. For Case 6,
this strongly stimulates the disintegration of the pulses and few large liquid
structures remain coherent when passing through the outlet. For Case 7 the
collisions are less severe and while deformed and reduced in mass, each pulse
leaving the domain can be identified, appearing more or less coherent. The
increased radial expansion of Case 6 can be attributed to a number of con-
tributing factors. To begin with, the initial obstruction (the tail left by the
preceding pulse) causes the head region to widen more for Case 6 than for
Case 7 before entering into the trailing region of the first pulse. Once impact
occurs, the liquid of the oncoming pulse is deflected outwards owing to the
inertia of the trailing region. The trailing region of Case 6 is wider at the
centreline which stimulates the radial displacement of the oncoming pulse. In
addition to this, the lower momentum of Case 6 does not allow each preceding
pulse to propagate as far into the domain as for Case 7. The consequence of
this is that the interaction between the pulses occurs closer to the nozzle. As
discussed previously, the deformation of the oncoming pulses in Case 6 is also
more severe due to the lower momentum of the pulses. Following each collision
event is an increase in separated liquid from the oncoming pulse. The detached
liquid mass following each collision acts as obstructions for the next pulse and
the amount of liquid deposited as droplets will play a part in the outcome of the
following impact. The lower concentration of low momentum liquid combined
with the higher momentum injection therefore allow the pulses to propagate
further until the same state of disintegration is obtained for Case 7.

In order to quantitatively compare the cases, the amount of liquid volume
contained within the domain relative to the global jet surface area is estimated

113



using the spray Sauter Mean Diameter (D32) according to

D32 = 6Vtot/Aint (6.14)

where V tot denotes the total liquid volume present in the domain at a certain
time instance and is obtained by integrating the volume fraction field over
the entire domain. The surface area of the jet, denoted A int, is taken as
the area of the liquid volume fraction iso-surface at level 0.5. Fig.6.35 shows
a comparison of the spray D32/D, indicating the break-up states of Cases 6
and 7. The development is similar although a small time shift exists in the
beginning. At T ≈ 11D/U , around the time when the injection of the second
pulse is initiated, a difference can be distinguished. At this point in time,
the interface area difference is determined solely by the expansion of the first
pulse. The curves reach a small plateau as the second pulse enters the domain
only to decrease again at the end of the second injection. As the jet liquid
reaches the end of the domain and is advected through the outlet, the D32/D
displays fluctuations over time, as a result of the coherent liquid packets that
are intermittently injected. The mean integral state of disintegration remains
approximately steady for both cases after about four completed injection cycles
with the D32/D of Case 7 being close to 20% higher as compared to Case 6.
The radial distribution over time is assessed by considering the liquid fraction

(a)

Figure 6.35: Global D32/D as function of time for two density ratios: 10 and
20, respectively.

contained within several annular domains, as illustrated in Fig.6.36. The first
section extends from the centreline to the radius of one nozzle diameter and
contains all the liquid at early time of each simulation. Outside this section
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there are two zones covering the radial intervals 1 < r/D < 2 and r/D > 2.
The fraction of the total liquid in each section over time is shown in Fig.6.37 for

Figure 6.36: Illustration of split into radial sections

Cases 6 and 7. In general one notes that there is a dilution effect over time in the
central parts of the jet, due to entrainment of ambient air. The entrainment in
the central parts as well as the spreading of the liquid phase into the periphery
is delayed and is slower at higher density ratio. Already during the initial
injection a noticeable difference can be observed between the cases in the first
section. Case 6 displays a more rapid decrease and reaches a value of 0.5 just
before the third injection starts. Approximately twice the time is needed to
achieve the corresponding liquid fraction in this first section for Case 7. The
level in the mid-section remains slightly lower for Case 7 during the most part
of the simulation. The liquid fraction increases in the outermost zone following
the second injection. One of two major factors acting during this time is the
break-up of the liquid of the first pulse. Expansion takes place continuously
over the length of the jet, reaching the limit of r/D = 2 at approximately this
time (T ≈ 15D/U) in the front. Additionally, the second pulse has expanded
due to reaching the trailing part of the initial pulse. A significantly larger
liquid fraction is deposited into the outermost region for Case 6, reaching a
liquid fraction of 0.5 at the end of the simulation as compared to the liquid
fraction of Case 7, corresponding to 0.3.

6.2.2. Injection frequency effects

The intermittent injection of pulses is performed for three different pulsation
frequencies, or pulse equivalent length-to-diameter ratios of 2.5, 5 and 7.5 cor-
responding to Case 3, 7 and 8, respectively. The parameters of these cases are
provided in Table 3.

The motion of the liquid close to the nozzle is strongly affected by the change in
mass flow at the injection stop. For Case 3 the pulse body exhibits an elongated
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a) r/D < 1 b) 1 < r/D < 2

c) r/D > 2

Figure 6.37: Fraction of liquid contained in each radial section for different
liquid-to-gas density ratios.

Case 3 7 8
We (-) 9000 9000 9000
ρl/ρg (-) 20 20 20
η (-) 0.5 0.5 0.5
Tcyc (-) 5 10 15

Table 3: Parameter values for cases 3, 7 and 8.

shape that becomes thinner as it moves downstream (see Fig.6.38). For Cases
7 and 8 the effect of the injection stop is considerably weaker. The liquid at the
front of the jet is observed not to stretch to the same extent, a result due to the
longer propagated distance from the inlet. The larger dwell time of Cases 7 and
8 also provide prolonged exposure of the interface to disturbances originating
from external disturbances as aerodynamic interaction, as well as collisions with
detached fragments re-entering the core region of the jet. In Case 8, the pulses
travel the furthest before the subsequent injections take place. The stretching
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of especially the tail region thereby acts to reduce its width close to the nozzle.
The stretching that occurs during the dwell time of Cases 3 and 7 reduces
the tail width to a lesser degree, resulting in a stronger obstruction of each
subsequent pulse. The collisions in Case 8 are less violent due to the obstructing
liquid being less supported in terms of mass. The front region experiencing
large deformation extends approximately one nozzle diameter over the length
of the pulses in the front. For Case 3, this impact has great significance since
the liquid contained at the front region contains a considerable fraction of the
total pulse liquid. The significance of pulse interactions relative to the pulse
length is higher for lower pulse L/D, as indicated in Fig.6.39. All cases show
a rapid decrease during the first injection and then approach a steady level at
which the D32/D fluctuates around a final mean value. For the cases considered
here, increasing the injection frequency yields a lower D32/D and also reduces
the time to reach this asymptotic limit. The liquid fraction distribution for
Cases 3, 7 and 8 is presented in Fig.6.40. During early times the jet of Case 3
quickly deposits liquid into in the radial direction. This case reaches a liquid
volume fraction of 0.5 in the first section at T ≈ 20D/U and has the most
rapid increase in both the middle and outer region. In the outermost region,
the curves are all increasing and the liquid fraction levels are similar. In all
the main effect of the injection time is in the entrainment at the central part
of the jet, where shorter cycle time leads to faster and improved entrainment
(i.e. less liquid volume).

6.2.3. Duty cycle effects

From the results of different injection frequency, we observe that the proximity
in between pulses, as well as and pulse length are important parameters in
the primary dynamics. In the following we continue by studying the duty
cycle, while maintaining the Tcyc constant. The parameters of these cases are
provided in Table 4.

Case 1 2 3 4 5
We (-) 9000 9000 9000 9000 9000
ρl/ρg (-) 20 20 20 20 20
η (-) 0.25 0.375 0.5 0.625 0.75
Tcyc (-) 5 5 5 5 5

Table 4: Parameter values for cases 1, 2, 3, 4 and 5.

In order to provide a more detailed analysis, in this section we make apply
different methods of estimating the pulse breakup than has been used previ-
ously. Because we seek to quantify the jet dispersion, the liquid topology is
approximated by the distribution of the volume fraction scalar field with the
isosurface level of α = 0.5. This scalar field is transferred into a triangulated
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(a)

Figure 6.38: Liquid states at T ≈ 14D/U (top) and T ≈ 48D/U (bottom)
different pulse lengths.

representation to obtain detailed information on the interface, such as its lo-
cation, surface area, spatial extension and curvature. The large coherent pulse
bodies are the source of all liquid present in the domain, and the interaction
between the pulses as well as with the separated droplets is important when
considering the initial stages of disintegration. Droplets that have separated
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Figure 6.39: The Sauter mean diameter versus time for three different duty-
cycles.

from the core liquid may travel in any direction. Therefore, the droplet con-
centration at any point in the domain may have contributions from any of the
preceding injections, complicating the task of associating local breakup to the
liquid distribution. To overcome this, an alternative method of capturing the
process of how the coherent liquid pulses break-down into fragments was ap-
plied. By considering the larger core liquid bodies, certain quantities can be
obtained pertaining to each specific injection. In this way, the progression of
each liquid pulse can be monitored, and its breakup is assessed in terms of the
core disintegration rate over time. To quantitatively assess the pulse breakup,
a core structure is defined as a liquid body having a volume equal to, or larger
than, 10% of the liquid volume injected during one cycle with duty cycle 0.5.
The complete set of these structures, which are not necessarily connected to
each other, is referred to as the jet liquid core. The remaining liquid volume
consisting of separate droplets and ligaments, all individually containing less
than the threshold volume, are referred to as detached liquid.

A comparison of the liquid distribution is shown in Fig.6.41 by visualizing
the liquid-to-gas interface. For the lowest duty cycle, a major part of the pulse
body has become thinner and is approximately the size of the leading sheet,
where its topology shows strong deformation of the body mid- and tail section.
Also, Case 2 displays a strong tapering of the body, along with a slightly weaker
deformation. In the cases of higher duty cycle, the taper is restricted to the
trailing half of the body. In fact, for Cases 4 and 5 the mid region diameter
is close to the diameter of the injection orifice, and a neck remains at the
front, corresponding to the location of the recirculation and strongest azimuthal
vorticity. Fig.6.42 shows the axial liquid distribution over the length of the
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a) r/D < 1 b) 1 < r/D < 2

c) r/D > 2

Figure 6.40: Fraction of liquid contained in each radial section for different
Tcyc.

pulse at the same time. All cases show an accumulation of volume at the front,
which corresponds to the liquid sheet. For Cases 1 and 2, this accumulation
contains the major share of the core volume. With increasing duty cycle, the
volume distribution is shifted further back and apparent peaks are visible in
between the neck and tail. A variation of the tail thickness can be observed
between the studied cases. The taper angle is assessed the conical region of the
tail where surface irregularity is small (see detail in Fig.6.32). With increasing
duty cycle, the taper angle of the preceding pulse tail, which constitutes the
most important obstacle, is increased (see Fig.6.43). Once injection initiates
again, the nearly stagnant liquid located in front of the nozzle will hinder the
propagation of the new pulses. Fig.6.44 shows the liquid body contour of the
first and second pulses in a centred plane shortly after the second injection has
started for Cases 1, 2, 4 and 5. Similarly to the first pulse, a liquid rim forms at
the pulse front as the jet advances. The region of the trailing pulse that is not
obstructed propagates forward. Moreover, the impact into the wedge-shaped
tail reduces the momentum of the fluid in the centre, leaving an indentation.
For Case 1, corresponding to the smallest body volume, the indentation created
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(a)

Figure 6.41: Side view of the pulse development shortly after the second in-
jection has been initiated, with the duty cycle increasing from left to right.
(T ≈ 6D/U).

Figure 6.42: Core liquid volume distribution of the first pulse along the axis
for different duty cycles. T ≈ 6D/U .

is strong. A hollow cone-like liquid structure is created, extending outward at
the pulse front and containing a significant share of the pulse liquid volume.
The reduction in width leads to disintegration along the entire pulse length.
This generates detached liquid structures of larger size than those sheared off
from the front sheet edge. For Case 2, a similar indentation can be observed
although it does not extend as far into the trailing pulse. The liquid core of the
corresponding preceding pulse remains coherent at this time, despite displaying
deformation along its mid- and tail section. Regarding the initial pulses of Cases
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Figure 6.43: Taper angle at the first pulse tail region as a function of the duty
cycle at T ≈ 6D/U .

4 and 5 in the bottom of the same figure, both have tails extending all the way
down to the trailing pulse front. The indentations created in these cases are
far less deep, and a slight difference may be noted between Cases 4 and 5 in
the thickness of the expanding sides at the trailing front. As compared to the
lower duty cycle cases, the droplet number density surrounding the core is low.
The corresponding normalized axial velocity field is presented in Fig.6.45, for
the same cases as in Fig.6.44. A region of axial velocity that is even higher
as compared to the injection velocity, exists just behind the leading sheet for
all cases, and corresponds to strong gas recirculation in the wake behind the
sheet. The region of high axial velocity is larger for the low duty cycle cases,
because of the reduction in the core thickness. The liquid tail fragmentation
contributes to momentum exchange with the gas, shown for Case 1 where the
tail velocity is greatly diminished. As a result, the subsequent pulse, which
is already strongly deformed, will enter into a region of low velocity. The
axial velocity distribution clearly shows the depth of the indentation left by
the impact, as well as the forward momentum maintained in the expanded
side arms of the front, marked ”D“ in the figure for reference. Because of this
distribution the liquid at these sides will continue to move out from the body,
quickly increasing the front cross sectional area and further decelerating the
liquid because of the increase in cross-sectional area.

With increasing duty cycle, momentum in the trailing region is maintained
to a higher degree since the tail is thicker. For Cases 4 and 5, which have the
highest duty cycle, a high velocity streak extends down to the front of the trail-
ing pulse head. However, at the very centre where the tail makes contact with
the trailing head, a low velocity spot is still visible. In contrast to the lower
duty cycle cases, a high velocity region does not extend outward from the pulse
front, but rather attaches to the sides of the liquid tail in front, see marking ”E”
in Fig.6.45. The cause of this is associated with the shape and motion of the
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Figure 6.44: Liquid phase distribution in a centred plane of the first and second
pulses at time T ≈ 7D/U .

near-orifice liquid body during the subsequent injection. Once each injection
has ended, a low pressure region is formed behind the corresponding pulse,
entraining fluid locally as the pulse moves forward. This effect is more pro-
nounced for the higher duty cycle cases where the larger tail taper angle gives
a stronger pressure gradient. Some liquid protrusions at the outermost edge
of the trailing head are drawn into this region, consequently suppressing the
radial expansion rate. The initial outcome of the intermittent injection bound-
ary condition effect can be seen to develop further downstream in the domain.
As the series of injections progresses, a flow establishes in the domain and the
breakup behaviour of subsequent pulses converges. Because of the wider initial
body thickness of Cases 4 and 5, the fragmentation of the tail and mid-section
takes longer time for these cases and occurs further downstream in the domain.
The initial stretching caused by the injection stop has a strong influence when
the pulse volume is low. Similar shaping of the pulse core body takes place also
for the higher duty cycle cases. However, the trailing region remains coherent
and liquid detachment is confined almost exclusively to the front region, when
the corresponding injection cycle has completed. The stretching done to the
cases higher duty cycle does not immediately initiate fragmentation along the
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Figure 6.45: Plane view of the normalized axial velocity distribution for differ-
ent duty cycle (T ≈ 7D/U).

pulse length, but rather first redistributes the liquid within the pulse. The state
of the core liquid-to-gas interface is illustrated in Fig.6.46, with associations to
these shaping processes. Following the collision, the liquid body detaches frag-
ments mainly as a result of interaction with the gas. At this stage, ligaments
(see marking “F“) are generated over the majority of the trailing region. A
Rayleigh-Taylor type instability acts at the front while ligaments form along
the mid and tail sections before pinching off. Fig.6.47 shows the liquid distri-
bution in a centred plane at time T ≈ 17D/U . The pulses closest to the inlet
are similar to those shown in Fig.6.44, but present a larger degree of symmetry.
In front of these, a train of liquid pulses is propagating and undergoing frag-
mentation. Due to the difference in radial growth and forward momentum, the
lower duty cycle cases exhibit more pronounced elongation of the side arms.
This elongation yields a higher detachment rate close to the inlet and only two
larger coherent bodies each can be seen for Cases 1-3. Cases 4 and 5 display
coherent and more easily identifiable liquid cores approaching the outlet. Just
as for the cases of lower duty cycle, the side arms of the pulses closest to the
inlet are pointed forward, which marks the shaping effect from the inter-pulse
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Figure 6.46: Illustration of the core liquid-to-gas interface at T ≈ 12D/U .
Detached liquid fragments have been removed for clarity.

contact. Further downstream, the side arm tips are instead pointed backward,
and liquid fragments are shed as a result of the shearing relative gas motion.
The larger liquid volume contained in the higher duty cycle cases allows the
corresponding pulses to travel further downstream before disintegrating. Us-
ing the mentioned definition of a core body, the breakup length is taken as the
distance from the inlet to front edge of the furthest reaching core structure.
This distance highly fluctuates over time because the liquid core topology be-
comes strongly irregular prior to disintegration, as shown in Fig.6.48. All cases
initially align to a linear increase before deviating in sequence corresponding
of the duty cycle. In Cases 4 and 5, core structures at some periods reach
all the way to the outlet. The breakup distance at these times are registered
as the maximum domain dimension (z/D ≈ 18). For Cases 1-3, the breakup
distance varies in the range 4-17D. These cases show a decrease in the breakup
distance following the breakup of the first pulse front, and a maximum level
after several cycles have past and the flow has been established. During the
breakup process the interaction between liquid and gas causes the interface to
deform. The generation of protrusions, indentations and wave patterns causes
the liquid-to-gas interface surface area to increase, while the core volume de-
creases by the detachment of fragments. To provide a measure of the state of
deformation, the ratio of the integral liquid core surface area and the integral
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Figure 6.47: Liquid distribution in a centred plane pulses for different duty-
cycles, at time T=17D/U.

core volume is used, Fig.6.49. Already during the initial injection period, a dif-
ference can be observed with the strongest relative deformation found for the
low duty cycle cases. Past the initial transient, a semi-steady period follows
where the average of Cases 4 and 5 are comparable. Over this period, the cor-
responding mean core surface area to volume ratio of Case 1 is approximately
50% higher than in Case 5. At low duty cycle the variation is considerably
larger because less injected volume remains as core liquid throughout the do-
main, as compared to the higher duty cycle cases. In order to compare the
fragmentation process, the difference in the pulse volumetric content between
the cases is taken into account. In Fig.6.50, an assessment of the liquid core
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Figure 6.48: Breakup distance from the inlet plotted over time for differen
duty-cycles.

Figure 6.49: Surface area to volume ratio of the liquid core plotted over time
for different duty-cycles.

breakup is made by considering the ratio of liquid core volume to the total liq-
uid volume present in the domain. The core volume share of Case 5 shows the
slowest decrease and the highest asymptotic value. For Cases 1-4, the decrease
rate is noticeably higher after the second injection has finished, showing the
contribution of the collision increases the breakup rate of the core liquid. An
estimation of the core radial spreading during the injection cycle is made by
phase-averaging the liquid distribution of eight pulses, from the time liquid has
started exiting the domain. From each phase-averaged field, a radius from the
jet centreline, r50%, is computed within which 50% of the core liquid volume is
contained. In Fig.6.51, five offset curves of r50%/D are compared for each case,
at points during the injection cycle corresponding to Tph/Tcyc=0, 0.2, 0.4, 0.6

127



Figure 6.50: Ratio of liquid core volume to total liquid volume versus time for
different duty-cycles.

and 0.8, where T ph denotes the time elapsed since the latest injection start.
The considered range is limited to the first half of the domain and the curves
are plotted only over the regions at which a coherent average core is obtained.
Therefore, the curves corresponding to lower duty cycle cases are represented
over a shorter distance from the inlet than the higher duty cycle cases, since
these cases present a shorter breakup distance. In the near-nozzle region the
propagation speed of the pulse front is nearly equal for all cases. Cases 4 and
5 have the least core liquid spreading throughout the cycle and display the
most coherent liquid distribution. The largest overall spreading is found for
Case 3, where a peak is observed at z/D ≈ 7 and Tph/Tcyc ≈ 0.6. After this
point, the region decreases in magnitude, indicating volume is detached from
the core. The expanding pulse front of Case 3 follows the location of the fronts
of Cases 4 and 5 until z/D ≈ 7. Past this point the peak spreading location of
Case 3 is lagging behind the higher duty cycle cases, which is consistent with
the detachment of liquid at its expanded front sides. The observed breakup
process can be summarized as being a combination of stretching, inter-pulse
collision and aerodynamic actions. The duty cycle influences directly the rel-
ative importance of these contributions since it determines the integral pulse
momentum, as well as the relative near-nozzle stretching. Inter-pulse contact is
made almost immediately after the injection starts and continues as the pulse
moves through the domain. Such relative motion against the slower preceding
tail effectively shapes the front of the oncoming liquid. This in turn promotes
disintegration, since aerodynamic forces quickly become strong on the thinning
and expanding body. The resulting near-nozzle breakup rate increases with
decreased duty cycle, in part because the stronger stretching action effectively

128



Figure 6.51: Phase averaged radius containing 50% of the core liquid versus the
axial coordinate z for different duty-cycles. The offset curves represent r50%(z)
at the cycle subperiods: Tph/Tcyc=0, 0.2, 0.4, 0.6 and 0.8 (bottom to top).
z/D (-)

reduces the body width close to the nozzle. Another contribution comes from
the inter-pulse impact, which for lower duty cycle quickly deforms a larger
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relative volume. Once initial expansion has occurred, the liquid is rendered
susceptible to breakup resulting from interaction with the surrounding gas.
Disturbances acting on the liquid bodies keep the liquid strongly deformed,
especially in the low duty cycle cases. This leads to an earlier fragmentation
as well as a deceleration of the pulse. In addition, the resulting dispersion in-
creases with lower duty cycle, which is a result of the stronger collision effect
and the lower individual pulse liquid volume.

6.2.4. Weber number effects

In order to investigate the effects of surface tension in the break-up process,
simulations were performed using different injection Weber number, maintain-
ing the same density ratio and injection cycle duration. The parameters of
these cases are provided in Table 5.

Case 7 9 10 11

We (-) 9000 500 2000 108

ρl/ρg (-) 20 20 20 20
η (-) 0.5 0.5 0.5 0.5
Tcyc (-) 10 10 10 10

Table 5: Parameter values for cases 7, 9, 10 and 11.

In Case 11, which has the weakest influence of surface tension, short wavelength
( 0.2D) surface waves develop at the interface just behind the tip at T ≈
3D/U (see Fig.6.52). These axisymmetric ridges extend from the leading edge
until approximately half the pulse length. A similar pattern exists on the
pulse surface in Cases 7 and 10 although not as pronounced and with a longer
wavelength. For Case 9 the corresponding area behind the jet tip is smooth
and the only developed ridge is located at half the jet length. The trailing
region of the pulses is nearly identical for all cases until the width of the tail
has been reduced enough for disintegration to occur.

a) We = 108 b) We = 9000 c) We = 2000 d) We = 500

Figure 6.52: Interface contour plot for Cases at T ≈ 3D/U
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The variation in Weber number affects both the evolution of the centred
pulse body as well as the generation of droplets. Fig.6.53 shows the contour of
the interface at a plane through the domain centre for Cases 7, 9, 10 and 11.
Cases 11 and 7 generate the highest number of individual fragments and the
droplets shed during the first injection are generally small as compared to those
of Cases 9 and 10. The subsequent collision that takes place is comparable for
Cases 7, 10 and 11. For these cases the tail of the first pulse extends down
to the inlet and considerably contributes to the disintegration process at the
second pulse front, as discussed in previous section. For Case 9, on the other
hand, the tail of the first pulse is partially split by the action of surface tension
at the time when the second injection starts. A small and almost stagnant
liquid fragment is left close to the nozzle while the high curvature accelerates
the tail end in the direction of the pulse motion. The small fragment left at
the inlet has a negligible impact on the following injection. The development
of the second pulse is similar to the first. However the axi-symmetry of this
pulse is lost at an earlier stage due to residual motions in the domain and
further impact of satellite droplets. The D32/D is compared between Cases

a) We = 108 b) We = 9000 c) We = 2000 d) We = 500

Figure 6.53: Interface contours in mid-plane, for different Weber numbers at
T ≈ 34D/U

7, 9, 10 and 11 in Fig.6.54. Following the first injection duration, the curves
quickly align in magnitude after their respective injection Weber number. The
jagged curve shape originates from the injection of each new pulse, increasing
the D32/D. This is most apparent for the curve corresponding to Case 9 that
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also has the highest D32/D throughout the simulation. It is interesting to note
that during the first three injections (T < 30D/U), only a small difference in
D32/D is displayed between Cases 11 and 7. After T = 30D/U , the D32/D
shows a small decrease for Case 11 whereas the mean value of Case 7 remains
approximately 20% higher as compared to Case 11. Case 10 displays a similar
development as Case 7 over a large part of the simulation; D32/D reaches a
relatively steady level after five pulses, corresponding to a level approximately
10% above that of Case 7. Case 9, which has the strongest surface tension
effects, approaches a steady level of 0.4. By evaluating the liquid contained in

(a)

Figure 6.54: Global D32/D as function of time for different Weber number.

individual segments in the streamwise direction, we estimate how the break-
up process, expressed in terms of D32/D, varies with the distance from the
inlet. Fig.6.55 depicts the domain divided into 32 zones in which individual
values of Vtot and Aint are computed. In Fig.6.56 the phase averaged D32/D is
presented for Case 11, Case 7 and Case 9. The averaging is performed for data
collected after T ≈ 35D/U when the break-up process of subsequent pulses is
consistent. Close to the inlet, the D32/D takes high values during injection
since little disintegration has taken place. For the purpose of visualization,
the curves have been truncated to allow comparison of data further out in
the domain. The part of each curve exceeding the cycle minimum D32/D is
marked by red. For Case 11 (top left plot), we observe the formation of a peak
early during the cycle, corresponding to the introduction of the coherent liquid
pulse. The peak then travels downstream during which is magnitude decreases.
This development is similar for Case 7 (top right plot) although the peak value
displays a slower decay, suggesting a slower break-up rate as compared to Case
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(a)

Figure 6.55: Illustration of domain split into zones where the liquid pulse prop-
erties are assessed.

11. The corresponding plot of Case 9 (bottom plot) shows many contrasting
features to the previously discussed cases. At first, the pulse D32/D is similar,
close to the inlet, but then remains higher at a higher level throughout the
cycle. A transition occurs, where the highest D32/D value is shifted from the
back of the pulse to the front. A peak develops early at the leading region due
to the widening of the jet front and grows with time, while the back of the pulse
is thinned. Another difference is that the level in between the pulses increases
with the distance from the inlet. This is believed to be a consequence of droplet
coalescence downstream, in combination with that the droplets produced close
to the inlet from the front sheet rupture are the smallest in the domain. The
transport of liquid out of the first radial section is similar for all cases during
the first injection, as seen Fig.6.57. Following the second injection, highest and
lowest liquid fraction in the innermost region is observed for Cases 9 and 11,
respectively. At T ≈ 40D/U the situation changes as these two cases are found
in-between the curves of Cases 7 and 10. The liquid fraction of Case 9 remains
constantly lower than for the other cases in the middle region (1 < r/D < 2)
but quickly rises in the outer region (r/D > 2).
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a) We=108 b) We=9000

c) We=500

Figure 6.56: Phase averaged D32/D versus z/D at different time instants dur-
ing the injection cycle for We=108 (top left), We=9000 (top right) and We=500
(bottom).

a) r/D < 1 b) 1 < r/D < 2

c) r/D > 2

Figure 6.57: Fraction of liquid contained in each radial section for different
Weber number.
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CHAPTER 7

Summary and conclusions

The thesis considers the breakup and mixing of a jet injected intermittently
into a quiescent fluid. Both single-phase and two-phase cases are considered us-
ing numerical simulations. The work carried out represents a part of the effort
dedicated to explain the dynamics of intermittent and accelerated/decelerated
jet injection. The basic underlying motivation is related to findings in the lit-
erature that point out improvements in jet mixing and entrainment due to in-
termittent injection. The underlying mechanisms for breakup and entrainment
are not fully understood and optimal injection can only be attained empiri-
cally. The main objective of the current work is to increase the understanding
of how intermittent jet injection affects the jet flow and the breakup process
in the near nozzle region. To do so, the numerical study was carried out in
three parts, considering the breakup mechanism of single-phase generic inter-
mittent injection, effects of injection acceleration and deceleration, and lastly
intermittent liquid injection. The numerical results for a single phase case are
compared with PIV data so as to verify the simulations.

Firstly, starting from a single-phase “on/off” type injection, three simula-
tions are used to study the effects of transients at the injection start and stop
as well the effects of duty-cycle length. Although quite simple in their setup,
these cases were well suited for the purpose of showing principal differences due
to different pulse lengths. The relatively universal formation number provided
a reasonable starting point for the pulse length range used in the investigation.

The flow structures generated by the short injection are coherent rings,
which by themselves yield negligible ambient fluid entrainment during initial
injections. This was predicted, and the results corresponding to the different
pulse lengths showed good agreement with the findings reported in literature.
It was found that an injection duration slightly above the formation number
generated some external vorticity in addition to the vortex ring. An even longer
pulse length, was found to generate stronger distortion in the extended trailing
region. This action significantly promoted breakup, and in turn mixing, which
was monitored by introducing a passive scalar fluid to the jet. Furthermore,
this result suggested the breakup was coupled to a different process, in which
the disintegration of each pulse was initiated within itself, due to the distur-
bance provided by the external vorticity. The development of the instability
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mechanism could be distinguished by studying the relative strength of the vor-
tex stretching components in space and time. It was found that, beyond the
formation number, additional vorticity carried by the jet or shed by the vortex
ring, organizes into secondary structures as the shear layer is unstable.

In the process that follows, azimuthal vorticity in the form of trailing rings
is transferred through vortex tilting, into first mainly the axial direction, and
quickly after the radial direction. The sequence is a consequence of two things;
the strongest velocity gradient being ∂uz/∂r, and the domination of vorticity
in the azimuthal direction. The disintegration of jet fluid that follows entrains
ambient fluid, resulting from the bulk trailing region expanding. From this,
the longer injection seems attractive from a fast mixing standpoint, because
it carries a larger share of excess vorticity. However, one must note that the
highest vorticity transfer rate occurs in the region just behind the strong leading
ring. If the pulse length is extended, the jet portion closest to the nozzle will
therefore not be subject to secondary structures of equal strength.

Since the initial simulations all were run with generic “on/off” injection
schemes, which produced very similar leading vortex rings, no significant dif-
ferences could be observed in expansion from laminar ambient fluid entrain-
ment during their formation. This was instead covered in the second part of
the single-phase simulations, where instead both the injection cycle duration
and injection were kept constant and the injection scheme shape was varied.
These cases allowed considering different acceleration and deceleration effect
along with jet fluid diffusivity and a more realistic inlet nozzle geometry. The
“on/off” type injection was represented also among this set of cases, and its
development agreed well with that observed in from the first part. In con-
trast, the cases of linearly varying injection rate was found to exhibit some
important differences. It was found that a reduction of the injection velocity
by either an instantaneous stop, or a discontinuous acceleration results in a
separation of the jet fluid into multiple rings. The rings remained relatively
undisturbed until inter-pulse contact occurred further downstream, which is
disadvantageous in terms of near-nozzle mixing. When the injection rate was
accelerated early destabilization of the vortex ring was noted. In turn, jet fluid
was shed closer to the nozzle, increasing the jet expansion. This effect could be
augmented by combining an injection rate acceleration with an instantaneous
velocity decrease during injection. This suggests that quick deceleration during
injection favourably engulfs ambient fluid, while the delayed peak injection ve-
locity is responsible for the different parts merging immediately and triggering
destabilization.

The simulations of intermittent liquid injection showed some similarities
with the single-phase cases discussed, in the sense that the breakup is heavily
influenced by the separation time between subsequent pulses. However, dis-
integration is less sensitive to the surrounding vorticity because of the higher
inertia and the near-nozzle breakup process is instead dominated by initial
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stretching followed by the collision with residual liquid. The influence of these
breakup mechanisms decreases for increasing pulse length, leading to shifting
the breakup distance downstream with increasing injection duration.
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CHAPTER 8

Suggested future work

The aim of this thesis has been to capture the physics of intermittent injection,
and indicate its further potential. In order to do so, a selection of cases were
chosen throughout the work carried out in this thesis, and have shown that
significant influence can be made by this type of manipulation to jet injection.
However, the work constitutes only part of a vast research area due to the
presence of physical and flow parameters as well as geometrical effects. Each
excursion from a reference case opens the door to studying a different set of
phenomena, a new path, where knowledge is still lacking and the problem
becomes deeper. In real applications, a number of factors influence which
injection strategy is most beneficial, such as instance engine load, temperature
and which fuel is used. Increased knowledge of the mixture formation process is
therefore essential to the main objective, which is to optimize the injection with
given amount of fluid to reach the desired state of mixing. In the following,
the most important points of limitations and remaining work are raised.

In the presented work, selected geometries have been generic due to the
approach of the research. However, it is known that real flow situations show
dependence on the specific geometries used. It is therefore suggested to improve
the handling of real geometries with adequate resolution. Another weakness of
the present work is the monitoring of generated droplets. The current frame-
work is well suited to capture the development of the larger structures near
the nozzle, but becomes inefficient when the jet becomes dilute. Important
improvements to the handling sub-grid droplets can be made by combining the
VOF approach with LPT (lagrangian particle tracking). This allows the ad-
vantages of both approaches to be used, and increases computational efficiency,
as was shown in Grosshans et al. (2011).

As was discussed in the thesis, the development of a spray can be described
as a disintegration cascade. The conditions of the surroundings become increas-
ingly important as the droplet size is reduced. Because of this, it is suggested
that future work consider modelling of liquid sprays by also taking into account
evaporation effects and the temperature field. Lastly, the effects of upstream
flow conditions in combination with the nozzle are important, if the breakup of
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a specific setup is to be captured. Improvements can therefore be made to pri-
mary breakup simulations by taking into account the effects nozzle cavitation
and catastrophic breakup.
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