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Abstract

Compression Ignition (CI) engines are state of the art power generating machines,
and as such have found widespread use in a variety of implementations due to
their high thermal efficiency, fuel efficiency, durability, reliability, and low carbon
dioxide (CO2) emissions. These include power generation, marine propulsion, light
and heavy duty road vehicles, and off-road applications. However, due to the
nature of a CI engine’s combustion process, emissions of other harmful pollutants is
increased, such as nitrogen oxides (NOx) and particulate matter (PM). Multiple
injection strategies have been used to combat this rise in emissions; along with low
temperature combustion (LTC) methodologies these have been able to reduce both
NOx and PM emissions, and as such this thesis will focus on the modelling of the
transient period of the diesel spray and its impact on the combustion of the fuel.

Initially, this thesis will consider the transient period of diesel injection by focusing
on the prediction of the early stage of the spray formation at the Engine Combustion
Network’s (ECN) "Spray A" condition, comprising of a single-hole injection of n-
dodecane (diesel surrogate) fuel. This is achieved by comparing two different
commercially available Computational Fluid Dynamics (CFD) codes and their
predictions of the liquid and vapour lengths, initially with different computational
set-ups before these set-ups are converged to being identical with each other. All
simulations are undertaken under a Reynolds Averaged Navier Stokes (RANS)
framework, in a well characterised domain for both CFD codes. This convergence
of set-ups shows that the transient region of the spray is highly dependent on the
break-up model, however comparison with experimental data showed a deficiency in
the implementation of the break-up model within Star-CD. This was corrected with
the inclusion of a novel break-up length criterion, with the corrected model showing
good agreement with experimental data, with particular strengths in decoupling
the liquid and vapour length predictions.

Following the implementation of the novel break-up length criterion within Star-
CD, the performance of this model at a combusting condition is tested. This
study was performed under the same framework as previously, however with the
implementation of a commonly used chemical mechanism for n-dodecane combustion.



When the novel break-up length criterion is compared to the original baseline
case within Star-CD the results match very well to each other, with predicted
ignition delays, lift-off-lengths and combustion fields being closely aligned. An
over-prediction in lift-off-length to experimental data is noted, however this is
commonly seen for the mechanism used.

Finally, by utilising the decoupling of the liquid and vapour penetrations offered
through the novel break-up length criterion, the impact of the vaporising match on
the combustion criteria detailed previously is investigated. A variety of cases are
considered, with high, low and matched variations on both the liquid and vapour
lengths compared against each other. The results from these tests show a strong
effect of certain model constants on the combusting criteria, with break-up model
constants especially having a large impact on the mixture fraction and temperature
predictions. In contrast, the turbulence model constants often used when matching
simulated tests to experimental results have very minimal impact on either the
mixture fraction or temperature fields, with only the position of the combustion
field changing, as expected. The effect of the combustion field position on the
combustion temperatures is also considered, further reinforcing the break-up model
constant’s impact on combustion prediction.
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1 Introduction

1.1 Compression Ignition Engines

Compression Ignition (CI) engines are state of the art power generating machines,

building on over a century’s work since Rudolf Diesel’s initial theory of compressing

air and fuel within a piston chamber to spontaneously combust [1]. A common CI

engine consists of a standard 4-stroke cycle, with the fuel injected into the cylinder

towards the end of the compression stroke where it atomises into small drops due to

the high relative velocity. After this, it vaporises and mixes with the surrounding air

at high pressure and temperature before autoigniting after a short delay (commonly

referred to as the ignition delay) [1,2]. The fuel burning rate is controlled by the

mixing rate within the cylinder, and as such maximising this mixing process is of

utmost importance for a controlled combustion. Inducing swirl and tumble motion is

often used to maximise mixing [2–4], with these processes being shown in Figure 1.1.

Swirl motion is defined as a rotation of the in-cylinder charge around the cylinder axis,

with the intake valves inducing the rotational movement of the charge [2]. The swirl

ratio commonly used to measure the magnitude of the swirling flow, and is defined

as in Equation 1.1 as a ratio of the angular velocity (ωs) to the engine speed (N).

Rs = ωs
2πN (1.1)

Similarly to the swirl motion, tumble motion acts on the in-cylinder charge, however

the axis of the tumble motion is perpendicular to the cylinder axis. Given the motion

of the piston during engine operation the centre of rotation of tumble flow will

change more markedly than swirling flow as the in-cylinder charge is compressed [5].

1
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Figure 1.1: Schematic of swirl (top down view) and tumble (side on view) flows within
a common CI engine

A bowl-in-piston set-up is particularly important for ensuring compression ratios

can stay high within the cylinder whilst ensuring the spray does not impinge

on the piston head. This can be achieved by targeting the spray into the bowl,

allowing the piston head to be closer to the cylinder head at top dead centre

(TDC) to ensure the compression ratio stays high. Increasing the compression

ratio at a constant equivalence ratio increases the cycle efficiency and hence brake

fuel efficiency [2]. Spray impingement still remains an issue with a bowl-in-piston

set-up [6], however the effects of this at lower loads can be reduced by improved spray

targeting [7]. The injection timing is also important in reducing spray impingement,

however a compromise between injecting early enough to avoid impingement on

the piston and injecting late enough to reduce the ignition delay by injecting into

a hotter, higher pressure cylinder needs to be found. A common compromise is

approximately 20° before top dead centre (BTDC) [2, 8], with this timing advanced

with increased engine speed to account for the ignition delay remaining nearly

constant throughout the injection cycle [1].

CI engines have found widespread use in a variety of implementations due to

their high thermal efficiency, fuel efficiency, durability, reliability, and low carbon

dioxide (CO2) emissions. These include power generation, marine propulsion, light

and heavy duty road vehicles, and off-road applications. Many common automotive
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engines are powered by diesel fuel, however some research has found improvements in

emissions using gasoline within CI engines [9,10], but these engines have only recently

made it to a commercial stage and as a result will not be considered within this

thesis. CI engines offer a number of improvements over their gasoline counterparts,

with an increased fuel efficiency due to their generally leaner combustion as well as

the aforementioned low CO2 emissions [2]. Both these improvements make them

highly attractive for medium and heavy duty uses given their savings in fuel cost,

which along with the reduction in road tax due to lower CO2 emissions [11] make

them attractive for light duty uses as well.

Within CI engines two injection strategies dominate, Direct Injection (DI) and

Indirect Injection (IDI). DI involves injection of the fuel straight into the cylinder,

whereas in IDI systems there is a pre-chamber in which the fuel mixes with the

air before being introduced into the combustion chamber [1]. DI engines offer

improved part-load and full-load fuel efficiency over IDI engines, however IDI

engines allow for smaller engines to be run at faster speeds given the reduction in

ignition delay caused by the pre-mixing of fuel and air [1]. IDI engines do offer a

reduction in combustion noise along with a reduction in smoke values at earlier

injection timings [12], however this is at a cost of fuel efficiency. Along with this, DI

engines are significantly simpler to design given the lack of a pre-chamber, combined

with the improvement of efficiency seen in downsized, turbocharged spark ignition

engines IDI engines have become marginalised.

Whilst CI engines offer an improvement in CO2 emissions over traditional

spark-ignition (SI) engines, they also emit other harmful pollutants in greater

quantities when compared to SI engines [13]. These primarily comprise of nitrogen

oxides (NOX), a mixture of NO and NO2, and soot (or particulate matter (PM)).

As a result, CI engines are under increasingly stringent emissions legislation, with

the most recent Euro 6 emissions standards coming into effect in September 2015

and more stringent CO2 emissions legislation taking effect within EU countries

from the 1st January 2020. A breakdown of the progression of the Euro emissions
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standards is shown in Table 1.1, displaying how the maximum permitted NOX

and PM levels have been reduced since 1992.

Table 1.1: Euro 1 to 6 emissions standards for NOX and PM for diesel cars

Regulation Date Introduced NOX (g/km) PM (g/km)

Euro 1 Dec 1992 0.97 0.14

Euro 2 Jan 1997 0.7 0.08

Euro 3 Jan 2001 0.5 0.05

Euro 4 Jan 2006 0.25 0.025

Euro 5 Jan 2011 0.18 0.005

Euro 6 Sep 2015 0.08 0.005

Table 1.1 shows clearly how much progress diesel engines have made in the

28 years since the first set of Euro emissions regulations were implemented, with

extremely large reductions in both NOX and soot seen (12 and 28 fold reductions

respectively). This is despite diesel engines suffering from the so-called "NOX / soot

trade-off", where any attempts to reduce either NOX or soot emissions result in the

emissions of the other increasing [6, 7, 14]. The underlying cause of this trade-off

is the conditions in which either NOX or soot are produced; with a hotter, leaner

combustion vaporising the soot and hence reducing its emission, with the downside

of the hotter conditions allowing reactions leading to NOX to be formed before

the expansion stroke, which acts to "freeze" the concentration of nitrous oxides

by rapidly cooling the in-cylinder temperature [2, 15]. The opposite of this is also

true, by cooling combustion NOX emissions are reduced however soot is allowed

to form without being vaporised in the combustion chamber.

An example of a classic NOX / soot trade-off is shown in Figure 1.2, showing

clearly the challenge of achieving low emissions of both NOX and soot at the

same time within a traditional CI engine [7]. Methods of reducing both NOX

and soot can be achieved with non-conventional set-ups, including utilising highly

oxygenated biofuels with exhaust gas recirculation (EGR) to achieve both low NOX

and soot [16], applying low-temperature combustion (LTC) techniques including
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Figure 1.2: Experimental NOX / soot trade-off, with fitted curve shown. Adapted
from [7]

homogeneous charge compression ignition (HCCI) combustion [17], as well as varying

the ignition timing whilst also applying EGR [18]. LTC is achieved by keeping the

local combustion temperature below 2200 K at low equivalence ratios to minimise

nitric oxide production, with this local combustion temperature reducing with

an increase in equivalence ratio [19]. HCCI combustion enhances the in-cylinder

mixing in the pre-combustion phase, which ensures a reduction in soot and NOX

formation in-cylinder. However, the reduction of soot and NOX can cause an

increase in both CO and unburned hydrocarbon emissions [19,20], an effect that

is enhanced at lower load conditions [21]. Further reductions in emissions from

the current pace of research and development have led the UK Government to

predict that by 2030 all air quality reporting zones will meet NO2 limits, without

any further legislation on diesel cars [22].

Given the loss in confidence in diesel engines following the Volkswagen "diesel-gate"

scandal in 2015 sales of light duty diesel vehicles have dropped. Along with this,

car manufacturers are pushing towards increased hybridisation of the power-train.
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Also, the corresponding stricter air quality regulations [22] are pushing light duty

diesel engine vehicles out of the market. Despite this, diesel engines will continue

to find use in the medium and heavy duty sectors (including vans, trucks and

marine vehicles), given their increased fuel efficiency, and so research into improving

diesel engines is still warranted and required.

Within this thesis, the spray of diesel fuel from the injector will be considered in

isolation from in-cylinder effects, with simulations focusing on domains mirroring

common combustion bombs [23–25], so as to remove in-cylinder effects and hence

focus on the fundamentals of diesel spray phenomena. With this in mind, the

following section will consider the issues for future CI engine development and

how utilising computational fluid dynamics (CFD) can help develop more efficient

engines.

1.2 Current Spray Modelling Methodologies

CFD allows for a level of vision within a cylinder that cannot be provided by standard

optical-access engines, allowing researchers to see in-cylinder flows in unparalleled

detail. Whereas a common engine is somewhat equivalent to a "black box", where

the inputs and outputs from the engine are known but the exact knowledge of what

is happening within the cylinder is not, CFD allows for this to be visualised. Along

with the increased knowledge of in-cylinder flows CFD provides researchers, it is also

extremely useful in engine development due to the relative low cost and small lead

time in setting up a CFD simulation in comparison to designing an optical-access

engine. Parametric studies of engine components are also much faster to run in a

virtual environment, with any changes able to be automated and run simultaneously

on clustered computer systems, in comparison to being run sequentially on a real

engine. The changeover time for the study would also need to be taken into account;

for example the nozzle-tip protrusion study by Leach et al. [7] required only a small

change in the CFD simulation, in comparison to requiring a technician to alter the

injector position by very small amounts each time a test is required.
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Modelling a diesel spray is a computationally expensive process, and as such is

commonly split into multiple sub-models to reduce computational cost. A schematic

of a common diesel spray is shown in Figure 1.3, with the common spray sub-models

shown. The important models for this thesis are discussed in Chapter 2.

Figure 1.3: Schematic of a common diesel spray, with sub-models noted. LL is the
liquid length, VL is the liquid length

To aid modellers in creating new methods for simulating spray injection using

CFD, the Engine Combustion Network (ECN) set up a series of baseline spray

experiments, mirroring the Turbulent Non-premixed Flame (TNF) workshop’s

successful standard flame experiments [24, 26]. The ECN have generated a series of

test points relevant to engine conditions, with the commonly used "Spray A" test

point corresponding to an engine relevant LTC condition using moderate EGR [24].

Along with this a series of injectors were produced to identical specifications by

Bosch, allowing for multiple institutions to provide experimental data at nominally

identical conditions, ensuring a database of high quality experimental data for

modellers to use. This is further aided by a common fuel injection system, ensuring

consistent injection strategies and phenomena across institutions. All data produced

for the ECN is stored on their database and freely accessible to modellers [27].

One of the key phenomena to model is the reduction in droplet size during

the injection of the fuel, called droplet break-up. Accurate modelling of the

droplet break-up rate ensures the vaporisation rate of the fuel is well matched,
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and as such will feed into better modelling of the combustion. Droplet break-up

is commonly split into two modes, primary and secondary break-up. Primary

break-up details the disintegration of the liquid jet into droplets as it leaves the

injector, with secondary break-up detailing the reduction in diameter of these

droplets. Primary droplet break-up can be categorised into multiple regimes, often

based on the Ohnesorge and Reynolds numbers. These have been described by

Reitz as follows, building on observations from experimental data [28–31]. These

four regimes are also shown in Figure 1.4.

I. Rayleigh jet break-up. In this regime break-up is caused by droplet surface

oscillation growth, induced by the surface tension of the droplet. The droplet

diameter exceeds the jet diameter, and break-up occurs many nozzle diameters

downstream of the nozzle.

II. First wind-induced break-up. Within this regime the surface tension effect

seen in Rayleigh jet break-up is accelerated by the relative velocity seen

between the liquid and gas. Droplet diameters are of the same order as the jet

diameter, and break-up occurs closer to the nozzle than Rayleigh jet break-up,

but still many nozzle diameters downstream.

III. Second wind-induced break-up. Droplets are produced by unstable surface

wave growth caused by the relative velocity between the liquid and gas. This

effect is opposed by the surface tension of the liquid. Droplet diameters are

much less than the jet diameter, with break-up occurring closer to the nozzle

again than the first wind-induced break-up regime.

IV. Atomisation. The jet very quickly disintegrates, usually very close to the

nozzle exit. Droplet diameters are much smaller than the jet diameter, often

in the order of the nozzle diameter.

Diesel spray injection is a highly pressurised system, with injection pressures

of upwards of 1500 bar [24]. As a result, the injection velocity of the fuel is high

(usually over 300 m/s). In-cylinder temperatures vary between close to ambient at
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Figure 1.4: Standard Re-Oh graph, showing primary break-up regimes. The dashed
ellipse shows common diesel engine operating conditions. Adapted from [28,29]

start up to above 2500 K at peak temperatures [32]. The fuel properties also vary

with the temperature, however at injection diesel fuel has a density in the region of

700 kg/m3, a surface tension in the region of 0.02 N/m and a viscosity in the region

of 5×10−4 Pa.s (all values taken from NIST table properties for n-dodecan surrogate

diesel fuel). As such, during the injection phase this leads to large Reynolds numbers

and a highly turbulent velocity distribution within the liquid jet. This ensures that

the spray will be in the atomisation regime, with the primary break-up of the liquid

controlled by the turbulence of the spray and not aerodynamic effects [28].

Reitz and Bracco discuss a variety of different processes that cause atomisation,

including injector dimensions, cavitation and nozzle geometry [33]. Reitz then used

the stability analysis conducted by Reitz and Bracco to define a wave break-up

model based on surface wave growth, now commonly known as the Kelvin-Helmholtz

model [34], for use within the atomisation regime. Huh and Gosman also derived

a model to calculate the atomisation of diesel fuel, based on the assumption of

gas inertia and turbulent stresses being the dominant factors in the atomisation
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of the liquid [35]. These models are based on various non-dimensional groups,

including the Reynolds number, Ohnesorge number, and Weber number. The

definitions for these groups are as follows:

• The Reynolds number is the ratio of the inertial forces to the viscous forces in

a fluid, and is important in judging if a flow is laminar or turbulent. Within

diesel injection flows are often turbulent, however the Reynolds number is still

important in computing the intensity of the turbulence seen. The Reynolds

number is defined as in Equation 1.2.

Re = inertial forces
viscous forces = ρUL

µ
(1.2)

• The Weber number is the ratio between the inertial forces and the surface

tension of a liquid. It is useful in analysing interfaces between two different

fluids, and can be especially important when used to analyse droplet formation.

As such, it is commonly used in predicting break-up and child droplet

formation. It is as defined in Equation 1.3.

We = inertial forces
surface tension = ρU2L

σ
(1.3)

• The Ohnesorge number is the ratio between viscous forces and inertial forces

with surface tension, comparing the Reynolds number and the Weber number.

It is often used in modelling the dispersion of liquids within a gas, and as such

is useful for spray modelling. The comparison of the Weber and Reynolds

number describes the tendency for the droplet to either stay together or break

apart, especially useful for break-up modelling. The Ohnesorge number is

defined as in Equation 1.4.

Oh = viscous forces√
inertia × surface tension

=
√
We

Re
= µ√

ρσL
(1.4)
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Whilst atomisation processes detail the primary break-up of the spray, the

secondary break-up is controlled by aerodynamic forces [28]. Pilch and Erdman [36]

defined five mechanisms of droplet break-up, based off the initial Weber number of

the droplet. These mechanisms also correspond to the break-up modes proposed by

Faeth et al. [37], in which the Weber and Ohnesorge numbers are considered, these

modes have been implemented in a number of common break-up models [38–41].

Two of the major modes for break-up considered are the bag and strip modes,

in which child droplets are created either through a full break-up of the parent

droplet (bag) or smaller child droplets being stripped off the parent droplet (strip).

Reitz and Diwakar considered these modes as the basis for their Weber based

break-up model [42]. Su et al. [43] also developed a stripping based break-up model,

utilising surface wave growth caused by aerodynamic forces to determine criteria

for break-up to occur. This model was expanded to viscous flows by Joseph et

al. [44] and combined with the Kelvin-Helmholtz atomisation model to form a

hybrid primary/secondary break-up model [45].

1.2.1 Challenges of Current Spray Modelling for Future
Engine Development

In order to improve existing diesel technology, a better understanding of the

dominant physical and chemical phenomenon in spray combustion is required.

Previous studies have been conducted to observe in-cylinder spray evolution, air-fuel

mixing processes, spray auto-ignition and flame developments [23, 46]. However,

these studies are commonly performed in rather simplified configurations which

allow limited usage in engine design and optimization [24]. Therefore, CFD becomes

a more popular and useful tool to integrate experimental studies with physical diesel

combustion processes as well as to be part of industrial design and optimization.

Among all modelling processes involved in diesel combustion, spray modelling has

always been a key component due to its significant impact of fuel injection processes,

which greatly affects combustion and emission characteristics. Spray/air mixing

involves several different physical processes, for example collision, evaporation and

turbulent mixing. Interactions between these processes are extremely non-linear
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which makes transient spray modelling really difficult. On this note, it is essential to

develop models that could well predict non-reacting spray transient characteristics

before reliably implementing these in reacting studies.

In order to derive the models used within a common CFD simulation, various

assumptions have to be made about the flow or boundary conditions and as such

generating an exact match to a real engine is difficult to obtain. One of the most

fundamental assumptions often made within diesel spray modelling is to consider

the flow as a Lagrangian-Eulerian flow problem, where the liquid phase is handled as

a flow of Lagrangian droplets and the gas phase is modelled in an Eulerian fashion.

Applying a Lagrangian solution to the liquid phase allows for droplet break-up

and atomisation to be handled easily utilising a discrete droplet method [47]. This

splitting of liquid and gas phases helps simplify the liquid phase simulation to work

with common CFD setups utilising domains broken down into cells, as the Lagrangian

parcels are affected by the conditions of the cell they are in without having to be

tied to moving in discrete distances related to the cell size per time-step [48].

Sprays are widely modelled using the Lagrangian-Eulerian approach. The

modelling community uses different codes and commercial CFD packages along

with various models, model constants, and grid sizes to study spray characteristics.

Some early modelling work in diesel spray was performed through KIVA-3V engine

simulation code using n-heptane as the surrogate fuel [49]. Senecal et al. were able

to accurately obtain liquid length, ignition delay and flame lift-off length under

different ambient and injection conditions. Later Lucchini et al. [50] performed a

series of non-reacting diesel spray simulations to determine the required grid sizes for

fuel-air mixture formation processes. The OpenFOAM code was capable of capturing

liquid length, vapour penetration and mixture fraction distributions at different

distances from the injector. Adaptive Local Mesh Refinement technique (ALMR)

was also implemented to reduce pre-processing and computational time while

preserving the simulation accuracy. Som et al. [51] evaluated the Smagorinsky-based

Large Eddy Simulation (LES) in n-heptane spray simulation using CFD program

CONVERGE. The results were both comparable to a standard Reynolds averaged
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(RANS) turbulence model and the ECN data. Some global spray and combustion

characteristics were successfully captured by both RANS and LES model with LES

being slightly better in predicting the ignition delay. More recently Blomberg et

al. [52] investigated n-dodecane split injections using both LES and RANS through

Star-CD. The ambient conditions and injection profiles were varied, capturing

the combustion recession phenomenon. Both the RANS and LES results showed

good agreement with ECN data in terms of vapour penetration, ignition delay

and lift-off-length.

Whilst grouping droplets in this method is advantageous for computational

speed, ensuring a Lagrangian system correctly captures the experimental set-up is

difficult. Under-estimating the number of parcels required can lead to higher than

expected void fractions far away from the nozzle, leading to lower predicted drag

on the core than expected and hence higher liquid length predictions [46]. Along

with this, a Lagrangian-Eulerian system is highly grid-dependent [46, 48, 53–55],

and as such ensuring the domain is properly refined to ensure the spray is grid

independent is of utmost importance. There is evidence to suggest a move towards

an Eulerian-Eulerian flow condition at higher ambient temperatures and pressures

is required, as an absence of droplets and ligaments can be seen utilising ballistic

imaging [56]. Desantes et al. [57] have compared an Eulerian-Eulerian flow simulation

and a classical Lagrangian-Eulerian flow simulation, finding good agreement for

both to experimental data, with the Eulerian-Eulerian model predicting the near

nozzle field slightly more accurately than the Lagrangian-Eulerian model.

There are few studies concerning comparison of different codes and definitions, as

such comparing the implementations of models between codes is of high importance

to ensure consistency. Mulemane et al. [58] examined cavitation models using both

Fluent and Star-CD. Whereas, Karrholm at al. [59] conducted research on the

effect of ambient gas temperature and exhaust gas recirculation on spray as well as

combustion characteristics. Two different codes, KIVA-3V and OpenFOAM were

implemented, which despite some differences, both successfully captured ignition

delay and flame lift-off. Iyenger et al. [60] also compared KIVA-3V with OpenFoam
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to study non-reacting spray, where capability of both codes in predicting low and

high ambient temperature non-reacting diesel spray is examined. More recently Som

et al. [61] did a comprehensive comparison between OpenFOAM and CONVERGE

for both reacting and non-reacting spray modelling.

Another common assumption in deriving many break-up models is utilising

the Weber number to define criteria for droplet break-up. However, with current

CI technology progression this assumption can cause issues when applied to a

computational simulation, given the ambient conditions in-cylinder tend towards

supercritical conditions for diesel fuel [62, 63]. The issues with this assumption

can best be seen by considering the definition of the Weber number, as shown in

Equation 1.3. At supercritical conditions the droplet’s surface tension tends towards

zero [64,65] and as a result the Weber number will tend towards infinity, making

comparisons often used in break-up modelling (as shown in Equations 2.47, 2.50,

2.53 and 2.56) numerically impossible. As a result, care is required when utilising

these models at conditions above those of the critical point of the fuel injected.

With greater control over injection timings, and the emissions benefits seen from

adopting a multiple injection strategy [66–69] over a single injection strategy means

that more, shorter, injections will be used in future. The use of Digital Rate Shaping

(DRS) [70,71] has allowed for very short energising times, and as a result injections

that are almost entirely contained within the transient period of the spray (defined

as the period of time before the spray settles to its steady state liquid length).

These multiple injection studies have been recreated in simulations, with good

matches being found [72] at energising times above 0.2 ms. The ability of DRS to

reduce the energising times to 0.1 ms and below has been found to cause issues [73],

however slightly longer energising times will still result in injections within the

transient region of the spray. However, in many cases the transient prediction within

simulations is often poorly matched to experimental data [46, 74–76], suggesting

this is an area which requires further insight.



1. Introduction 15

1.3 Objectives

The continual exponential rise in computational power over the past decades has

allowed higher resolution domains to be created (as can be seen comparing two

works of Senecal, both a decade apart from each other [46, 49]), ensuring more

complex phenomena can be captured computationally. However, even with this

greater computational power available there has been little discussion on the how

altering model constants to match experimental data impacts the combustion

prediction. Along with this, given the rise of multiple injection strategies to help

reduce emissions and the usage of digital rate shaping to facilitate short injection

times, computational simulations considering the transient period of diesel injection

are required to ensure the models used can match the experimental data correctly.

This thesis sets out to explore the impact of CFD models on the prediction of

both the transient period and the combustion of a common diesel spray. All the

simulations are carried out in commercially available CFD codes which allow for

detailed chemistry integration into the solver. Initially, the impact of the break-up

models on the transient spray prediction are examined, with two separate models

tested, both of which are commonly used in industry and research settings. By

comparison between two commonly used CFD codes deficiencies within each model

are identified when compared to experimental data. The combustion performance

of the different break-up models is also tested, with results being compared to

experimental data for ignition delay, lift-off-length and qualitative comparisons

between combustion field positions. The break-up models are compared against each

other to identify strengths and weaknesses of each method of modelling break-up

when applied to a combusting test point. The impact of the various "tuning"

constants within each sub-model on the combustion prediction are also investigated,

comparing between matches to determine the influence of each model constant.

These combustion studies should help shed light on the importance of the vaporising

match to the combustion prediction, an area that is rarely discussed currently and

which is important when considering model performance.
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1.4 Thesis Outline

This thesis consists of seven chapters which cover the numerical modelling of

turbulent flows, droplet break-up and droplet atomisation (Chapter 2); a domain

definition and characterisation for non-reacting spray modelling (Chapter 3); a

comparison of break-up models between codes (Chapter 4); the application of

a novel switching method to reacting sprays (Chapter 5), and an investigation

on the impact of the vaporising match to combustion prediction (Chapter 6).

Each chapter begins with a short introduction, with relevant literature discussion

contained within the chapter.

Chapter 2 summarises the common methods for modelling turbulent flows within

diesel spray modelling. The important sub-models (turbulence, atomisation and

break-up) used within this thesis are shown and discussed. Chapter 3 applies

these models to a computational domain that emulates a commonly used diesel

combustion bomb, allowing for a grid sensitivity study to be undertaken that

provides a domain that is used for the rest of the thesis.

Chapter 4 utilises the domain defined in Chapter 3 to compare the Reitz-Diwakar

and KH-RT break-up models, initially by a comparison of baseline setups from

two commercially available CFD codes, Star-CD and CONVERGE. Comparisons

of both to experimental data from Sandia show differences between the models’

transient prediction, believed to be caused by the difference in break-up models used

by each CFD code. Further studies of the KH-RT model within Star-CD show issues

with the model’s implementation, which are investigated and discussed. A new

method for implementing the KH-RT model is used, utilising an Ohnesorge number

based switching position that improves transient response as well as matching

both liquid and vapour lengths. The impact of altering the switching position

on the vapour fields is also considered.

Chapter 5 applies the new implementation of the KH-RT model to a combusting

"Spray A" case, comparing it against the baseline Reitz-Diwakar case. Combusting

criteria including lift-off-lengths, ignition delays and scalar fields are compared,
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showing a good match between the two models. The two sub-models of the KH-RT

model are considered in isolation by utilising the newly implemented switching

criterion, showing instabilities in the liquid prediction when the RT model is applied

to the whole spray. Discrepancies in the liquid length prediction after the end

of injection are also considered, with "empty" parcels that remain in the domain

found to be the cause of this discrepancy.

Chapter 6 utilises the improved matching capability of the new implementation of

the KH-RT model to test the combusting performance of the "Spray A" simulation

at combinations of high, matched and low liquid and vapour lengths. Particular

attention is paid to the impact of various model constants (both turbulence and

break-up) on the combustion fields. The turbulence model constant C1ε is found to

have little impact on the combustion fields, especially in comparison to the break-up

model constants. Differences are found in the spray centreline temperatures based

on the ratio of liquid length to combustion zone position, with the application of

changes to spray break-up model constants causing a large change in combustion

temperature and OH radical magnitudes.

Chapter 7 brings together and summarises the conclusions from the main body of

work presented in the thesis. It also suggests further work that could be done to

improve the quality of the work considered in these studies.

1.5 Publications Related to this Thesis

The content in Chapter 4 has been peer reviewed and published as follows:

• Louis Nicholson, XiaoHang Fang, Joseph Camm, Martin Davy and David

Richardson. "Comparison of Transient Diesel Spray Break-Up between Two

Computational Fluid Dynamics Codes". In SAE Technical Paper 2018-01-

0307. SAE International, 2018

The work undertaken in Chapters 5 and 6 is in preparation for publication, and

will be published in future.



2 Spray Modelling Methodology

Computing turbulent spray injection within the context of internal combustion

engines presents a large number of challenges, given the flow within the cylinder

is compressible, multi-phase, multi-scale, unsteady and three-dimensional. As a

result, a number of assumptions need to be made to reduce the complexity of

the simulation in order to reduce the computational run-time to acceptable levels.

Firstly, the flow prediction is split into a series of sub-models, among which are the

turbulence, atomisation and break-up sub-models. The models used within this

thesis are presented within this chapter, detailing the governing equations for each

model and the assumptions made within their formation. Work on comparing the

break-up models will be detailed in Chapter 4, with the results from this comparison

being tested further in Chapters 5 and 6.

2.1 Governing Equations

Within this body of work Reynolds Averaged Navier-Stokes (RANS) modelling

is used to predict the spray formation and propagation. This theory is based

around the Navier-Stokes equations (Equations 2.1 to 2.5), which are used to model

three-dimensional fluid flow within a finite volume [77].

∂p

∂t
+ div(ρu) = 0 (2.1)

∂(ρu)
∂t

+ div(ρuu) = −∂p
∂x

+ div(µ grad(u)) + SMx (2.2)

∂(ρv)
∂t

+ div(ρvu) = −∂p
∂y

+ div(µ grad(v)) + SMy (2.3)

18
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∂(ρw)
∂t

+ div(ρwu) = −∂p
∂z

+ div(µ grad(w)) + SMz (2.4)

∂(ρEi)
∂t

+ div(ρEiu) = −p div(u) + div(k grad(T )) + Φ + Si (2.5)

There are three major equation types within the Navier-Stokes equations; the

continuity equation (Equation 2.1), the x, y and z momentum equations (Equations

2.2, 2.3 and 2.4 respectively) and the internal energy equation (Equation 2.5).

Reynolds Averaging involves splitting the instantaneous flow variables (3-D velocity

and pressure) seen in the Navier-Stokes equations into a mean value and a fluctuating

value; taking the x-velocity (u) as an example yields the form shown in Equation 2.6.

ui = Ui + u′i (2.6)

With Ui denoting the mean value and u′i denoting the fluctuating value. This can

be applied to the three-dimensional velocity in much the same way, as shown

in Equation 2.7.

u = U + u′ (2.7)

The relationships shown in Equations 2.6 and 2.7 can be substituted into the

continuity and x-momentum equations (Equations 2.1 2.2) whilst also applying

time averaging shown by Versteeg and Malalasekera [77] (examples are shown in

Equation 2.8) to yield the time averaged continuity and x-momentum equations,

shown in Equations 2.9 and 2.10.

div(uu) = div(UU) + div(u′u′); ∂u

∂t
= ∂U

∂t
; ϑ div(grad(u)) = ϑ div(grad(U))

(2.8)

div(U) = 0 (2.9)

∂U

∂t
+ div(UU) + div(u′u′) = −1

ρ

∂P

∂x
+ ϑ div(grad(U)) (2.10)
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This method can also be applied to the remaining momentum equations (Equations

2.3 and 2.4) to yield the fully time-averaged equations.

∂V

∂t
+ div(VU) + div(v′u′) = −1

ρ

∂P

∂y
+ ϑ div(grad(V )) (2.11)

∂W

∂t
+ div(WU) + div(w′u′) = −1

ρ

∂P

∂z
+ ϑ div(grad(W )) (2.12)

As can be seen, a new term has been added to the previous, non-averaged, set of

equations. This is a term describing the convective momentum transfer due to

turbulent eddies, and is a differential of a product of fluctuating velocities (div(u′u’)

from Equation 2.10). It is customary to have this term on the right hand side of the

equation; applying this to the time averaged equations above yields the Reynolds

Averaged Navier-Stokes equations (Equations 2.9 and 2.13 to 2.15).

∂U

∂t
+div(UU) = −1

ρ

∂P

∂x
+ϑ div(grad(U))+ 1

ρ

[
∂(−ρu′2)

∂x
+ ∂(−ρu′v′)

∂y
+ ∂(−ρu′w′)

∂z

]
(2.13)

∂V

∂t
+div(VU) = −1

ρ

∂P

∂y
+ϑ div(grad(V ))+ 1

ρ

[
∂(−ρu′v′)

∂x
+ ∂(−ρv′2)

∂y
+ ∂(−ρv′w′)

∂z

]
(2.14)

∂W

∂t
+div(WU) = −1

ρ

∂P

∂z
+ϑ div(grad(W ))+1

ρ

[
∂(−ρu′w′)

∂x
+∂(−ρv′w′)

∂y
+∂(−ρw′2)

∂z

]
(2.15)

In this form, the time averaged velocity fluctuation terms within the square brackets

are analogous to stress terms, with a set of three normal stresses (Equation 2.16)

and three shear stresses (Equation 2.17).

τxx = −ρu′2; τyy = −ρv′2; τzz = −ρw′2 (2.16)

τxy = τyx = −ρu′v′; τxz = τzx = −ρu′w′; τyz = τzy = −ρv′w′; (2.17)
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These stresses are collectively known as the Reynolds Stresses. Within standard

two equation turbulence models these are modelled using the Boussinesq hypothesis;

which relates the Reynolds Stresses to the mean deformation rate (Sij) occurring

on each element due to the eddy viscosity (µt). This is shown in Equation 2.18.

The eddy viscosity (µt) is of extreme importance within two equation turbulence

modelling, as it determines the flow of energy from larger eddies to smaller eddies

and as such will impact the momentum transfer of the entire spray. Further detail

on the way it is modelled is given in Section 2.2.

τij = −ρu′iu′j = 2µtSij −
2
3ρkδij (2.18)

The Reynolds Stresses are also dependent on the Kronecker delta (δij from Equation

2.18), which has a value of 0 if i 6= j and a value of 1 if i = j. The mean deformation

rate is defined as in Equation 2.19.

Sij = 1
2

(
∂Ui
∂xj

+ ∂Uj
∂xi

)
(2.19)

2.2 Turbulence Modelling

Turbulent flow has no formal definition [78], however it exhibits a number of

characteristics that allow turbulent flows to be studied and modelled. Turbulent

flows are always chaotic (and thus dependent on initial conditions), unsteady,

rotational and three-dimensional and act over a wide range of both length and

time scales [79]. Despite turbulence’s chaotic nature it is deterministic, and as

such is governed by the Navier-Stokes equations (Equations 2.1 to 2.5). A classical

way of representing the energy of a turbulent system is with an energy spectrum,

relating the turbulent energy of the system (E(κ)) to the wave number (κ), which

is inversely proportional to the length scale the turbulence is acting on. A classical

energy spectrum is shown in Figure 2.1.
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Figure 2.1: Turbulent energy spectrum, adapted from [80].

The total turbulent kinetic energy of the system (k) can be calculated from

the area under the spectrum, as shown in Equation 2.20.

k =
∫ ∞

0
E(κ) dκ (2.20)

This spectrum can also be represented as an energy cascade, showing the energy

flowing from large eddies to small eddies, before being dissipated at the Kolmogorov

scales. This is illustrated in Figure 2.2.

Figure 2.2: Turbulent energy cascade, adapted from [79].



2. Spray Modelling Methodology 23

Figure 2.1 shows that the majority of the turbulent energy of a system is

contained within the largest eddies; this energy is provided by the mean flow of the

system as shown in Figure 2.2. The cascade of energy from large to small eddies

is caused by the eddy interactions, which transfers kinetic energy down the eddy

scale. At the lowest eddy length scales the viscous stresses begin to dominate and

diffuse the energy to the surroundings in the form of thermal energy. This energy

transfer is constant per unit time for each eddy size, and is called the turbulent

diffusion rate (ε); ε is proportional to the kinematic viscosity (ϑ) and the square

of the fluctuating velocity between the eddies [77]. Within the Kolmogorov scales

the dissipation dominates, and can account for approximately 90% of the total

energy dissipated from the system [79].

Diesel sprays are highly turbulent in nature given their high injection pressures

(1500 bar or more) and hence high injection velocities, commonly above 300 m/s

within most of the liquid region of the spray [46]. Modelling the effect of the turbulent

flow on the injected parcels and vapour fields for a diesel spray is crucial for predicting

the spray formation, propagation and combustion. Within this body of work the

standard k-ε model will be used; it is described in detail in the following section.

2.2.1 The k-ε Turbulence Model

The k-ε model considers the transport of the turbulent kinetic energy (k) and the

turbulent dissipation rate (ε) throughout the domain being considered. This model

and its variants are extremely commonly used due to their versatility of application

and, within spray modelling, their ability to capture global spray characteristics

(such as the liquid and vapour lengths, as well as lift-off-lengths) with very small

tuning requirements [49, 81–84]. Within this study the standard k-ε model will be

used due to its improved ability to predict spray formation. The transport equations

for both k and ε are shown in Equations 2.21 and 2.22 [77].

∂(ρk)
∂t

+ div(ρkU) = div
[
µt
σk

grad(k)
]

+ 2µtSij.Sij − ρε (2.21)
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∂(ρε)
∂t

+ div(ρεU) = div
[
µt
σε

grad(ε)
]

+ C1ε
ε

k
2µtSij.Sij − C2ερ

ε2

k
(2.22)

Both equations are of a very similar format with 5 major terms in each. The k

transport equation (Equation 2.21) is broken down into its constituent parts below,

with a brief explanation of the role of each term in the transport of k.

∂(ρk)
∂t + div(ρkU) = div

[ µt

σk
grad(k)

]
+ 2µtSij .Sij - ρε

(I) (II) (III) (IV) (V)

Rate of
Change
of TKE

Convective
Transport
of TKE

Diffusive
Transport
of TKE

Rate of
Production
of TKE

Rate of
Destruction
of TKE

The eddy viscosity (µt) is calculated based off the density, turbulent kinetic

energy and dissipation and is shown in Equation 2.23 [77].

µt = ρCµ
k2

ε
(2.23)

From Equations 2.21, 2.22 and 2.23 there are 5 model constants in total; the

common values for these are shown in Table 2.1. These constants were analytically

derived during the derivation of the model [80], however are tunable for different

situations. σk and σε are the turbulent Prandtl-Schmidt numbers for TKE and

turbulent dissipation rate respectively [77, 85].

Table 2.1: k-ε model constants and their common values for diesel spray modelling

Constant Value

Cµ 0.09

C1ε 1.44

C2ε 1.92

σk 1

σε 1.3
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The two prominently used tunable constants are C1ε and C2ε, as seen in the

ε transport equation (Equation 2.22). These control the levels of production and

destruction of turbulent dissipation respectively, and as such are powerful tuning

tools for matching experimental spray prediction [74].

2.3 Spray Atomisation Modelling

Atomisation modelling simulates the near-nozzle flow and initial break-up of the

liquid just after injection, otherwise known as primary break-up. The differences

between primary and secondary break-up are detailed in Figure 2.3, with the

models acting on each break-up regime noted. The primary break-up pertains

to modelling the initial surface wave growth on the droplets, with the secondary

break-up modelling the effect of the aerodynamic forces on the droplets. Both

break-up regimes act to reduce the diameter of the droplets, with droplet volume

lost through either surface waves or aerodynamic forces causing smaller droplets

to be shed from the initial, larger, droplet.

Figure 2.3: Simplified primary and secondary break-up regime schematic, showing
where relevant models apply to the liquid phase of the spray
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As the liquid is injected into the domain the liquid jet disintegrates into sheets,

ligaments and droplets [28]. When the droplets have formed from the liquid jet

disintegration secondary break-up forces act on the droplets, causing a further

reduction in the droplet diameter due to the stresses on the surface of the droplet

causing shedding of mass [28]. Approximations of both primary and secondary

break-up mechanisms are shown within this Chapter, with the assumptions made

about each mechanism shown.

Computational modelling cannot feasibly track every droplet injected into a

system, and as a result droplets are collected into parcels containing droplets of

similar size [47]. It is on these parcels that the atomisation and break-up models

act, along with all the other models.

Primary break-up can either be handled by the break-up model alone (as is

the case for the KH-RT model, explained in Section 2.4.2) or by a standalone

atomisation model (as is used for the Reitz-Diwakar model). In this second case, the

Huh-Gosman model is used to simulate the atomisation of the liquid into droplets

in the near nozzle region. Both methods of handling the primary break-up have

been heavily used [49,81–84,86] and are well matched to experimental data. The

initial droplet diameter in both cases is set to the nozzle diameter, an injection

method called "blob" injection [34].

2.3.1 Huh-Gosman Atomisation Model

The Huh-Gosman model is based on the assumption that the gas inertia and

initial turbulent stresses within the nozzle are the dominant factors for spray

atomisation [35]. As a result, the model simulates the turbulence within the nozzle

that acts on the jet surface in the injection phase, then applies Taylor wave theory

to simulate the initial surface wave growth caused by this turbulence [35]. The

inputs for this model are the mean injection velocity (calculated from the mass

flow rate), and the nozzle length and diameter, with the model outputting the

spray cone angle and child droplet diameter.
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The nozzle turbulence is modelled using a modified, reduced k-ε model, as

shown in Equations 2.24 and 2.25 [35, 87].

kA = Uinj
2

8 L
Dinj

(
1
c2
d

−Kc − 1
)

(2.24)

εA = KεUinj
3

2L

(
1
c2
d

−Kc − 1
)

(2.25)

With Uinj defined as the mean injection velocity, L the length of the injector nozzle,

cd the nozzle discharge coefficient, Dinj the injector nozzle diameter, Kc the "form

loss" model constant and Kε an empirically derived model constant. All model

constants are shown in Table 2.2. Following on from the modified k-ε model, the

turbulent length and time scales can also be calculated as in Equations 2.26 and 2.27.

L0
t = C0.75

µ

k1.5
A

εA
(2.26)

τ 0
t = C0.75

µ

kA
εA

(2.27)

With Cµ defined as in Section 2.2, Table 2.1. The decay of the scales shown in

Equations 2.26 and 2.27 due to turbulence is dependent on time and two more

model constants, as shown in Equations 2.28 and 2.29.

Lt(t) = L0
t

(
1 + Ca1

t

τ 0
t

)Ca2

(2.28)

τt(t) = τ 0
t

(
1 + Ca1

t

τ 0
t

)
(2.29)

Where Ca1 and Ca2 being model constants. Further scales include the atomisation

length scale, the wave perturbation length scale and the atomisation time scale.

The atomisation length scale is proportional to the turbulent length scale, with

the wave perturbation length scale related to the atomisation length scale (shown

in Equations 2.30 and 2.31). The atomisation time scale is taken to be a linear

combination of the turbulent and wave time scales, and is shown in Equation 2.32.
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LA = C1Lt (2.30)

Lw = LA
C2

(2.31)

τA = C3τt + C4τw (2.32)

Where the wave time scale (τw) is the inverse of the surface wave frequency (ωA),

which is calculated as in Equation 2.33 [88].

(ωA + 2ϑκ2)2 + σstκ
3

ρd
− 4ϑ2κ3

(
κ2 + ωA

ϑ

)0.5

+ (ωA + jUκ)2ρg
ρd

= 0 (2.33)

With σst the surface tension coefficient and j the imaginary unit
√
−1. The common

values for the model constants shown throughout this section are shown in Table 2.2.

Table 2.2: Huh-Gosman model constants and their values [35]

Model Constant Constant Value

Kc 0.45

Kε 0.5

Ca1 0.92

Ca2 0.4565

C1 2

C2 0.5

C3 1

C4 1.5

Now, a droplet size distribution is defined. The droplets are initialised with

a diameter equal to the nozzle diameter, and shown as Dd. The break-up rate

within this model is shown in Equation 2.34.

dDd

dt
= − 2LA

0.1τA
(2.34)
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This holds true until the spontaneous time scale (C3τt) exceeds the exponential time

scale (C4τw). The diameter of the child droplets formed after the primary break-up

is derived from a probability density function, from which the new droplet diameter

is selected. The probability density function is defined in Equation 2.35.

f(D) = C
Φ(D)
τA(D) (2.35)

With C a normalisation constant and Φ(D) the dimensionless turbulent energy

spectrum, defined in Equation 2.36.

Φ(D) = (κ(D)/κe)2

(1 + (κ(D)/κe)2)11/6 (2.36)

With the peak wavenumber (κe) defined based on the turbulent length scale,

as shown in Equation 2.37.

κe = 1.5π
Lt

(2.37)

The full distribution function, F(D), is the integral of the original pdf from Equation

2.35, and is defined in Equation 2.38.

F (D) =
∫ D

Dmin

f(D) dD (2.38)

The lower limit for the integral is the minimum droplet diameter, which is calculated

from Kelvin-Helmholtz instability theory, described in Equation 2.39.

Dmin = 2πσd(ρd + ρg)
U2ρdρg

(2.39)

When applied, the new droplet diameter is chosen from the probability distribution

in Equation 2.38, shown in Figure 2.4, with the new droplet velocity equal to the

previous droplet velocity given conservation of mass is applied.
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Figure 2.4: Droplet size probability distribution from the Huh-Gosman atomisation
model, using values in Table 2.2 [35]

Finally, the spray semi-cone angle (β) is calculated. This is determined based

off the injection velocity and atomisation length and time scales, and shown in

Equation 2.40.

tan(β) = LA/τA
U

(2.40)

This also sets the maximum radial velocity, which would occur if the droplet

was injected directly along the axis of injection. However, this does not always

occur physically, and as such the components for the droplet velocity in the x,

y and z direction are calculated from β and the characteristic velocity (uch), the

calculated injection velocity from the fuel mass flow rate. These components are

defined in Equations 2.41 to 2.43.

ud,x = uchsin(βd)cos(αd) (2.41)

ud,y = uchsin(βd)sin(αd) (2.42)
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ud,z = uchcos(βd) (2.43)

Where the angles βd and αd are randomised angles, based on the relationships

shown in Equations 2.44 and 2.45.

βd = Xr,1β (2.44)

αd = 2πXr,2 (2.45)

With Xr,1 and Xr,2 being random numbers in the range of [0,1]. A schematic of

the spray cone angle is shown in Figure 2.5.

Figure 2.5: Schematic of injection system, with cone angle noted. Adapted from [87]
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2.4 Spray Break-Up Modelling

A key model for simulating the spray formation and propagation is the spray

break-up model, which governs how the injected Lagrangian parcels break-up

during the injection period. The break-up model considers the secondary break-up

of the spray, whereby the already atomised droplets reduce in size over time.

Two models are considered in this thesis, the Reitz-Diwakar model [89] and the

Kelvin-Helmholtz/Rayleigh-Taylor (KH-RT) model [45] in the viscous form [44].

Within both models, a droplet break-up rate (dDd

dt
) is required to compute the

diameter of the droplets after break-up. This is shown in Equation 2.46 [87]. This

break-up rate is based on the current droplet diameter (Dd), the stable droplet

diameter (Dd,stable) and the droplet break-up time scale (τ). The stable droplet

diameter and droplet break-up time scale are calculated within each model.

dDd

dt
= −Dd −Dd,stable

τ
(2.46)

For both models shown, the liquid and ambient properties are required, along with

the droplet size and velocity for inputs; the KH-RT model also requires the cone

angle of the spray as an input. The droplet break-up time scale and stable diameter

are the outputs of the models, which are used in Equation 2.46 to calculate the

droplet break-up rate. The Reitz-Diwakar model is applied to droplets that have

already undergone break-up from the atomisation model, whereas the KH-RT model

is applied for the whole spray, with the Kelvin-Helmholtz model considering the

primary break-up of the droplets and the Rayleigh-Taylor model considering the

secondary break-up. Within Star-CD the application of either of the sub-models

(bag/strip for Reitz-Diwakar or KH/RT) is decided based on the break-up time

scale calculated, with the shortest predicted time scale chosen as the dominant

break-up mode. The applicability of this will be discussed further in Chapter 4.
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2.4.1 Reitz-Diwakar Model

Within the Reitz-Diwakar model two types of break-up are considered: a bag

break-up and a strip break-up, with both being modelled to have been caused

by aerodynamic forces acting on the droplet [89]. The difference between these

break-up mechanisms are shown in Figure 2.6.

Figure 2.6: Bag and strip break-up mechanisms. Adapted from [90].

Bag Break-Up Modelling

For bag break-up to occur the droplet Weber (Web) number (as shown in Equation

1.3) must exceed a critical value, defined as Cb1, which is tunable by the user. Given

the Weber number compares the drag force and the droplet’s surface tension it is

an excellent dimensionless number to use to predict droplet formation and break-up.

This yields the relationship shown in Equation 2.47.

Web ≡
ρdU

2Dd

2σd
≥ Cb1 (2.47)
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This allows the stable droplet diameter to be found at the point when the critical

value is met and break-up just begins, as shown in Equation 2.48.

Dd,stable = 2Cb1σd
ρdU2 (2.48)

The corresponding break-up time scale is defined in Equation 2.49 [89].

τb = Cb2ρ
0.5
d D1.5

d

4σ0.5
d

(2.49)

With Cb2 defined as another model constant. All model constants and their common

values for the Reitz-Diwakar break-up model are shown in Table 2.3.

Strip Break-Up Modelling

A different criterion to that seen in Equation 2.47 is used for stripping break-up

to occur, this is shown in Equation 2.50.

Wed√
Red
≥ Cs1 (2.50)

When this criterion is just met then stripping break-up begins to occur. As

with before, at this point the stable droplet diameter can be calculated, and

is shown in Equation 2.51.

Dd,stable = 4σdC2
s1

ρdU2µd
(2.51)

Where Cs1 being a model constant. The time scale is defined as in Equation 2.52 [89].

τs = Cs2
2

(
ρd
ρg

)0.5
Dd

U
(2.52)

Where Cs2 is the final model constant for the Reitz-Diwakar break-up model.

The baseline values whenever used in this thesis for all of these constants can

be found in Table 2.3.



2. Spray Modelling Methodology 35

Table 2.3: Reitz-Diwakar model constants and their values and boundaries [87,89]

Model Constant Baseline Value Value Boundaries

Cb1 6 3.6 - 8.4

Cb2 π π

Cs1 0.5 0.5

Cs2 20 2 - 20

2.4.2 Kelvin-Helmholtz/Rayleigh-Taylor Model

For the KH-RT model the droplet radii are used within calculations, with the

parent droplet radius (rp) and child droplet radius (rc) corresponding to the droplet

diameter (Dd) and stable droplet diameter (Dd,stable) respectively. These can be

easily converted to diameters for use within Equation 2.46 after the stable radius

has been calculated. As with the Reitz-Diwakar model, within Star-CD the KH and

RT models act simultaneously with the time scales determining which model acts

at any one time. A visualisation of the KH and RT models effects on the droplet is

shown in Figure 2.7, with the droplets noted with their child radii.

Figure 2.7: KH and RT break-up model visualisations. Adapted from [34,44,87]
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KH Break-Up Model

The KH model predicts the wavelength and growth rate of surface waves as they

develop on the droplet based on the flow conditions [34]. Knowledge of the flow

conditions allow for the stable droplet diameter and break-up time scale to be

calculated. The maximum computed surface growth rate is defined as the cause of

break-up, and the wavelength corresponding to this growth rate is calculated

as in Equation 2.53.

ΛKH = 9.02
rp
(
1 + 0.45Z0.5

d

)(
1 + 0.4T 0.7

)
(
1 + 0.87We1.67

g

)0.6 (2.53)

With Zd being the droplet Ohnesorge number (Equation 2.54) and T being the

Taylor number (Equation 2.55).

Zd =
√
Wed
Red

(2.54)

T = Zd
√
Weg (2.55)

The corresponding maximum surface growth rate to Equation 2.53 is calculated

as in Equation 2.56.

ΩKH =
(
σd
ρdr3

p

)0.5 0.34 + 0.38We1.5
g

(1 + Zd)(1 + 1.4T 0.6) (2.56)

When the growth rate and wavelength are calculated the child droplet radius and

time scale can be calculated as in Equations 2.57 and 2.58.

rc = BKH0ΛKH (2.57)

τKH = 3.726BKH1rp
ΛKHΩKH

(2.58)

With BKH0 and BKH1 being two model constants, with their values being shown in

Table 2.4.
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RT Break-Up Model

The RT model simulates instabilities based on the aerodynamic forces acting on

the droplet causing disturbances on the droplet surface. This is simulated using

an acceleration which is then applied to the viscid model [44]. The acceleration

is calculated as in Equation 2.59.

aRT = 3
8Cd

ρgU
2

ρdrp
(2.59)

With the value for the drag coefficient (Cd) based on the Reynolds number, shown

in Equation 2.60.

Cd =


24
Red

(1 + 1
6Re

0.6667
d ) Red < 1000

0.424 Red ≥ 1000
(2.60)

As in the KH model, the maximum surface growth rate is the critical break-up

factor for the RT model. Within the viscid RT model the surface growth rate

is defined as in Equation 2.61 [44].

ωRT = κ2
RT

(
µd + µg
ρd + ρg

)
+

√√√√κRT
(
ρd − ρg
ρd + ρg

)
aRT − κ3

RT

σd
ρd + ρg

+ κ4
RT

(
µd + µg
ρd + ρg

)2

(2.61)

With κRT being the wavenumber. The wavenumber that corresponds to the

maximum growth rate is KRT , and can be found using a numerical bisection

method of Equation 2.61, leading to a maximum surface wave growth rate of ΩRT .

The methodology used for the numerical bisection method used is presented in

Appendix A. The wavelength for the maximum surface growth rate is calculated

as shown in Equation 2.62.

ΛRT = 2π
KRT

(2.62)

From the calculated wavelength and growth rate the child droplet radius and

break-up time scale can be calculated as shown in Equations 2.63 and 2.64.
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rc = BRT0ΛRT (2.63)

τRT = BRT1

ΩRT

(2.64)

With BRT0 and BRT1 being the final model constants for the KH-RT model. The

constants and their baseline values whenever used in this thesis are shown in Table

2.4.

Table 2.4: KH-RT model constants and their values and boundaries [34,45,87]

Model Constant Baseline Value Value Boundaries

BKH0 0.6 0.6 - 0.61

BKH1 7 5 - 40

BRT0 0.1 0.05 - 0.1

BRT1 1 1



3 Domain Characterisation

Before undertaking investigations into the break-up of diesel spray the spray domain

needs to be suitably characterised. To this end, a grid sensitivity study was

undertaken along with sub-model testing to ensure that the domain refinement

is sufficient to capture the spray characteristics and that the models chosen to

predict the spray are correct. The initial ambient turbulence and dissipation are

also defined for the study to best match the experimental data, with the impact of

changing these also characterised. Utilising these studies, a baseline domain can

be generated for use in future research which is well characterised and converged

to an acceptable level of accuracy to the baseline conditions.

3.1 Grid Sensitivity Study

3.1.1 Background

The first step in any domain characterisation is to undertake a grid sensitivity study

to ensure that various spray parameters are well captured and grid independent.

This grid sensitivity study is in the style presented by Senecal [46], which builds on

the work by Lippert [53]. This study has also been used on combusting cases in

both RANS and LES [54,55]. The goal of a grid sensitivity study is to develop a

domain where key spray parameters have converged with respect to the cell size,

whilst also keeping run times to an acceptable level.

For this study the Engine Combustion Network (ECN) "Spray A" condition

will be used. The "Spray A" test point is a high temperature and pressure case

with well characterised experimental data available for validation [24,27], with the

conditions for this test point shown in Table 3.1. Within the Sandia set-up the

39
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Table 3.1: ECN vaporising "Spray A" experimental conditions [24,27]

Fuel Surrogate n-dodecane

Ambient Temperature (K) 900

Ambient Gas Density (kg/m3) 22.8

Ambient Gas Composition 89.71 % N2, 6.52 % CO2,
3.77 % H2O

Injection Pressure (bar) 1500

Fuel Injection Temperature (K) 363

Nozzle Diameter (µm) 90

Injection Duration (ms) 1.5

Injection Mass (mg) 3.5

conditions are reached using a pre-burn chamber, whereby a small amount of fuel

is ignited before the test, and the injection of note is started when the ambient

conditions reach the desired temperature and pressure. As a result, the ambient

gas composition contains combustion products in small quantities in comparison

to the N2 quantity. Further information on the exact Sandia set-up can be found

in Pickett’s initial paper on the ECN project [24].

The experimental data is taken from Sandia [24], with Mie Scattering used

to obtain the liquid lengths and schlieren imaging used for the vapour lengths.

Further details on the methodology used for obtaining the liquid lengths can be

found in the work of Siebers [91]. For this study the liquid and vapour lengths

are presented as ranges, based on the 95 % confidence interval obtained from the

standard deviation and errors obtained by Sandia. The transient period of the

spray is defined as the first 0.3 ms of injection, after which the spray is in its "steady

state" and the mean liquid length can be taken.

A grid sensitivity study was undertaken to investigate the impact of the cell size

on the spray formation and propagation. This study is in the style presented by

Senecal [46], which builds on the work by Lippert [53]. This study has also been

used on combusting cases in both RANS and LES [54,55]. The goal of this study
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is to develop a domain where key spray parameters have converged with respect

to the cell size, whilst also keeping run times to an acceptable level.

3.1.2 Methodology

The CFD code Star-CD is used for this study, which uses a structured, pre-generated

cubic mesh to compute the injection. The injection was computed as a transient

problem, utilising the PISO solver to solve the RANS equations. A time step

of 0.5 µs was chosen through tests as a good compromise between number of

time steps and maintaining a low Courant number (<0.1). As a result targeted

refinement has been employed around the liquid region to ensure convergence of

key parameters within this region of the spray. This refinement is defined by an

Embed Scale (ES), with the cell size (dx) being calculated based on a base cell

size (dxbase) as shown in Equation 3.1.

dx = dxbase × 2−ES (3.1)

For this study a base cell size of 2 mm was chosen, and embed scales of 0 to

5 are utilised. The domain being modelled is a 108 mm cube, yielding the cell

sizes and cell counts shown in Table 3.2. With each refinement of the grid the

parcel number was increased by a factor of 4 to ensure that an over-prediction

in liquid length is not seen due to an under-prediction in drag outside the liquid

core [46]. This would be caused by parcels containing a much higher mass than

that contained within a cell, and as such the momentum transfer between the

parcel and the cell would bring the cell’s velocity up to that of the parcel, which

outside the liquid core would be undesirable. By increasing the parcel count the

mass within each parcel is reduced, and as such this parcel-cell interaction’s effects

are reduced [46]. The parcel counts selected here are estimates based on previous

knowledge, and will be discussed further in Section 3.1.4.
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Table 3.2: Embed scales and corresponding cell sizes and cell counts

Embed Scale 0 1 2 3 4 5

dx 2mm 1mm 0.5mm 0.25mm 0.125mm 0.0625mm

Cell Count 157464 212344 380344 491672 778056 1063950

Parcel Count 50000 200000 800000 3200000 12800000 51200000

The refinement of the mesh is shown in Figure 3.1, with the refinement targeted

around the injector location. The baseline set-up utilises the models shown in Table

3.3, which are the baseline models used in Star-CD. Almost all of the constants

are at their standard values, except for the C1ε constant which is raised from

1.44 to 1.52; this constant controls the production of turbulent dissipation [77,92]

and is often varied to match liquid and vapour lengths within RANS modelling.

The models can be found in more detail in literature [35, 77, 87, 89, 92]. In this

case the value of 1.52 was chosen from previous knowledge, however it can be

altered based on the results of this study.

Eight different spray parameters were chosen to determine grid convergence,

these are as follows:

• Liquid Length

• Vapour Length

• Vapour Mass Fraction

• Density

• Eddy Viscosity

• Turbulent Length Scale

• Velocity

• Turbulent Kinetic Energy
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Figure 3.1: Spray domains used for grid sensitivity study, showing increasing targeted
refinement. Embed scales are noted for comparison
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All of these parameters are measured along the axis of injection at 1 ms ASOI,

Figure 3.2 shows a screenshot from the post-processing suite ENSIGHT showing

how this was taken. The liquid and vapour lengths are defined by the Engine

Combustion Network (ECN), with the liquid length currently defined as the length

encompassing 97 % of the liquid mass, and the vapour length defined as the furthest

cells containing a mass fraction of fuel greater than 0.1 % [27].

Table 3.3: Sub-models used in grid sensitivity study

Model Class Model Used

Atomisation Huh-Gosman [35]

Break-Up Reitz-Diwakar [42]

Drag Dynamic [87]

Collision None

Evaporation Ranz-Marshall [87]

Turbulence Standard k-ε [92]

Figure 3.2: Measurement axis visualisation from ENSIGHT for extracting spray
parameters

3.1.3 Results

The first comparators of note are the liquid and vapour lengths; these are generally

grid convergent at larger cell sizes than other comparators and as such are a good

initial test of convergence within a study. These can be seen in Figures 3.3 and 3.5,

which show the liquid and vapour lengths respectively. The liquid length shows a
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clear convergence towards the mean, with good results being shown in embed scales

between 3 and 5. The transient period is noteworthy in this study, as in all cases

above an embed scale of 1 there is a transient overshoot. This is believed to be a

product of either the break-up or atomisation models and this will be discussed

in more detail in Chapter 4 with a comparison between CFD codes. The steady

state liquid length means for each case are compared to the experimental steady

state liquid length mean in Table 3.4, showing that for embed scales of 4 and higher

the simulated steady state liquid length lies within the experimental uncertainty,

which is also shown in Figure 3.3. It should be noted that a small increase in the

C1ε constant will remedy the slight under-prediction of liquid length seen in the

embed scale 3 case. From the work of Senecal et al. [46], should the embed scale

increase from 5 to 6 the liquid length mean will remain mostly unchanged, given

the change in liquid length mean between each embed scale has been reducing as

the embed scale increases. Another point of note in Figure 3.3 is the transient

overshoot seen in all embed scales around 0.1 ms ASOI. This is of interest given the

importance of correctly predicting short injections (as discussed in the introduction),

and will be examined further in Chapter 4.
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Figure 3.3: Liquid length against time ASOI for all embed scales

Table 3.4: Liquid length means and final vapour lengths for all embed scales

Embed Scale Liquid Length Mean Final Vapour Length

0 5.07 mm 47 mm

1 6.32 mm 57.5 mm

2 8.18 mm 53.75 mm

3 9.71 mm 53.25 mm

4 9.86 mm 53.25 mm

5 9.93 mm 53.25 mm

Experimental 10.08 ± 0.34 mm 56.85 ± 2.56 mm

The run time trade off against liquid length mean prediction can be seen in Figure

3.4, which clearly shows the increasing run time caused by the increased cell count

and parcels injected. The run time is also shown to have a knee around an embed

scale of 3, with the simulation run time exponentially increasing past this point.
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Figure 3.4: Liquid length convergence with run time variation against increasing embed
scales

Figure 3.5 shows the convergence trend amongst the vapour lengths; with an

increasing embed scale showing a reduction in final vapour length, however the

final vapour length converges at an embed scale of 2. This mirrors the findings

of Senecal et al. [46], who also found smaller cell sizes showing a lower vapour

length than predicted by experiments. As with the liquid length the convergence

is clear to see, with embed scales of 2 and above all predicting a very similar

vapour length after 0.5 ms. Higher embed scales show an improved prediction

of the initial vapour length, however they diverge once beyond the refined zone

of the domain. Slight reductions in the initial gradients of the vapour lengths

can be seen in the embed scale 3 and above cases around 0.2 ms ASOI, this is

believed to be caused by the transient overshoot seen in Figure 3.3 causing a higher

than expected initial vapour penetration.

The vapour mass fraction is plotted in Figure 3.6. The trend of convergence

is seen in the maximum values, with small differences between embed scales 3-5

being seen before the maximum value. The peak at 5 mm from the injector seen

at the highest embed scales suggests some very early vaporisation occurs at this
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Figure 3.5: Vapour length against time ASOI for all embed scales

distance, however the position of the maximum vapour mass fraction is just beyond

the liquid length of 10 mm, which is to be expected.

The density closely follows the vapour mass fraction trends, and can be seen in

Figure 3.7. Very similar trends are seen with the local maxima for the two highest

embed scales seen at ∼5 mm from the injector, and all three of the highest embed

scales having very similar global maxima. In both of these two previous cases the

embed scale of 2 has been capturing the trends of the higher embed scales, but

failing to catch the finer details; with the two lowest embed scales failing to capture

either the trend or the details with any precision.

The eddy viscosity is also underpredicted by lower embed scales, as seen in

Figure 3.8. The convergence trend is weaker in this case compared to before; whilst

the values at ∼40 mm from the injector tip are converged for embed scales greater

than 2 the eddy viscosities before 20 mm from the injector tip show variation with



3. Domain Characterisation 49

Figure 3.6: Vapour mass fraction against axial distance from injector tip for all embed
scales @ 1 ms ASOI

each embed scale. There is still a trend towards convergence however, with the

difference clearly decreasing with each successive refinement.

Correct prediction of the eddy viscosity is important, given its impact on the

both the turbulent kinetic energy and turbulent dissipation rate of the system.

Figure 3.8 shows that for an embed scale of 3 the eddy viscosity is lower than the

higher embed scales up until approximately 20 mm from the injector tip. Despite

this, the liquid length is not under-predicted to the same level as the eddy viscosity,

and the other comparators used in this study suggest that this under-prediction is

not as important as the saving in run-time utilising a lower embed scale provides.

The turbulent length scales (TLS) at varying embed scales will show if the spray

is being properly resolved for the majority of the spray. The TLS is calculated

as shown in Equation 3.2, with the TLS varying based on the Turbulent Kinetic

Energy (k), the Turbulent Dissipation Rate (ε) and a model constant (Cµ).

TLS = C0.75
µ

k1.5

ε
(3.2)

If the TLS is larger than the cell size at that point in time, the spray is considered

to be well defined. Near to the nozzle this will be extremely difficult due to the
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Figure 3.7: Density against axial distance from injector tip for all embed scales @ 1 ms
ASOI

extremely high turbulence in the near nozzle region. The TLS plots for this study

can be seen in Figure 3.9. The TLS is larger than the cell size for the embed scale of

5 for almost all of the spray, with each successive drop down in refinement yielding

less of the spray TLS being larger than the cell size. Figure 3.9 also clearly shows

why the two lowest embed scales poorly predict the spray, with neither being able

to resolve the turbulence at any position in the spray.
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Figure 3.8: Eddy viscosity against axial distance from injector tip for all embed scales
@ 1 ms ASOI

Figure 3.9: Turbulent length scale against axial distance from injector tip for all embed
scales @ 1 ms ASOI. The coloured crosses signify the point at which the spray becomes

"well resolved" for each embed scale
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Finally, the velocity and turbulent kinetic energy (TKE) are considered. Senecal

et al. [46] found that convergence for the velocity was not found below an embed

scale of 6 (0.0325 mm), and that before this the velocity approximately increased

linearly with each subsequent refinement of the grid. The velocity for this study

can be found in Figure 3.10. It can be seen that convergence is not reached for the

maximum velocity in any embed scale, with each refinement increasing the maximum

velocity in an approximately linear fashion. As a result, given the relationship

shown between velocity and TKE (shown in Equation 3.3), the maximum TKE

should increase exponentially between refinements. This is shown in Figure 3.11,

and is shown to qualitatively hold true.

k = 1.5u′2 (3.3)

The peak in the velocities seen the embed scales of 4 and 5 are believed to be

due to more accurate resolving of the droplet drag near to the nozzle with the

reduction in cell size. During the steady state period of the spray the near nozzle

droplets are expected to have little to no drag acting on them, and as a result

with each reduction in cell size the drag on the droplet reduces near nozzle. The

Figure 3.10: Velocity against axial distance from injector tip for all embed scales @ 1
ms ASOI
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convergence of the embed scales 3 to 5 after 5 mm from the injector tip suggests

it is adequately resolved after this point however.

A clearer demonstration of the convergence seen within this study can be seen

in Figure 3.11, showing the maximum values of each parameter shown previously.

It can be seen at embed scales of 3 and above in almost all parameters convergence

has been reached, with only the velocity (Figure 3.11h) and TKE (Figure 3.11g)

not showing convergence; however displaying the expected linear and exponential

relationships with respect to embed scale. This lack of convergence has also been

seen in other studies at these embed scales [46] and as such is not deemed to be

representative of a poorly refined domain.

Considering the showings of Figures 3.4 and 3.11, convergence is reached above

an embed scale of 3 for almost all criteria, with the run time increasing exponentially

above an embed scale of 3. However, with a possible reduction in parcel count the

embed scale of 4 could also be used, so long as this reduction does not adversely

affect the results or spray patterns due to under-resolution of the liquid phase

within the higher refined domain. As a result, a study on the impact of the parcel

count on the results is needed to find an optimum value for the parcel count for

both embed scales 3 and 4, and hence find the best trade off between refinement,

parcel count, run time and accuracy for this domain.

3.1.4 Impact of Parcel Count on Spray Prediction
Parcel Study Methodology

From the results of the previous study there was a choice of domains to be used,

with embed scales 3 and 4 both providing good data and convergent trends. The

major differences between the domains were in the liquid length predictions, with

3 being outside of experimental range and 4 within; this can be improved with

some simple tuning of the C1ε constant and as such is not deemed important. The

other major difference was in the run time, with 3 taking approximately 9 hours

to run and 4 taking approximately 32 hours. This is less easily tuned, however a

large contributor to the extended run time is the parcel count injected. As Table
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3.2 shows, there is a factor of 4 difference between the two, with both injecting

over 3 million parcels into the domain. This is considered too many parcels for

either domain, and as a result a saving in run time can be found by reducing the

injected parcel count. This study was conducted on both domains, and the liquid

and vapour lengths are compared along with the run time to see how great a saving

can be found by simply reducing the parcel number.

Results

Utilising the embed scale 3 and 4 domains from the previous grid sensitivity study

(Section 3.1), the parcel numbers were reduced from the maximum numbers seen in

that study (Table 3.2) in 4 stages, which are approximately equal in difference. The

different parcel numbers tested for each simulation are shown in Table 3.5, with a

parcel scaling number used for each increase in parcels injected into each domain.

Table 3.5: Parcel scaling for each domain tested

Parcel Scaling 1 2 3 4 5

ES 3 Parcel Number 714084 1428769 2138577 2853326 3421899

ES 4 Parcel Number 2666886 5331919 7998184 10664073 13652327

All other model constants are kept the same between runs, with the only variable

being the parcel number. The liquid and vapour lengths, along with the run times,

are compared to see if there is any impact on the global spray properties from

reducing the parcel number. Initially, the liquid and vapour lengths are compared

over the whole injection period; for the embed scale 3 domain this is shown in

Figure 3.12 and for the embed scale 4 domain this is shown in Figure 3.13. Similar

effects of the transient overshoot on the vapour length are seen in both cases at

around 0.15 ms ASOI, mirroring that shown in the grid sensitivity study.

These Figures show that there is very little difference in either the liquid or

vapour lengths when the parcel number is changed; which is further confirmed

when considering the steady state liquid lengths for each embed scale. This is

demonstrated in Figure 3.14.
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Figure 3.12: Liquid and vapour penetrations for varying parcel numbers with the
embed scale 3 domain, plotted against time ASOI. Liquid and vapour lengths are shown

on the plot for reference, these are consistent throughout the thesis

Figure 3.13: Liquid and vapour penetrations for varying parcel numbers with the
embed scale 4 domain, plotted against time ASOI
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Figure 3.14: Steady state liquid length means for both embed scales considered for
varying parcel numbers

From Figure 3.14 there is no obvious linear relationship between an increase

in parcel number and the steady state liquid length mean, and as a result it

can be determined that the liquid length (at these parcel numbers considered) is

independent of the parcel number. This suggests that the initial estimate for the

parcel count made in Table 3.2 was too high, and the parcel count could have been

reduced without impacting the liquid length predictions. For the embed scale 3

domain the means lie around 9.7 mm, and for the embed scale 4 domain the means

lie around 9.85 mm, which is what was seen in the previous grid sensitivity study.

The other major computational parameter considered within this study was

the computational run time. Given each parcel has to be tracked throughout the

domain at all timesteps until evaporation it suggests that increasing the number of

parcels injected into the domain will increase the run time. This is confirmed in

Figure 3.15, which show both the increase in parcels with the parcel scaling and the

run time’s variation with respect to the parcel number for both cases considered.

Along with this, both figures show that the relationship between parcels injected

and run time is highly linear, as expected, with R2 values of 0.9999 and 0.9995 for

the embed scales 3 and 4 respectively shown in Figure 3.15b and Figure 3.15d.
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Figure 3.15: Run time as a function of parcel number for both domains, (a) and (b)
for embed scale 3, (c) and (d) for embed scale 4

Going forward, the PS value of 1 will be used for the domain for all future

simulations.

3.2 Impact of Ambient Turbulence Criteria on
Spray Predictions

3.2.1 Background

The values for the initial ambient turbulence and dissipation rates can be modified

within Star-CD, allowing for matching to different spray combustion chambers.

Given the common values of ambient velocity shown in Pickett’s paper [24] ranging

from 0.1 to 2 m/s, the impact of the ambient turbulence and dissipation needs to

be quantified for the domain presented to ensure correct predictions are obtained.

It has also been shown that slight differences in the turbulence of the domain have

impacts on the OH fields of a combusting spray [93], and as such correctly defining

the turbulence in the domain is critical for all parts of the spray.

Values for the ambient TKE were derived from Pickett’s paper [24]; with some

additions above and below the values from the paper for further extrapolation,
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shown in Figure 3.16. The dissipation values were taken from commonly used values

within Star-CD for spray modelling. The values considered are shown in Table 3.6.

Figure 3.16: Ambient TKE as a function of velocity, with the Sandia and IFP spray
chambers noted along with points taken for this study

Table 3.6: Ambient TKE and dissipation values used in study

k (m2/s2) ε (m2/s3)

1 1000

2 2000

5 3000

10 5000

The baseline conditions for the study are bolded in Table 3.6; when the TKE

value is varied the dissipation is set to 3000 m2/s3, similarly whilst the dissipation

is varied the TKE is set to 2 m2/s2.

3.2.2 Ambient Turbulent Kinetic Energy Results

As was shown in the work of Ameen et al. [93], the ambient turbulence can have

an impact on combusting sprays, however the spray structures only were shown,
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with no comparison of the impact on the liquid and vapour lengths of the spray. As

a result, the impact of this alteration in ambient TKE is needed to be quantified

for this domain as well, to ensure accurate predictions of different spray chambers

(especially important with validating data from the CDST in future). Considering

the values of k from Table 3.6, the liquid and vapour lengths can be plotted for the

different values, as shown in Figure 3.17. As can be seen, there is little change in

the mean liquid lengths by varying the TKE, however the initial transient overshoot

is reduced with an increase in ambient TKE. This is to be expected, as a higher

ambient turbulence will cause a quicker aerodynamic break-up for the first parcels

entering the domain, and hence will reduce the overshoot seen. The vapour lengths

are consequently impacted by this reduced overshoot, with larger discrepancies

between ambient TKE values seen in the first millisecond of injection than in the

final half millisecond. The comparisons of liquid length means, final vapour lengths

and transient overshoot is shown in Table 3.7.

Table 3.7: Liquid lengths, overshoots and vapour lengths for varying ambient TKE

k (m2/s2) Liquid Length
(mm)

Transient
Overshoot (mm)

Vapour Length
(mm)

1 9.91 3.74 52.25

2 9.89 2.17 51.75

5 9.83 1.00 51.25

10 9.79 -0.04 50.75

The reduction in vapour length is small compared to the increase in ambient

TKE, suggesting that there is only a weak interaction between turbulent kinetic

energy and the vapour penetration. This is in sharp contrast to the large reduction

in the transient overshoot seen with increasing TKE, especially when the liquid

length for each increase in TKE is only slightly reduced (by approximately 1 %). It

is also notable that for the highest ambient TKE considered there is no overshoot of

the steady state liquid length, with a peak being seen that is lower than the steady

state liquid length. One interesting point is that with an increase in TKE the "dip"

after the transient overshoot in liquid length is increased, suggesting that the liquid
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Figure 3.17: Liquid and vapour lengths for varying ambient TKE against time ASOI

tip is sheared away from the liquid core for a short period of time before the steady

state liquid length is established. Both the reduced (or non-existent) overshoots

and the "dips" after the liquid length peaks are shown in more detail in Figure 3.18,

showing a zoom in of the transient region of the liquid length plot.

Figure 3.18: Zoom of the transient liquid length predictions with varying ambient TKE
against time ASOI
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From Figure 3.18 it is clear that the liquid length drop-off after the peak

increases in gradient with an increase in ambient TKE, with each successive increase

in ambient TKE leading to a quicker settling to the steady state liquid length mean.

One possible reason for this is the shape of the liquid spray formed in each test,

with a "fatter" spray with a lower overshoot dropping to steady state faster. Figure

3.19 shows the parcel positions for each test at 0.1 ms ASOI.

Figure 3.19: Parcel plots for varying ambient TKE at 0.1 ms ASOI. MDIA is droplet
diameter in metres

The overshoot can be clearly seen reducing with each increase in ambient TKE,

with the spray tip increasing in width in each successive increase. This behaviour

can also be seen with the vapour fields, given the parcels at the liquid tip will

be the first to evaporate the shape of the liquid tip should correspond to the

vapour field at that timestep. As Figure 3.20a shows, the increase in ambient TKE

causes a "fatter" initial vapour field to be formed, along with the vapour length

being shorter at that timestep. This does not translate to a major difference in

the later injection vapour field, shown in Figure 3.20b, with a marginal reduction
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in vapour length seen at 1 ms ASOI, however the vapour field structure is very

similar between ambient TKE values.

Considering the work of Ameen et al. [93], there is a difference of predictions

of the vapour fields with increasing ambient TKE, with Ameen’s work predicting

a slight increase in vapour length, and Figures 3.17 and 3.20 showing that in this

study the vapour length would reduce slightly as the ambient TKE is increased.

However, it should be noted that there are important differences between this

work and that of Ameen et al.; with this study being a non-combusting RANS

case and Ameen et al. using a combusting LES case for their study [93]. As a

result, there would be differences in the predictions of the eddy viscosity given its

reliance on TKE and dissipation, both of which will change with the differences

in temperatures seen between the combusting and non-combusting cases. As such,

this comparison is purely qualitative.
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(a)

(b)

Figure 3.20: Vapour fields for varying ambient TKE at (a) 0.1 ms and (b) 1 ms ASOI.
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3.2.3 Ambient Turbulent Dissipation Results

The ambient turbulent dissipation rate is crucial to set correctly, as too high a

value set will lead to a quicker breakdown in the ambient turbulence compared to

experimental data, and as such poor predictions of the spray characteristics. As

such, the impact of changing this value needs to be determined to ensure good

spray predictions. The values shown in Table 3.6 are considered, with the liquid

and vapour lengths plotted for this varying ε in Figure 3.21.

Figure 3.21: Liquid and vapour lengths for varying ambient turbulent dissipation
against time ASOI

Figure 3.21 shows that there is a small variance in the liquid length means and

final vapour lengths, however there is a small difference in the transient overshoot.

It is clear from Table 3.8 that the increase in turbulent dissipation also leads to

an increase in the transient overshoot with no major impact on either the liquid

or vapour lengths. This is to be expected, as an increase in turbulent dissipation

will ensure that the turbulence will have less of an effect on the initial droplets

injected into the domain, leading to them travelling further through the domain

before evaporating and becoming vapour. As was shown in the ambient TKE study,

this increase in the transient overshoot directly impacts the vapour length at that

time, with a slight increase in vapour length seen around 0.15 ms ASOI for the

higher ambient turbulent dissipation values compared to the lower values.
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Table 3.8: Liquid lengths, overshoots and vapour lengths for varying ambient turbulent
dissipation

ε (m2/s3) Liquid Length
(mm)

Transient
Overshoot (mm)

Vapour Length
(mm)

1000 9.86 1.35 51.75

2000 9.89 1.82 51.75

3000 9.90 2.17 51.75

5000 9.90 2.73 52.25

To further illustrate the differences in the transient overshoots, the parcel plots

for the sprays are shown in Figure 3.22. The increase in liquid length is clear, with

the tip of the liquid spray slightly increasing in each successive increase of turbulent

dissipation. As with the TKE tests in Figure 3.19, the main body of the spray is

unaffected by the change in ambient turbulent dissipation, however the spray tip

remains thin in this case, not become noticeably fatter in this case as the transient

overshoot is reduced. The impact of the change in turbulent dissipation rate on the

vapour fields is shown in Figure 3.23, showing that there is very little change in the

vapour fields between turbulent dissipation values. Figure 3.23a shows a very slight

"fattening" of the vapour field with a reduction in turbulent dissipation, however

the magnitude of this is far reduced from that seen in the TKE tests, shown in

Figure 3.20. The vapour fields at later injection times are extremely similar, with

negligible differences in vapour lengths and field widths. As a result, it can be

concluded that the turbulent dissipation only impacts the transient overshoot and

the very early evaporation period of the spray, with the liquid and vapour lengths

and vapour fields only being effected by very small amounts.

To ensure consistent modelling practices throughout this thesis, the baseline

values for k and ε (2 m2/s2 and 3000 m2/s3 respectively) are used due to their

matching of experimental conditions and suggested values for spray modelling from

Star-CD. Applying everything shown in this chapter, a final domain can be shown

to predict the "Spray A" case for future work. This domain will be used in the

following chapters to test the KH-RT spray break-up model against both known



3. Domain Characterisation 67

Figure 3.22: Parcel plots for varying ambient turbulent dissipation at 0.1 ms ASOI.
MDIA is droplet diameter in metres

experimental data and another commercially available CFD code (in Chapter 4),

and from this will be used to test the new break-up length KH-RT model that is

implemented in Star-CD at different conditions (in Chapter 5).
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(a)

(b)

Figure 3.23: Vapour fields for varying ambient turbulent dissipation at (a) 0.1 ms and
(b) 1 ms ASOI.
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3.3 Conclusions

Within this chapter the computational domain has been created and characterised at

the "Spray A" vaporising condition, employing the best practices of Star-CD and the

recommended turbulence, break-up and atomisation models (k-ε, Reitz-Diwakar and

Huh-Gosman respectively). The domain was characterised using a grid sensitivity

study, with different levels of embedding employed near to the nozzle to determine

the optimum cell size for simulations. The following observations have been made

utilising this domain:

• A cell size of 0.25 mm was found to be the best trade-off between accuracy,

run time and convergence of most key spray criteria. Any un-converged spray

criteria were found to converge either at 0.125 mm or just after, and are not

deemed critical enough to warrant a smaller minimum cell size.

• The impact of the parcel count in the simulation was also considered, showing

a strong linear relationship between parcel count and run time with negligible

impact on the liquid or vapour lengths. This suggests the initial parcel counts

selected for the grid sensitivity study were too high, and are reduced for the

domain going forward. 700,000 parcels are found to be the optimum parcel

count for the simulation.

• Finally, the initial ambient turbulence criteria were also investigated, with

the ambient turbulent kinetic energy having a strong impact on both the

transient overshoot of the liquid length and the initial vapour field formation.

The turbulent dissipation rate had a weaker impact on the transient overshoot

than the ambient TKE with little impact on the liquid length. Considering

these results suitable values for both were chosen to use going forward, with a

ambient TKE value of 2 m2/s2 and an ambient turbulent dissipation rate of

3000 m2/s3 used in future.



4 Novel Switching Method for the
KH-RT Model

This chapter presents a novel method for determining the switch between the KH and

RT models. Initially, this was derived through comparison between two commercially

available CFD codes, Star-CD and CONVERGE, for the vaporising "Spray A" case

from Sandia [24]. Elements of this Chapter have been published in [94], with

additions for this thesis. The initial comparison of the nominally identical KH-RT

break-up models within Star-CD and CONVERGE show major differences in both

the liquid length and Sauter Mean Diameter (SMD) predictions between the codes.

This was found to be caused by the differing implementations of the KH-RT model,

with Star-CD applying the two models (KH and RT) in competition based on the

break-up timescale predicted, compared with CONVERGE’s implementation of

applying the KH model to parent droplets and the RT model to the child droplets.

By applying a break-up length model within Star-CD, the KH and RT models

can be applied sequentially, yielding qualitatively similar results between the new

break-up length model within Star-CD and the child droplet model of CONVERGE.

The impact of the application of this model on the vapour fields is also investigated,

with an early switching position observed to cause more oscillatory and unstable

behaviour within the inside of the vapour field. This model is then applied to a

combusting spray in Chapter 5, with comparisons of the lift-off length, ignition

delay and vapour fields made between the new model and experimental data.

70
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Declaration

The content in this chapter is as a result of a collaborative effort between the author

and Dr. XiaoHang Fang. The author is responsible for all Star-CD simulations and

the development of the novel switching method definition. Dr. XiaoHang Fang is

responsible for the CONVERGE simulations. Figures 4.1 and 4.3 are shared between

the author and Dr. XiaoHang Fang. However, the analysis of the results is the

author’s own independent work. The work in this chapter has been published in [94].

4.1 Background

4.1.1 Spray Definitions

It is important to define various parameters used within this study, with the major

parameters being used for comparison being the liquid length, the vapour length

and the transient region for the vaporising spray, with the ignition delay and lift-off

length used for the combusting spray. The liquid and vapour lengths are as defined in

Section 3.1.2. From the grid sensitivity study undertaken by the author the transient

region of the spray is defined as the time between the start of injection and 0.3 ms

ASOI, as this is the time at which almost all previous studies have shown the liquid

length to reach its steady state. As with the liquid and vapour lengths, the ignition

delay and lift-off-lengths are defined by the ECN. Both are based on the OH mass

fraction, with the ignition delay defined as the first point in time this mass fraction

reaches 2 % of its simulation long maximum, and the lift-off-length defined as the

axial distance from the injector at which this mass fraction of 2 % is reached [27].

4.1.2 Motivation for Improved Transient Modelling

From the grid sensitivity study shown in Section 3.1 a transient overshoot of the

liquid length was seen, with this being explicitly shown in Figure 4.1a. This transient

overshoot was not repeated in a similar grid sensitivity study undertaken within

CONVERGE, shown in Figure 4.1b. There are clear differences between the two

codes’ predictions of the transient region, with Star-CD clearly over-predicting the

initial liquid length before dropping to the steady state length, and CONVERGE
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having a slower initial prediction, but reaching steady state around 0.1 ms ASOI

and then holding at this length for the remainder of injection. As was discussed

in Section 1.2, the application of digital rate shaping has enabled injections of

less than 0.2 ms, and as such ensuring correct modelling of this transient period

is essential for correct engine simulations.

The reason for the overshoot seen within Star-CD can be observed by looking at

the movement of the parcels through the initial transient region, shown in Figure 4.2.

The circled parcels within Star-CD are approximately half nozzle diameter and move

past the spray tip; given the definition of the liquid length as a liquid mass threshold

the overshoot of these parcels past the spray tip will cause the overshoot of the

liquid length seen in Figure 4.1a. Once the circled parcels have penetrated beyond

the spray tip, they reduce in diameter quickly until they evaporate. This yields the

rapid drop in liquid length seen in Figure 4.1a at around 0.1 ms ASOI, and after this

point the spray is stable with no further droplets penetrating beyond the spray tip.

(a) (b)

Figure 4.1: Comparison of grid convergence study liquid length results against time
ASOI, with cell sizes noted. Experimental data presented as a range by the grey filled
area. (a) Star-CD grid convergence results, (b) CONVERGE grid convergence results

from Fang [94].
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Figure 4.2: Parcel plots for (a) Star-CD and (b) CONVERGE baseline (from
Fang [94]) simulations at 0.06 ms ASOI. The parcels causing Star-CD’s transient

overshoot are circled. MDIA is the droplet diameter in metres.

4.1.3 Comparison of Baseline Setups

Despite the use of different CFD codes for the comparison, attempts were made

to ensure as much similarity as possible existed in their operation. Both codes

model the spray with a Lagrangian-Eulerian approach, with the droplets modelled

as parcels, as defined by Dukowicz [47]; the gas flow field is modelled by the

standard k-ε model [77, 92]. The grid sensitivity study shown in Section 4.1.2

selected a minimum cell size of 0.25 mm for Star-CD, while a grid convergence

study undertaken by Fang found a similar minimum cell size for CONVERGE [94].

The grids generated for both codes cover the liquid region of the spray with their

minimum cell size, as shown in Figure 4.4.

Table 4.1 shows the major differences between the baseline setups of the two

codes, with the break-up, atomisation and evaporation models differing code to

code. The "effective" injection model is the same as the blob model in all but name,

with the parcels injected at nozzle diameter with a calculated injection velocity
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based on the mass flow rate. Whilst the break-up and atomisation models can be

altered within Star-CD, the evaporation model is not possible to change and as

such cannot be made equivalent to the CONVERGE case.

Table 4.1: Comparison of baseline sub-models and grid set-up between codes.
Numerical values for the models can be found in Table 4.2

Model Setup Star-CD CONVERGE

Spray Sub-Models

Turbulence Standard k-ε,
with modified constants [92]

Standard k-ε,
with modified constants [92]

Injection Effective [34,87] Blob [34]

Break-up Reitz-Diwakar [89] KH-RT [45]

Atomisation Huh-Gosman [35] KH-RT [45]

Collision None None

Evaporation Ranz-Marshall [95] Frossling [96]
Turbulent
Dispersion Stochastic [87] Stochastic [96]

Heat Transfer Ranz-Marshall [97] Ranz-Marhsall [96]

Grid Setup

Grid Type Structured Structured with AMR [96]

Dimensionality 3D 3D
Maximum Cell
Count 491672 291463

The other major difference between the codes is in the grid generation. Within

Star-CD the grid is pre-defined, with a domain selected and then split into cells.

Refinement can be applied, however this is done before the simulation and is

restricted to splitting the pre-existing cells into eight smaller cells, halving the cell

size. Within CONVERGE the domain is specified before simulation, however a grid

is not pre-generated. A base cell size is set, and some fixed embedding is applied

around the injector; however after this mesh refinement is applied based on the

velocity gradients between cells, allowing for highly spray based refinement to be

employed. This is called Adaptive Mesh Refinement (AMR), and can be applied

based on velocity or temperature gradients, depending on the case being considered;
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more information on AMR can be found in the CONVERGE methodology [96].

Figure 4.4 shows the clear difference between the purely embedded refinement of

Star-CD (Figure 4.4a) and the velocity gradient based AMR used in CONVERGE

(Figure 4.4b). Despite these differences the liquid region of the spray is still fully

contained by the 0.25 mm cell size, with only the vapour region being covered by

different cell sizes (0.5 mm for Star-CD compared to 0.25 mm for CONVERGE).

Given the vapour penetrations shown in Figure 4.3a this is expected to have

negligible impact on the vapour prediction. This is further proved by considering

the CONVERGE grid convergence vapour length results, seen in Figure 4.3b,

suggesting the difference in cell size for the vapour region has little impact on the

prediction from each code. The trends between codes are very similar, with the

largest cell size under-predicting the vapour length, followed by an oscillation around

the converged vapour length as the cell size is reduced. This is more prevalent in

the Star-CD case (Figure 4.3a), however this has also been seen in literature [46].
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(a)

(b)

Figure 4.3: Comparison of grid convergence study vapour length results against time
ASOI. (a) Star-CD grid sensitivity results, (b) CONVERGE grid convergence results

from Fang [94].
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(a) (b)

Figure 4.4: Comparison of Star-CD and CONVERGE meshes at 1 ms ASOI, (a):
Star-CD mesh, (b): CONVERGE (from Fang [94]) mesh

This initial comparison between the codes took place with the codes using their

"baseline" setups. Both baseline setups are tuned to match the steady state liquid

length, achieved by tuning the turbulence model constants and spray break-up model

constants. A comparison of these can be found in Table 4.2. The differences seen in

the transient liquid lengths shown in Figure 4.1 were initially thought to be caused

by the differences in the spray break-up models. As a result, the Star-CD set-up

was matched to the CONVERGE setup, using the KH-RT model and applying the

constants shown in Table 4.2. By applying these models on as similar a grid as

possible, it is hoped that a direct comparison between the codes can be achieved.
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Table 4.2: Comparison of baseline constant values for Star-CD and CONVERGE

Constant Star-CD CONVERGE

k-ε Turbulence Model

Cµ (Eq 2.23) 0.09 0.09

C1ε (Eq 2.22) 1.53 1.58

C2ε (Eq 2.22) 1.92 1.96

σk (Eq 2.21) 1 1

σε (Eq 2.22) 1.3 1.3

Break-up Model Constants (Reitz-Diwakar / KH-RT)

Cb1 (Eq 2.47) / BKH0 (Eq 2.57) 6 0.6

Cb2 (Eq 2.49) / BKH1 (Eq 2.58) π 7

Cs1 (Eq 2.50) / BRT0 (Eq 2.63) 0.5 0.1

Cs2 (Eq 2.52) / BRT1 (Eq 2.64) 20 1

4.2 Direct KH-RT Comparison

4.2.1 KH-RT Model Results

Given the nominal equivalence of the two setups, it is expected that the predictions

of liquid and vapour length will be more similar now than was seen previously.

The full injection results for both codes can be seen in Figure 4.5, which shows

the differences between the two codes in more detail.

The vapour length prediction is improved by utilising the KH-RT model, however

there is a clear under-prediction in steady state liquid length when the model is

switched. This under-prediction is shown in Table 4.3, and is outside of the

experimental range; whilst also having a worse prediction of the transient liquid

length. The transient liquid length predictions are shown in Figure 4.6, and

illustrate the difference in predictions more clearly. One similarity between the

simulations is the slower ramp in initial liquid length when compared to the

Reitz-Diwakar model; with the KH-RT model exhibiting similar behaviour in

Star-CD when compared to CONVERGE.
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Figure 4.5: Direct comparison of Star-CD and CONVERGE KH-RT liquid and vapour
lengths against time ASOI

Figure 4.6: Direct comparison of each code’s transient liquid length prediction against
time ASOI

The differences in predictions between the nominally identical models suggests

that there is an underlying issue with the Star-CD KH-RT model. This is further

confirmed when the model is tested more thoroughly, as is shown in the next section.
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Table 4.3: Simulated and experimental liquid length means for baseline cases

CFD Code Maximum Transient
Liquid Length

Steady State Liquid
Length

Star-CD R-D 11.11 mm 10.13 mm

Star-CD KH-RT 11.26 mm 9.09 mm

CONVERGE 9.99 mm 9.98 mm

Experimental 9.46 ± 0.43 mm 10.08 ± 0.34 mm

4.2.2 KH-RT Implementation Differences

Within both codes the governing equations are unchanged, with both using the

formulations of Reitz and Joseph (with Xin’s alterations) [34, 44, 98]. The major

difference between the codes is the way the models are applied. Within CONVERGE,

the KH model is applied to parent droplets, with the droplets formed by the break-up

of these droplets then being acted on by the RT model. Within Star-CD, both

models will compete at all positions and droplet diameters to determine which

causes break-up, with the model predicting the shortest break-up time being classed

as the "critical" model and hence causing the break-up of the droplet. Within the

current Star-CD simulation with the base KH-RT model applied, this causes issues

with the SMD values, as can be seen in Figure 4.7; with a cliff edge in SMD being

seen when the KH-RT model is used in comparison to the R-D model in Star-CD

and the KH-RT model in CONVERGE. A cliff edge in SMD predictions is not

seen within experiments when considering the axial droplet SMD [99–101], however

very sharp drops in droplet SMD are seen near to the nozzle and henne would

be predicted early in the injection cycle as well [100, 101]. These drops in SMD

are similar to the drop seen in the CONVERGE SMD prediction, with a larger

negative gradient than in the Star-CD Reitz-Diwakar model.

This can also be visualised by the parcel plots comparing the two KH-RT models,

shown in Figure 4.8. Star-CD shows a rapid break-up of the nozzle diameter droplets

to a large amount of very small droplets, very quickly after injection. This rapid

break-up correlates well with just the RT model causing break-up, as a stripping
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Figure 4.7: SMD values for the baseline cases for both codes, and the KH-RT case for
Star-CD, against time ASOI

break-up model will cause many very small droplets to be formed after break-up.

This suggests that within Star-CD the RT model is dominating break-up, even

within the liquid core. This theory can be tested by reducing the BKH1 constant,

seen in Equation 2.58. Reducing this from the initial value of 7 to 6 will cause the

KH model to predict a timescale approximately 15 % lower than previously, and

hence should have an impact on the global spray parameters and the SMD values.

Figures 4.9, 4.10 and 4.11 show the impact of altering the BKH1 constant on the

simulation results. There is clearly minimal impact outside of the transient region

on the spray penetration lengths, and even within the transient period the spray is

minimally different between BKH1 values. This is especially apparent in the SMD

plots, where for all values of BKH1 tested the SMD’s are identical. Hence, it can be

concluded that the alteration of the BKH1 constant provides little impact on the

spray penetration lengths, and hence the RT model is dominating even at small

values of BKH1, consistent with the findings of Wang using an outward opening

injector [102]. This is not physically consistent with what one might expect, as

this suggests a drag based break-up model is causing break-up in the liquid core,

in which the droplets have a very low drag force acting on them. As a result, a
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Figure 4.8: Parcel plots of (a) Star-CD and (b) CONVERGE KH-RT direct
comparison simulations, 0.06 ms ASOI. MDIA is the droplet diameter in metres.

new implementation of the KH-RT model is needed to ensure the KH and RT

models act "correctly" through the use of a tunable constant; the CONVERGE

methodology is not possible to recreate within Star-CD due to the lack of a child

droplet flag, and as a result a break-up length switch is used.
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Figure 4.9: Penetration lengths for varying BKH1 values against time ASOI

Figure 4.10: Comparison of transient liquid length predictions for varying BKH1 values
against time ASOI
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Figure 4.11: SMD values for varying BKH1 values against time ASOI

4.3 KH-RT "Switch" Model Implementation

Break-up length methods for switching between the KH and RT models are not

new, with a notable example being the Levich theory [103] (Equation 4.1); which is

commonly used within CONVERGE [96] and other literature (in both vaporising

and combusting cases) [49,57,74,104,105]. However, given the emphasis on primary

atomisation seen within this study a simple ratio of densities was deemed inadequate

to accurately define a switch between atomisation and break-up regimes. Given

the Ohnesorge number’s use in predicting the tendency for a droplet to break-up

(as described in Equation 1.4), it is used for the new criteria.

Lb = Cbl

√
ρl
ρg
d0 (4.1)

To implement the new switching method a User Defined Function (UDF) was

written and input into Star-CD, continuing to use the KH-RT model’s governing

equations [34,44,98] and converting the radii used within these equations to diameters

to be compatible with the Star-CD conventions [87]. A switch criterion was added

to the model to determine the position at which the two sub-models are active,

this takes the form of a break-up length criterion similar to that of Levich [103]



4. Novel Switching Method for the KH-RT Model 85

(Equation 4.1), however based on the initial Ohnesorge number (Z0) instead. In

this case, the KH model solely acts before the criterion is met, and after this the

KH and RT models compete to cause breakup, in the standard way for Star-CD.

The break-up length is calculated from the nozzle tip, and is denoted by SW1. The

definition of the criterion is shown in Equation 4.2.

SW1 = 10SNDnozZ0 (4.2)

Within the definition of SW1 there is a scaling number (SN ) to alter the position

at which the switch occurs, the nozzle diameter (Dnoz) and initial Ohnesorge number

(Z0, Equation 2.54, 0.01635 in "Spray A") are also used. Given this comparison is

at one data point a single non-dimensional group is used, this dimensional analysis

can be expanded to fit more points. The Ohnesorge number is chosen due to its

definition, based on the droplet viscosity and surface tension. In general, atomisation

effects on a droplet are dependent on these parameters along with the aerodynamic

forces; as a result the Ohnesorge number captures the atomisation regime within

its definition (as described in Chapter 1 and shown in Figure 1.4) and hence can be

used to define a switch between atomisation and break-up regimes.

Tests were undertaken to ascertain the impact of the switching criterion, along

with finding the optimum value of SN for the "Spray A" condition. The values

tested are shown in Table 4.4, with their corresponding values of SW1. For these

tests all the turbulence and break-up model constants are kept as in Table 4.2 for

the KH-RT model to ensure consistency in testing.

Table 4.4: SN values and their corresponding SW1 values tested for optimisation of
switch model

SN value SW1 value (mm)

68.0 1

203.9 3

543.8 8

815.6 12
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It should be noted that the largest value for SN is outside the liquid region

completely, and as such will apply only the KH model for the whole liquid spray.

The full injection results for the largest three SN values are shown in Figure 4.12,

with the transient liquid length comparisons shown in Figure 4.13. The SN value of

68.0 was not plotted to avoid clutter, however its data is still presented in Table

4.5 along with the others to compare maximum transient liquid lengths and the

steady state liquid lengths seen for each SN value.

Figure 4.12: Penetration lengths for varying SN values against time ASOI, with inset
showing liquid lengths between 0.8 and 1 ms ASOI

As Figure 4.12, Figure 4.13 and Table 4.5 show, reducing the SN number tends

to reduce the transient overshoot until a value of 203.9, after which the overshoot

again increases. The steady state liquid length tends to increase with a reduction

in SN . The value of 203.9 was chosen as giving the best overall performance, as

shown in Table 4.5. This reduction in SN corresponds to the criterion seen in

Equation 4.2 being met earlier in the spray and closer to the nozzle. Therefore,

the liquid core seen within these simulations is quite small and aerodynamic effects

could occur fairly early in the spray.
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Figure 4.13: Transient liquid length predictions for varying SN values against time
ASOI

Table 4.5: Comparison of SN value impact on maximum and steady state liquid length
predictions

SN value Maximum Transient
Liquid Length

Steady State Liquid
Length

68.0 10.73 mm 10.11 mm

203.9 10.60 mm 10.01 mm

543.8 10.72 mm 9.55 mm

815.6 10.78 mm 9.53 mm

Experimental 9.46 ± 0.43 mm 10.08 ± 0.34 mm

Figure 4.12 also shows that varying values of SN has minimal impact on the

vapour length prediction. This suggests that the liquid and vapour lengths have

been uncoupled, allowing for altering the liquid length without impacting the vapour

length through the use of the KH-RT "Switch" model.



4. Novel Switching Method for the KH-RT Model 88

4.4 UDF Model Results

4.4.1 KH-RT "Switch" Model Results

Using the Star-CD KH-RT "Switch" model introduced in the previous section, a more

direct KH-RT model comparison between models is now presented. The baseline

cases for both codes will be compared to the "Switch" model with an SN value of

203.9. The full injection results can be seen in Figure 4.14. Figure 4.14 shows that

the vapour penetration for both Star-CD baseline and "Switch" simulations are

matched well with each other; however both under-predict the experimental vapour

penetration. In addition, all simulations predict the steady state liquid length very

well, as can be seen in Table 4.6. The transient comparison can be seen in Figure 4.15.

Figure 4.14: Comparison of penetration lengths from baseline and "Switch" models
against time ASOI, with inset showing liquid lengths between 0.8 and 1 ms ASOI

Figure 4.15 shows the improvement in transient overshoot prediction between

the baseline and "Switch" models within Star-CD; however the initial rate of increase

of the liquid length is not predicted as well by the UDF. This could be due to the

KH-RT model having a greater grid dependency than the Reitz-Diwakar model

used in the baseline case. It has been seen in the CONVERGE grid convergence

study (Figure 4.1b) and other works [46,54] that a finer grid increases the initial
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Figure 4.15: Transient liquid length predictions for baseline and "Switch" models
against time ASOI

Table 4.6: Comparison of baseline and UDF "Switch" model impacts on maximum and
steady state liquid length predictions

Code Setup Maximum Transient
Liquid Length

Steady State Liquid
Length

Star-CD RD 11.11 mm 10.13 mm

"Switch" model 10.60 mm 10.01 mm

CONVERGE KH-RT 9.99 mm 9.98 mm

Experimental 9.46 ± 0.43 mm 10.08 ± 0.34 mm

gradient of the liquid length and as such brings the prediction more closely in line

with the experimental data. Also, a finer grid will better predict the liquid core

region, as when the cell size approaches the nozzle diameter the void fraction will

increase, reducing drag on the liquid phase, as expected within the liquid core.

The issues seen in the previous KH-RT model within Star-CD were believed

to be due to the RT model suddenly causing break-up of nozzle diameter droplet

to very small droplets, as seen in Figure 4.7; by implementing the switch model

into Star-CD the cliff-edge in SMD has been removed, with the KH model acting

to break droplets up quickly, however not in a single timestep. This can be seen
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in Figure 4.16, with the drop in SMD for the switch model being faster than

the baseline cases for either code, however over a longer time than the previous

KH-RT model. This behaviour has been seen in other works [100–102,106], which

also show a rapid drop in SMD from nozzle diameter to a steady value, at lower

ambient temperatures and pressures, whilst also using the KH-RT model. This

would represent a very short liquid core region before a dense region of small

droplets form the majority of the spray. This is best shown in Figure 4.17, with the

insets showing the differences between the original KH-RT model and the KH-RT

"Switch" model implemented within Star-CD.

Figure 4.16: SMD for baseline, KH-RT and "Switch" models against time ASOI

Figure 4.17 shows the improvement in modelling within Star-CD, with the

insets showing the new ramp down in droplet diameter from Figure 4.17b in

comparison to the cliff edge change in droplet diameter in Figure 4.17a. Both

Star-CD simulations predict a thinner spray with smaller droplets closer to the

nozzle than the CONVERGE simulation shown in Figure 4.17c. Comparisons to

experimental data are shown in Figure 4.18, with the Star-CD KH-RT "Switch"

model (Figure 4.18b) and CONVERGE (Figure 4.18a) simulations compared to

Sandia Mie Scattering results (Figure 4.18c) and Sandia DBI results (Figure 4.18d);
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Figure 4.17: Parcel plots of (a) original Star-CD KH-RT model, (b) Star-CD KH-RT
"Switch" model and (c) CONVERGE KH-RT (from Fang [94]) simulations, all at 0.06 ms

ASOI. MDIA is droplet diameter in metres.

the differences between the Mie Scattering and DBI results are explained by the

chosen threshold for the maximum light intensity for the Mie Scattering; the

3 % threshold used in Figure 4.18c predicts a longer liquid length than the DBI

results [107]. The largest difference between the Mie Scattering and DBI experiments

is the interaction with the light source; Mie Scattering works through scattering of

the light as it passes through the liquid, whereas DBI is based on the extinction

of the light as it passes through the spray [107, 108]. The Sandia experimental

images suggest a thinner spray is seen experimentally, however the spray seen is

not as thin as that seen in the Star-CD KH-RT "Switch" model. It should also be

noted the under-prediction in initial liquid length ramp can also be seen within

Figure 4.18, confirming the liquid length results seen from Figure 4.15. Finally,

the wider region of recirculation of smaller droplets at the liquid tip is observed

to a lesser extent with the Star-CD models than in the CONVERGE simulation,

which may more accurately represent the experimental data.
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Figure 4.18: Comparison of the transient liquid regions for (a) CONVERGE
simulation (from Fang [94]), (b) Star-CD KH-RT "Switch" simulation, (c) Sandia mie
scattering, (d) Sandia DBI, all at approximately 0.06ms ASOI. (c) and (d) are available

at [27]. Blue lines in (c) and (d) are the liquid boundaries, found by removing the
background through frame comparison [24]. MDIA is droplet diameter in meters, scaling

in (c) and (d) are in millimeters.
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4.4.2 Improved Matching Using "Switch" Model

With this new KH-RT model implemented within Star-CD, a greater level of

matching for both liquid and vapour lengths is available in comparison to before.

Within this case, applying the constant changes shown in Table 4.7 the liquid

and vapour lengths can be better matched with the switch model than previously,

and is an improvement over the baseline case as well. These values were obtained

using a small parametric study of the four constants, adjusting the C1ε constant to

match the vapour length and then using the break-up model constants to reduce

the liquid length. C1ε was altered in increments of 0.005, SN was altered to sweep

the switching position between 3 and 10 mm from the injector tip, BKH1 was

swept between 5 and 7 in increments of 0.25 and BRT0 was swept between 0.05

and 0.1 in increments of 0.01. The full injection period is shown in Figure 4.19,

which clearly shows the improvement in the vapour predictions from the original

to the matched UDF switch model.

Table 4.7: Tuning parameters changed to improve liquid and vapour matches using the
KH-RT "Switch" model

Sub-Model Constant Original
(Fig 4.14)

Tuned
(Fig 4.19)

Turbulence C1ε 1.58 1.61

KH-RT "Switch" SN (Eq 4.2) 203.9 543.8

KH BKH1 (Eq 2.58) 7 6

RT BRT0 (Eq 2.63) 0.1 0.07
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Figure 4.19: Comparison of matched and original UDF "Switch" model liquid and
vapour penetrations against time ASOI, with inset showing liquid lengths between 0.8

and 1 ms ASOI

Considering Figure 4.19, there is a clear improvement in vapour length match

seen using the constant changes shown in Table 4.7 when compared to the original

UDF vapour lengths seen before. This is achieved with little impact on the overall

liquid length, as seen in Table 4.8 when comparing the previous constants to

the matched constants.

Table 4.8: Simulated and experimental transient and steady state liquid lengths for old
and new UDF constants

Model Setup Maximum Transient
Liquid Length

Steady State Liquid
Length

Original UDF 10.60 mm 10.01 mm

Tuned UDF 10.75 mm 10.15 mm

Experimental 9.46 mm 10.08 ± 0.34 mm
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Figure 4.20: Comparison of matched and original UDF "Switch" model transient liquid
length predictions against time ASOI

The difference in the transient region is shown in Figure 4.20, with the initial

peak reduced in the new tune however the second peak (at approximately 0.175 ms

ASOI) being larger than before. When compared to CONVERGE this is still an

over-prediction, however this is still an improvement over the baseline Reitz-Diwakar

case, with an improved vapour length match as well. The impact of utilising this

improved matching capability will be considered in Chapter 6, where the KH-RT

"Switch" model will be used to alter the liquid and vapour lengths independently at

the vaporising case before then applying these cases to a combusting spray.
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4.4.3 Impact of Switching Position on Vapour Fields

Whilst the previous sections focused on the liquid and vapour lengths, the impact of

the implementation of the "Switch" model on the characteristics of the vapour fields

were not considered. The composition of the vapour field is extremely important

for combustion prediction, and as a result if the implementation of the "Switch"

model has any impact on this it will change the characteristics of a combusting

spray. To begin with, the vaporising case considered in the derivation of the

KH-RT "Switch" Model will be used to ascertain the impact of the SN constant

on the vapour fields. Both a cross-sectional slice of the spray, showing the vapour

mass fraction distribution along the centreline plane of the spray, and the spray

vapour boundary will be shown, the vapour boundaries are based on either the

computational definition of the vapour field as the area encompassing a vapour

mass fraction of greater than 0.1 %, or the experimental boundary found through

frame comparison. An example of this is seen in Figure 4.21. As can be seen

from Figure 4.21, the vapour boundary fails to capture some of the oscillatory

behaviour seen within the cross-sectional slice, shown most prominently at ∼10 mm

from the injector in Figure 4.21a at approximately 25 mm from the injector tip.

Along with this, due to the assumptions in its formation [77], RANS modelling

fails to capture the eddies on the outside of the experimental vapour field, shown

in Figure 4.21b. This is further confirmed by looking at the baseline break-up

model implementations within Star-CD, shown in Figure 4.21c. All of the baseline

cases predict a uniform spray, with the KH-RT models (baseline and "Switch")

predicting very similar spray structures and the RD model predicting a slightly wider

spray. Apart from the eddies being incorrectly captured, all the baseline models

qualitatively predict the spray well, which is further confirmed when considering

the cone angles later in the injection phase.

Along with the baseline cases, three different values for SN are also considered, of

68.0, 203.9 and 543.8. From Table 4.4, these correspond to switching positions (SW1)

of 1, 3 and 8 mm respectively. Table 4.9 shows the cone angles calculated from the

vapour fields for the baseline cases and varying SN numbers. Given the definition of
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Figure 4.21: Plots at 0.5 ms ASOI of the (a) vapour mass fraction distribution for the
SN = 68.0 case and (b) spray vapour boundary fields for the case SN = 68.0. (c) shows
the baseline Reitz-Diwakar and KH-RT results for Star-CD, shown with the experimental

vapour field

cone angle is taken from the work of Naber and Siebers [109], where the cone angle

is the angle encompassed by the spray up to half the penetration, the oscillation

seen in Figure 4.21 is mostly removed from the cone angle calculations. As a result

the cone angles align fairly closely with the computational data, with the baseline

Star-CD RD model proving the best fit. This is clear from Figure 4.21c, as the fields

are closely aligned at ∼16 mm from the injector tip, at approximately half their

vapour lengths. All of the KH-RT models predict cone angles within 1° of each other,
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Table 4.9: Computational and experimental cone angles calculated from the vapour
fields at varying times ASOI. Cone angles are in degrees, calculated as in Naber and

Siebers [109]

Break-Up Model 0.5 ms 0.75 ms 1 ms 1.25 ms Mean

Baseline RD 23.4 22.3 22.5 22.5 22.7

Baseline KH-RT 18.4 19.4 20.0 20.2 19.5

"Switch", SW1 = 1 mm 18.2 19.4 19.2 19.3 19.0

"Switch", SW1 = 3 mm 19.1 19.0 19.4 19.8 19.4

"Switch", SW1 = 8 mm 18.7 19.3 19.6 20.0 19.4

Experimental 23.4 22.1 24.3 23.2 23.3

which is unsurprising given the cone angle for all these models is specified as 20°.

The oscillatory behaviour seen in the low SN case in Figure 4.21a is not repeated

in other switching positions, shown in the 0.5 ms ASOI vapour fields in Figure

4.22. The oscillation at the tip of the high fuel vapour mass fraction seen in the low

SN case is smoothed in higher SN cases, with this carrying through to later in the

injection phase. This is shown in the 1.25 ms ASOI vapour fields in Figure 4.22;

with the tip of the vapour field (vapour mass fraction of approximately 8e-2) in the

low SN case clearly non-symmetrical, especially when compared to the vapour tips

of the other SN values. Its noteworthy that the boundaries of all three vapour fields

are extremely similar, with the only changes seen due to the oscillation in the low

SN case, along with a slightly thinner near-nozzle vapour field in higher SN values.

4.5 Conclusions

Within this chapter, a single-hole non-reacting diesel spray has been simulated in

two separate commercial CFD codes using a Lagrangian-Eulerian approach. The

spray simulated was based on the ECN "Spray A" operating condition, making use

of the available experimental data from the ECN database. Comparisons between

the two CFD codes, Star-CD and CONVERGE, were made as follows:
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Figure 4.22: Vapour mass fraction distributions for SN values of 68.0, 203.9 and 543.8
at 0.5 ms ASOI (top) and 1.25 ms ASOI (bottom)
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• Baseline comparisons have been made between the two codes at initial set-ups

optimized for steady state liquid lengths. Discrepancies in transient predictions

have been observed between the codes, with the break-up model considered

to be one of the principle causes of these differences.

• A direct comparison between codes has shown a difference in implementation

between seemingly identical break-up models (known as the KH-RT model),

leading to a difference in overall liquid length prediction between codes.

Star-CD allowed the KH and RT models to be applied at any time and

position, and to any droplet parcel, with the two models competing, whereas

CONVERGE employed only the KH model to parcels initially and then the

RT model to all child droplets after they had undergone break-up once.

• A new implementation of the KH-RT model has been introduced for use

within Star-CD, allowing for the two models to act at different regions of

the spray. This implementation shows a similar match to steady state liquid

length with a reduction in the transient overshoot, moving closer to the liquid

lengths seen in CONVERGE. The new implementation allows Star-CD to

utilize the KH-RT model to match more closely the experimentally observed

liquid length, and also match the vapour length without compromising the

liquid length prediction as seen in the baseline KH-RT model.

• The impact of the new KH-RT "Switch" model on the spray vapour fields

has been characterised, with earlier switching positions showing oscillatory

behaviour throughout injection near to the nozzle exit, however at no impact

to the cone angle of the spray.

Further work will be required to develop the criterion to control usage of the KH

and RT models, utilizing experimental data at both higher and lower pressures and

temperatures, a range of injection pressures and with different fuels, to extend the

predictive capability of this model. Results for simulations applying the model to

a combusting spray can be found in the following chapter.



5 Application of a Novel KH-RT
Switching Length Definition to
a Combusting Spray

Within this chapter the KH-RT "Switch" model derived in Chapter 4 will be tested in

a combusting case against the baseline Reitz-Diwakar case shown previously. Both

model setups predict very similar ignition delays, lift-off-lengths and combustion

fields, suggesting the KH-RT "Switch" model is on par with the Reitz-Diwakar

model for combustion prediction. Different criteria for judging the ignition delays

and lift-off-lengths are compared, with all methods predicting very similar results.

The KH and RT sub-models are also compared, with the RT model showing similar

instabilities in the liquid and vapour predictions as were seen in Chapter 4.

5.1 Combusting Test Point

5.1.1 Combusting Case

For this case, the experimental data used for comparison is the work presented

by Lillo et al. [110], utilising the 15 % O2 case. The ambient gas composition is

shown in Table 5.1, with the ambient conditions being the same as before (shown

in Table 3.1). The mean combustion criteria are shown in Table 5.2, with the

full injection lift-off-length shown in Figure 5.1. It is important to note that the

time frame considered differs, with a simulation time of 2 ms used compared to

the 1.5 ms of the previous sections.

101
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Figure 5.1: Sandia experimental data for combusting "Spray A" case showing
lift-off-length range and mean [110]

Table 5.1: ECN combusting "Spray A" gas composition [27,110]

Gas Mass Fraction (%)

N2 75.15

O2 15

CO2 6.22

H2O 3.62

Table 5.2: Mean experimental lift-off-length and ignition delay for the combusting
"Spray A" case [110]

Lift-Off-Length (mm) Ignition Delay (ms)

16.60 ± 3.98 0.43

The lift-off-length mean is calculated after the end of its transient period to the

end of injection, however the end of the lift-off-length transient period is different to

that of the liquid length period as defined in Chapter 4. The reasoning for this can be

seen by looking at Figure 5.1, as between 0.4 ms and 0.5 ms ASOI the lift-off-length

has an extremely large error compared to the mean, whilst at around 0.5 ms ASOI
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the lift-off-length levels off. This is unsurprising given the ignition delay for this

case is 0.43 ms ASOI, and there will be a time delay between the ignition delay and

the formation of a steady state lift-off-length. As a result, the lift-off-length mean

is calculated between 0.5 ms and 1.5 ms ASOI. As before, all the experimental

results presented in Figure 5.1 are presented as the ranges encompassing the 95 %

confidence interval, with the means including this experimental error.

The lift-off-length for the "Spray A" condition is generally influenced by the

auto-ignition chemistry [111], with the flame speed and injection velocity determining

the position of the lift-off-length. As such, the auto-ignition species such as CH2O

along with OH are important in lift-off-length predictions [111]. The ignition delay

can also be shown to correlate with the lift-off-length [111,112]. Along with this the

position of the lift-off-length also correlates to the soot production of the combusting

flame, given the position of the lift-off-length correlates to the stoichiometric flame

front, after which the fuel burns in a oxygen-deprived environment [113], thus

"burning off" the soot formed through incomplete combustion.

5.1.2 Combustion Modelling in Star-CD

For the simulations of a combusting spray within Star-CD, the domain will be set

up as was seen in Chapter 4, with the k-ε turbulence model being used along with

a set-up of either the Huh-Gosman/Reitz-Diwakar atomisation/break-up models

or the KH-RT model being applied to both. The only difference between the

combusting domain and the non-combusting domain is the application of detailed

chemistry to model the combustion of n-dodecane. The numerical model for this is

detailed below, with a time-split method applied alongside a dynamic multi-zone

method to help reduce the computational expense of modelling combustion. The

combustion is modelled using a "well mixed" method, where each transport equation

is solved at the same resolution as the cell size. The mean chemical source terms are

calculated based on the mean cell temperature, pressure and species mass fractions,

as such ignoring the turbulent fluctuations within the system. This method has been
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compared to more complex combustion systems, such as conditional moment closure,

showing good matches to ignition delays and over-predictions of lift-off-lengths [114].

Within Star-CD combustion can be handled by the application of a time-split

method for solving detailed chemistry [115] with the transport equations for all

species solved within Star-CD, utilising provided transport and thermal data for

each species from CHEMKIN. The transport equations for species mass fractions

(yi) are calculated as in Equation 5.1, with Fi,j being the diffusion flux component

which is influenced by the mass fraction (yi), the temperature (T ) and the eddy

viscosity (µt). The production rate of the species i (Si) is considered a sum of the

mole concentrations of the species i from all the reactions within the mechanism,

and is simplified using the time-split method.

δ

δt
(ρyi) + δ

δxj
(ρujyi − Fi,j) = Si (5.1)

The time-split method splits Equation 5.1, allowing for two simultaneous

equations to be solved to reduce the "stiffness" of the single equation caused

by the large differences in reaction time scales. The time-split method is shown

in Equations 5.2 and 5.3, with y and S as the sets of species mass fractions and

production rates for all species considered. Splitting Equation 5.1 in this way

transfers the "stiffness" to Equation 5.3, however this can be reduced again by

utlising a Dynamic Multi-Zone (DMZ) method [116].

δ

δt
(ρyi) + δ

δxj
(ρujyi − Fi,j) = 0 (5.2)

d

dt
(ρy) = S (5.3)

The DMZ method is a standard method within Star-CD, and it consists of a three

step system, firstly constructing the group of cells with similar thermo-chemical

states, then solving the chemistry equations within each group before finally mapping

the group solution to each cell within the group. Four characteristic quantities are

used by Star-CD to construct the groups, these are the temperature (representing
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combustion progress), mixture fraction (representing mixing progress), enthalpy

(representing energy level) and mass fraction of species such as CH2O and H2O2

to capture the auto-ignition process [114,115,117] with no requirement for specific

models such as the Shell auto-ignition model [118].

Group mean quantities are calculated by averaging the corresponding quantity

for all cells in each group, with the mixture fraction mean taken as an example and

shown in Equation 5.4, with the subscript g pertaining to the group being considered.

yig = Σyiρiνi
Σρiνi

(5.4)

With the groups of cells constructed, the calculated mean mass fractions within

the group can be calculated using the time-split method above, with Equation 5.3

being solved in the form of Equation 5.5 by replacing the production rate (S) with

the reaction rate of species i in group g (ωig) evaluated on the group mean quantities.

ρ
δyig
δt

= ωig (5.5)

Lastly, after solving Equation 5.5 for each group the mean reaction rate of all

species in a group (ωig) can be calculated, as is shown in Equation 5.6 at time-steps

n and n + 1. Utilising this mean reaction rate, the mass fraction of each species

can be mapped to each cell within a certain group as shown in Equation 5.7.

ωig =
yn+1
ig − ynig
δt

(5.6)

yn+1
i = yni + δt . ωig (5.7)

Given the construction of the groups for the DMZ method the important

quantities to compare between combusting set-ups when considering the combustion

and mixing progress are the temperature and mixture fraction, as such these will

be used for ascertaining the differences between break-up models in this chapter,

and the vaporising match in Chapter 6.
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5.1.3 Combusting Domain Set-up

To model the combustion of n-dodecane within this thesis the skeletal mechanism of

Yao et al. [119] will be used, which is a 54 species, 269 reaction mechanism, allowing

for the combustion of n-dodecane to be viewed a series of reversible reactions. The

equation for the ideal (complete) combustion of n-dodecane is shown in Equation 5.8.

C12H26 + 18.5O2 → 12CO2 + 13H2O (5.8)

Yao’s mechanism was chosen due to its lower reaction count and hence quicker

computational time than other available n-dodecane mechanisms like that of Wang

et al. [120]. Given the combustion mechanism is used as a means of comparison and

not as an in-depth combustion analysis a more complete mechanism isn’t required.

However, this mechanism has been used in DNS [121], LES [122] and RANS [123,124]

simulations with good results being seen in all studies. This mechanism has been

shown to overpredict the lift-off-length when compared to the "Spray A" condition

using RANS models [125,126], however given this mechanism is being used to solely

compare the break-up models this is not a concern for this study.

To determine the lift-off-lengths and ignition delays for the Reitz-Diwakar and

KH-RT "Switch" model two different methods will be used: a temperature based

criterion and an OH mass fraction criterion. Both criteria have been used in previous

studies to predict lift-off-lengths well [105, 120, 127], however the temperature

criterion has not been used for predicting the ignition delays; for this study the

maximum temperature gradient seen will determine the ignition delay [105]. The

temperature criterion determines the ignition delay as the first timestep at which the

temperature exceeds 400 K above the ambient temperature, and the lift-off-length

is defined as the closest point to the injector at which the temperature exceeds

400 K above the ambient temperature, for "Spray A" this criterion is the point

at which the temperature exceeds 1300 K. The OH mass fraction criterion is as

defined in Section 4.1.1, with an additional OH threshold of 14 % of the simulation

long OH mass fraction maximum also considered (as in [105, 127]) for both the
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lift-off-lengths and ignition delay. The OH mass fraction is especially useful for

predicting combustion locations due to the reaction shown in Equation 5.9 being

the dominant mechanism for heat release in hydrocarbon combustion [120]. As

such, the OH field is a good indicator for high temperature regions of the spray,

and especially good for comparison to experimental imaging.

CO + OH↔ CO2 + H (5.9)

For the combusting studies both the baseline Reitz-Diwakar model and the

KH-RT "Switch" model will be tested and compared to determine if the break-up

model has an impact on the combustion predictions. The KH-RT "Switch" model

set-up is shown in Table 5.3, with the Reitz-Diwakar model set-up as before in Table

4.2.

Table 5.3: KH-RT "Switch" model constants for combustion simulations

Constant Value used in Simulation

k-ε Turbulence Model

Cµ 0.09

C1ε 1.58

C2ε 1.96

σk 1

σε 1.3

KH-RT "Switch" Break-up Model

BKH0 0.6

BKH1 7

BRT0 0.1

BRT1 1

SN 203.9

The constants chosen are identical to the non-combusting case shown in Section

4.4.1, and are shown in Table 5.3. These are used due to the match provided to

the baseline Reitz-Diwakar model, as shown in Figure 4.15, allowing for a detailed
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comparison between the two break-up models given their similar liquid and vapour

lengths. The fully matched KH-RT "Switch" model constants (as shown in Table 4.7)

are not used due to the increase in vapour length when compared to the baseline

Reitz-Diwakar model making combustion fields hard to compare back-to-back.

However, the fully matched KH-RT "Switch" model will be compared to the constants

shown in Table 5.3 in Chapter 6, along with other vaporising case matches.

5.2 Baseline Combusting Case Results

5.2.1 Ignition Delays

As Table 5.2 shows, the ignition delay for the experimental combusting "Spray A"

case is 0.43 ms ASOI. For both the Reitz-Diwakar and KH-RT "Switch" models

the OH mass fraction and temperature fields were extracted from the simulations,

and the maximum values found for each model. After this, the criteria were

applied and the time period between 0.3 and 0.45 ms ASOI are plotted for each

model, shown in Figure 5.2.

Figure 5.2: Maximum temperature gradient (top) and OH mass fractions (bottom) for
both Reitz-Diwakar and KH-RT "Switch" models between 0.3 and 0.45 ms ASOI, with

ignition delay criteria shown

Figure 5.2 shows that there is a slight difference in prediction of the 2 % OHmax

criterion ignition delay between the models, with the Reitz-Diwakar model predicting
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an ignition delay of 0.42 ms ASOI and the KH-RT "Switch" model predicting an

ignition delay of 0.43 ms ASOI. Both models predict the same ignition delay for

the 14 % OHmax criterion, of 0.44 ms ASOI. The temperature gradient criterion

also predicts the ignition delay excellently, with the predictions very close to both

the OH criteria and experimental ignition delays. Table 5.4 shows the predicted

ignition delays between all models and criteria.

Table 5.4: Predicted ignition delays for both Reitz-Diwakar and KH-RT "Switch"
models at both OH mass fraction and temperature criteria

Model and Criterion Ignition Delay
(ms ASOI)

Reitz-Diwakar 2 % OHmax 0.42

Reitz-Diwakar 14 % OHmax 0.44

Reitz-Diwakar Tamb + 400 K 0.44

KH-RT "Switch" 2 % OHmax 0.43

KH-RT "Switch" 14 % OHmax 0.44

KH-RT "Switch" Tamb + 400 K 0.43

Experimental 0.43

Figure 5.3 shows the comparison of the Reitz-Diwakar and KH-RT "Switch"

models at the time of their measured temperature gradient ignition delays (0.44

and 0.43 ms ASOI respectively), with the pre-ignition species H2O2 and CH2O, the

mixture fractions and the temperatures shown. What is notable is the similarity

in the peaks in the pre-ignition species, with the KH-RT "Switch" model’s lower

predicted vaporising SMD clearly showing an earlier and closer to nozzle ignition

occurring in both pre-ignition species plots. The thinner spray of the KH-RT

"Switch" model is also clearly visible, which is further shown when considering

mixture fraction slices between the two models, as shown in Figure 5.4. Within this

study, the mixture fraction is defined as the mass fraction of fuel within each cell, a

definition commonly used within CFD along with Star-CD [93,115,128]. Within

Section 5.2.3 the impact of this difference in mixture fraction will be considered,

along with the temperature, OH and C2H2 predictions of each model.
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(a)

(b)

Figure 5.3: H2O2, CH2O, C12H26 and temperature fields at the measured ignition delay
for the (a) Reitz-Diwakar (at 0.44 ms ASOI) and (b) KH-RT "Switch" (at 0.43 ms

ASOI) models

Figure 5.4: Mixture fractions for the Reitz-Diwakar and KH-RT "Switch" models at
1 ms ASOI at distances 15 and 20 mm from the injector tip
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5.2.2 Lift-Off-Lengths

As with the ignition delays, the lift-off-lengths are calculated using the 2 % and 14 %

OHmax criteria and the Tamb + 400 K criteria. Figure 5.5 shows the comparison

of the lift-off-lengths after the start of combustion between the simulations and

experimental data. As can be seen, initially the lift-off-lengths are predicted well,

however as combustion continues the lift-off-lengths diverge from the experimental

results before returning within the experimental error at the end of the simulated

time. Comparing between the break-up models, the Reitz-Diwakar model predicts

a slightly lower lift-off-length initially, however the models converge around the end

of injection to predict very similar lift-off-lengths. Finally, the OH and temperature

criteria appear to make very little difference to the predicted lift-off-lengths,

with only a minor divergence seen in the Reitz-Diwakar model at 1.25 ms to

1.75 ms, however generally all criteria predict very similar lift-off-lengths. The

over-prediction of lift-off-lengths seen in Figure 5.5 has been seen for both the

well mixed model [114, 128, 129] and the Yao mechanism [125, 130], and as such

is not considered an issue for this work.

Figure 5.5: Simulated and experimental lift-off-lengths for the combusting "Spray A"
case after start of combustion
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5.2.3 Combustion Fields

Comparing the OH and temperature fields allows an insight into the relative

difference in the combusting regions between the models; given the results in

Section 4.4.3 show a difference in vapour field width it is expected that there

should be differences in the combusting zones. Comparing results of both models

against experimental images from Sandia shows good agreement in capturing the

combustion zones, as shown in Figure 5.6. For this case the combustion zone is

defined as the area of the spray that is above 950 K, as these areas will be bounded

by the combusting spray and thus provide the best comparison to experimental

data. A sweep of temperatures from 950 K to 1150 K was undertaken, with little

difference seen in the areas above this temperature, and as such the threshold was

set to 950 K to capture all the areas of increased temperature. Mirroring what

was shown in Figure 5.5, the nearer nozzle combustion is not captured well in the

simulations, however the main combustion field between 25 and 40 mm from the

injector tip is broadly well captured, with a slight under-prediction in the field

tip position, mirroring what was seen in the vaporising case’s under-prediction

of vapour length (shown in Figure 4.15).

Figure 5.7 shows the OH and temperature fields for both the Reitz-Diwakar and

KH-RT "Switch" models at 1 ms and 1.5 ms ASOI. As can be seen, the Reitz-Diwakar

case has a noticeably wider spray plume at both times shown, with the shorter

lift-off-length shown in Figure 5.5 visible at 1 ms ASOI. The KH-RT "Switch" model

also penetrates further with both the OH and temperature fields at 1 ms ASOI,

however this difference in penetration is reduced as the injection continues. Another

interesting observation is that the 2 % OHmax boundary matches very well with

the high temperature regions of the spray confirming the initial reasoning behind

selecting this criterion as a predictor of combustion zones. This comparison is shown

in Figure 5.8, showing the 2 % OHmax boundary closely following the red temperature

boundary of 2000 K within the spray plume, especially in the KH-RT "Switch" model.

It is also notable how the temperature within the centre of the spray is different

between models, with the KH-RT "Switch" model showing a hotter core of the spray
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Figure 5.6: Comparison of simulated Reitz-Diwakar and KH-RT "Switch" combustion
field predictions against Sandia experimental combustion field from [110, 131], all at 1 ms
ASOI. White areas for the Reitz-Diwakar and KH-RT "Switch" models are above the
950 K threshold, the blue line for the Sandia image is the computed OH threshold

then the Reitz-Diwakar model. This suggests greater internal mixing of the fuel

within the core of the spray, allowing for combustion to occur in more areas for the

KH-RT "Switch" model. Along with this, the area encompassed by temperatures

above ambient is lower in the KH-RT "Switch" model, suggesting a faster and

locally hotter reaction than in the Reitz-Diwakar model. Considering Figure 5.9,

it can be seen that this holds true throughout the simulated time after 0.75 ms

ASOI, with the KH-RT "Switch" model having a maximum burning temperature

approximately 45 K higher than that of the Reitz-Diwakar model. The spike in
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Figure 5.8: Temperature fields for the Reitz-Diwakar and KH-RT "Switch" models at
1 ms and 1.5 ms ASOI, with the 2 % OHmax boundary shown as a black dashed line.

The experimental lift-off-lengths are shown as a white dotted line

heat release that Figure 5.8 suggests is also seen in Figure 5.9 between 0.5 and

0.75 ms ASOI, where the KH-RT "Switch" model’s maximum burning temperature

increases by approximately 130 K in comparison to the Reitz-Diwakar’s increase of

approximately 70 K. However, when considering Figure 5.10 it can be seen that the

Reitz-Diwakar model has a higher mean temperature through the centreline plane

of the spray when compared to the KH-RT "Switch" model at all timesteps. This is

most likely due to the larger cone angles seen in the Reitz-Diwakar model (as seen in

Table 4.9) ensuring that the combusting zone is larger for this model in comparison

to the KH-RT "Switch" model. The larger combustion zone will ensure that more

of the spray centreline plane is above the ambient temperature and hence this will

lead to a larger mean temperature on that plane when compared to the KH-RT

"Switch" model, by approximately 15 K at 0.5 ms ASOI to 35 K at 2 ms ASOI.

Comparing the mixture fractions between the two models will allow for a

comparison of how the combustion model is impacted by the change in break-up
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Figure 5.9: Maximum centreline plane burning temperatures for the Reitz-Diwakar and
KH-RT "Switch" models for the combusting "Spray A" case against time ASOI

Figure 5.10: Mean centreline plane temperatures for the Reitz-Diwakar and KH-RT
"Switch" models for the combusting "Spray A" case against time ASOI

model, given as shown in Section 5.1.2 the mixture fraction in highly impactful

on the mixing progress of combustion. The mixture fractions for both models at

1 ms ASOI, at distances of 15 mm and 20 mm from the injector tip are shown in

Figure 5.4, which shows that closer to the nozzle the Reitz-Diwakar model predicts
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a higher mixture fraction, however nearer to the combustion field this trend reverses.

This is not unsurprising given the difference in droplet SMD prediction shown in

Figure 4.16, and the difference in mixture fraction at 20 mm from the injector tip

is believed to cause the differences in the temperature fields between the models.

5.2.4 KH and RT Model Influences

Within Section 4.4.3 it was found that setting the switching position close to the

injector caused some numerical instabilities within the simulation. Within this

section this will be tested on the combusting case, utilising the switch criteria to make

only the KH or RT sub-model act on the spray. Given the closeness of the predictions

of the lift-off-lengths shown between the different critera before (as shown in Figure

5.5), the 2 % OHmax criteria will be used for the lift-off-lengths here for simplicity.

The lift-off-lengths for the KH and RT sub-models are shown in Figure 5.11,

showing a clear difference in the lift-off-length prediction between the two sub-models.

The RT sub-model predicts a much lower lift-off-length than the KH sub-model

throughout the injection period, and broadly matches the experimental data.

Meanwhile, the KH sub-model matches the original KH-RT "Switch" model’s

Figure 5.11: Lift-off-lengths for the KH and RT sub-models, compared with the ECN
"Spray A" experimental lift-off-length, plotted against time ASOI
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lift-off-length (from Figure 5.5) closely throughout the injection period, showing

good agreement with the other simulated combusting cases. The RT OH field is

highly asymmetrical however, with the lift-off-length being determined by the lower

half of the OH field which protrudes further from the spray tip and closer to the

injector. This behaviour is shown in Figure 5.12. In comparison, the KH OH field is

highly symmetrical, with the lift-off-lengths between the two halves of the OH field

being very close. The reason for this difference between the sub-models is believed

to be instabilities in the liquid region of the RT sub-model’s injection, with much

more extreme oscillatory behaviour seen than was shown in Section 4.4.3.

These instabilities are shown in Figure 5.13, clearly showing large oscillations

near the spray tip early on in the injection phase. Given the large amount of parcels

below the spray centreline in comparison to above it the differences in the OH

fields shown in Figure 5.12 can be explained by these parcels combusting closer to

the spray tip than the ones above the spray centreline. Similar instabilities were

seen when SN was set to very low values in Section 4.4.3, with numerical errors

generating the oscillatory behaviour. This holds true when the RT sub-model is

the only one to act on the spray, however having an aerodynamic based break-up

regime acting on the entirety of the spray is not realistic to a real life situation.

The instabilities seen within the RT model case also have a large impact on the

mixture fraction predictions, as is shown in Figure 5.14. This figure shows the

increasingly off-centre position of the maximum mixture fraction as the distance to

the nozzle tip is increased from 15 mm to 20 mm at 1 ms ASOI, along with the

corresponding reduction in mixture fraction as expected. This change in position of

the maximum mixture fraction matches both the parcel plots shown in Figure 5.13

and OH fields shown in Figure 5.12, with the RT model predicting an extremely

offset lift-off-length skewed towards the right hand side of the injector.
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Figure 5.13: Parcel plots for the RT sub-model simulation of the combusting "Spray A"
case, at 0.1 ms ASOI (top) and 0.2 ms ASOI (bottom). MDIA is the droplet diameter in

metres

Figure 5.14: Mixture fractions for the RT sub-model at distances of 15 to 20 mm, in
increments of 1 mm, all taken at 1 ms ASOI
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5.3 Conclusions

This chapter has taken the KH-RT "Switch" model derived in the previous chapter

and applied it to a combusting "Spray A" condition, with a good match found

between the KH-RT "Switch" model and the baseline Reitz-Diwakar case when both

models utilised the same reduced n-dodecane mechanism. The following differences

and phenomena were also found and discussed:

• Both models were found to over-predict the lift-off-length of the spray when

compared to experimental results, with the Reitz-Diwakar model showing an

over-prediction of the lift-off-length by approximately 7 mm and the KH-RT

"Switch" model over-predicting the lift-off-length by approximately 10 mm.

This was deemed to not be an issue given this result has been seen previously

when the combination of the well mixed combustion model and Yao mechanism

was used. The ignition delay was predicted excellently on the other hand,

with both break-up models matching experimental data to within 0.01 ms.

• Differences in the mixture fractions were seen between the two models, with

the results complementing the SMD results from the KH-RT "Switch" model

derivation; these differences are also believed to cause the small differences

seen in the temperature predictions.

• The influence of each sub-model of the KH-RT break-up model was also

considered, utilising the implemented switch to ensure that only one model

acted for the spray. The results showed that the RT sub-model caused a

highly unstable liquid prediction, leading to a much lower lift-off-length than

that of the KH sub-model. These instabilities mirrored those seen previously

when the switch position was set too close to the injector, further suggesting

a boundary on the switching constant is required.



6 Impact of Vaporising Match on
Combusting Spray Metrics

Within this chapter the greater matching potential of the KH-RT "Switch" model is

used to test the impact of varying the liquid and vapour lengths on the combusting

results. Variances are seen within the internal spray temperatures, as well as the

OH and C2H2 distributions, when the liquid length is varied with a matched vapour

length. Note is drawn to the impact of the BRT0 constant on the internal spray

temperatures and OH fields. Vapour length sweeps are also undertaken to ascertain

the effect of both the turbulence and break-up model constants on the combustion

fields. The vapour length sweeps show minimal changes on combustion criteria

from the C1ε constant, with only the position of the combustion field impacted.

The relationship between the combustion zone position and the internal spray

temperature is also considered, showing that the spray break-up model constants

have a large effect on the internal spray temperature.

6.1 Methodology

Within this section, the impact of applying the improved matching using the

KH-RT "Switch" model shown in Section 4.4.2 on the combusting criteria will

be tested. The emphasis on closely matching vaporising cases often takes up

a large amount of computational time when creating domains and models. As

such, quantifying the impact of differences in the vaporising liquid and vapour

lengths on the combusting criteria allows future domains to be created faster as

acceptable ranges for each can be found. Some effort has been put into determining

the impact of various model constants on the combusting criteria, however these

122
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studies have not considered the combustion fields or emission results [132, 133].

Within this study the C2H2 precursor will also be considered along with the criteria

studied in the previous section. C2H2 is an excellent guide for soot production [134]

given the structure of PM is commonly found to be graphite-like, and result from

the polymerisation of C2H2 to form aromatics; graphite precursors are polycyclic

aromatic hydrocarbon (PAH) compounds. Particulates can be found to grow

through the hydrogen-abstraction-carbon-addition (HACA) mechanism, which

involves the addition of C2H2 to each other to form PAH [1]. This formation of

PAH is challenging to compute [135], as such no soot model is used within this

study to reduce computational cost. Given this "double usage" of C2H2 within soot

formation, different predictions of C2H2 between cases is important to identify and

allows for estimations of the different soot predictions of each case.

To test the impact of matching the liquid and vapour lengths on the combusting

spray metrics, a test matrix was created to test different combinations of liquid

lengths and vapour lengths. This test matrix is shown in Table 6.1. The vapour

lengths were matched predominantly using the C1ε constant, with sweeps done

between 1.54 and 1.65 to achieve the vapour length matches, using the LL match/VL

low case as a baseline. The liquid lengths were then matched with alterations to the

break-up model constants (SN , BKH1, BRT0) and the C1ε constant, again through

sweeps between the boundaries for each constant (as shown in Chapter 2). Some

cases were not possible to attain with the model, this is due to the model running

up to the edges of the tuning parameter boundaries within the KH-RT sub-model,

and as such the LL low/VL high, LL match/VL high and LL high/VL low cases

are not considered for this study. It should be noted that, as in Chapter 5, at an

SN value of 203.9 no instabilities were seen, and as such the comparisons made in

this Chapter are valid given this is the minimum value of SN used.
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Table 6.1: Test matrix for combusting spray metric tests, with adjustments to model
parameters from the stock model (Table 5.3) shown to achieve required case. VL and LL

are vapour length and liquid length respectively
PPPPPPPPPVL

LL Low Match High

High N/A N/A

C1ε: 1.65
SN : 203.9
BKH1: 7
BRT0: 0.1

Match

C1ε: 1.58
SN : 543.8
BKH1: 5
BRT0: 0.1

C1ε: 1.61
SN : 543.8
BKH1: 6

BRT0: 0.07

C1ε: 1.62
SN : 203.9
BKH1: 7
BRT0: 0.1

Low

C1ε: 1.54
SN : 203.9
BKH1: 7
BRT0: 0.1

C1ε: 1.58
SN : 203.9
BKH1: 7
BRT0: 0.1

N/A

Differences between cases will be quantified by using a modified version of

the Weighted Magnitude Index (WMI) proposed by Willman et al. [136], however

utilising the mean value of the arrays instead of the median due to the high volume

of zero and near zero values in the C2H2 and OH field arrays. As a result, the

altered WMI definition is as shown in Equation 6.1, with QA and QB being the

baseline case and case being compared to the baseline case arrays respectively,

considered over co-ordinates x and y.

WMI(xi, yi) = QA(xi, yi)−QB(xi, yi)
mean(QA) (6.1)

This WMI will be normalised between -1 and 1 to create the Normalised

WMI (NWMI), as shown in Equation 6.2, for field plots. This will allow for

identification of areas of large difference between each case, showing which case is

having the largest impact on the WMI. This is visualised in Figure 6.1, showing

how the definition of the normalised WMI allows for ascertaining which case has

the largest impact on the WMI field.

NWMI(xi, yi) = WMI(xi, yi)
max(|WMIxi,yi

|) (6.2)
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Figure 6.1: Normalised WMI definition showing impact of each case on NWMI value

To begin with, a liquid length sweep will be undertaken at a matched vapour

length to ascertain the impact of altering the break-up model constants on the

combustion fields. With this knowledge, vapour length sweeps at each liquid length

case will be undertaken to see how the difference in both turbulence model constants

and break-up model constants impact the combustion fields.

6.2 Results

6.2.1 Liquid Length Sweep

For the liquid length sweep, given the changes to the model constants shown in Table

6.1 the liquid and vapour lengths are as shown in Table 6.2. As can be seen, the

vapour lengths are all within the experimental range at both 1 ms and 1.5 ms ASOI,

and within 1.5 mm of each other at the end of injection. Table 6.2 also shows some of

the limitations of the matching, as achieving a lower liquid length than the 9.46 mm

seen whilst still matching the vapour length is impossible within the model constant

boundaries defined, showing why the LL low/VL high case is impossible to obtain.

Table 6.2: Liquid and vapour lengths for the matched vapour length vaporising cases

Low LL Matched LL High LL Experimental

LL Mean 9.46 mm 10.15 mm 13.34 mm 10.08 ± 0.34 mm

VL @ 1 ms 45.8 mm 45.5 mm 46.3 mm 46.8 ± 2.0 mm

VL @ 1.5 ms 55.3 mm 55.5 mm 56.8 mm 56.9 ± 2.6 mm

Comparing the low and matched liquid length cases, it can be seen that the

internal temperatures are higher in the low liquid length case in comparison to

the matched case, with the NWMI plot in Figure 6.2 showing a larger area of

negative NWMI, with a small area of positive NWMI at the spray tip, where the
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matched liquid length case extends further into the domain. This is reflected in the

mean temperatures for each case combustion zone, with the low liquid length case

having a mean temperature of 1488 K at 1.5 ms ASOI, compared to the matched

liquid length case’s mean temperature of 1391 K at 1.5 ms ASOI. This follows

on to the C2H2 predictions, shown in Figure 6.3, with the higher temperatures

seen in the low liquid length case resulting in less C2H2 production, especially at

1.5 ms ASOI. The high C2H2 concentrations seen in the matched liquid length case

coincide with the temperature areas of around 1600 K, near areas of the combustion

zone where some internal recirculation occurs. Finally, the OH fields shown in

Figure 6.4 show that the matched liquid length case has much lower maximum

OH concentrations, especially clear at 1.5 ms ASOI. The lift-off-lengths are very

similar however, suggesting that the difference in liquid length has minimal impact

on the predicted lift-off-length; however this is to be expected given the small

difference in liquid length between the two cases.

When comparing the matched and high liquid length cases, the internal temperature

for the high liquid length case is much higher than that of the matched case, with

almost all of the internal spray being above 2000 K at 1.5 ms ASOI; for the high

liquid length combustion zone the mean temperature is 1535 K compared to the

Figure 6.2: Temperature fields for the low (QB) and matched (QA) liquid length cases
at a matched vapour length, 1 and 1.5 ms ASOI, with the NWMI comparison shown
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Figure 6.3: C2H2 fields for the low (QB) and matched (QA) liquid length cases at a
matched vapour length, 1 and 1.5 ms ASOI, with the NWMI comparison shown

Figure 6.4: OH fields for the low (QB) and matched (QA) liquid length cases at a
matched vapour length, 1 and 1.5 ms ASOI, with the NWMI comparison shown

matched liquid length’s 1391 K. This difference is shown in Figure 6.5, showing

that even at 1 ms ASOI the mean internal temperature is much higher in the high

liquid length case than the matched. The NWMI plot also shows clear areas where

the sprays are mismatched, with very high values seen at the spray tip due to the

matched liquid length case penetrating further into the domain than the high liquid
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length case. This is noteworthy due to the predicted vaporising vapour lengths as

seen in Table 6.2, in which the high liquid length case has a higher vapour length

at both 1 and 1.5 ms ASOI. This mismatch is also seen in the OH fields, shown

in Figure 6.6, especially at 1.5 ms ASOI. The NWMI plot shows this mismatch

extremely clearly, with the matched liquid length case again penetrating further

into the domain, however the high liquid length case has a both a thinner initial

OH field, where the lift-off-length is measured, as well as a higher OH concentration

within the OH field. The lift-off-lengths are also clearly different at 1.5 ms ASOI,

with the higher liquid length leading to a higher lift-off-length; the full comparison

of lift-off-lengths is shown in Figure 6.7. The comparison of lift-off-lengths shows

the similarities between the low and matched liquid length cases, however after

the end of injection these lift-off-lengths diverge.

Figure 6.5: Temperature fields for the high (QB) and matched (QA) liquid length cases
at a matched vapour length, 1 and 1.5 ms ASOI, with the NWMI comparison shown

Figure 6.7 also shows the difference in lift-off-lengths seen in the high liquid

length case, with the lift-off-length between 1 and 1.75 ms ASOI being between 2

and 4 mm higher in the high liquid length case. This difference in lift-off-length is

much lower than the difference in the liquid lengths however, suggesting a weaker

correlation between liquid lengths and lift-off-lengths than might be assumed. The



6. Impact of Vaporising Match on Combusting Spray Metrics 129

Figure 6.6: OH fields for the high (QB) and matched (QA) liquid length cases at a
matched vapour length, 1 and 1.5 ms ASOI, with the NWMI comparison shown

C2H2 plots shown in Figure 6.8 illustrate the impact of the higher temperatures

at 1.5 ms ASOI, with the concentration of the soot precursor being extremely low

in the high liquid length case when compared to the matched liquid length case.

The C2H2 fields at 1 ms ASOI are also notably different, with the two peaks seen

in the matched liquid length case not seen in the high liquid length case. This

is as expected, as a higher temperature leads to lower soot production [6,7], and

given the large difference in internal spray temperature seen in this comparison

the lower C2H2 levels follow the expected trend.
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Figure 6.7: Lift-off-lengths for the liquid length sweep with Sandia experimental data
against time ASOI

Figure 6.8: C2H2 fields for the high (QB) and matched (QA) liquid length cases at a
matched vapour length, at 1 and 1.5 ms ASOI, with the NWMI comparison shown

Throughout all the comparisons made previously both the temperature and

OH fields for the matched liquid length case show lower values both in peaks and

averages than in the other cases. This is believed to be due to the change in the

BRT0 constant, which alters the child parcel droplet size caused by the RT break-up

from Equation 2.63. By reducing this constant the final parcels to evaporate will
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be smaller, which ensures that they will evaporate earlier and hence increase the

mixture fraction nearer to the spray tip, as is shown in Figure 6.10. This ensures

the initial burn of the fuel is richer than the high liquid length case, leading to a

higher initial burn temperature [137]. Later combustion clearly causes a higher

temperature in the high liquid length case, which is believed to be due to the

lower initial mixture fraction; this will be considered further in Section 6.2.3. This

higher temperature can clearly be seen within Figure 6.5, with the temperature

at approximately 40 mm from the nozzle tip being lower in the matched liquid

length case than the high liquid length case. The temperature gradient along the

spray centreline is more shallow however, suggesting the high liquid length case

combusts further into the domain but at a higher temperature, which can also

clearly be seen. The spray centreline temperatures at 1.5 ms ASOI are shown in

Figure 6.9, which clearly shows the lower temperature within the matched liquid

length case when compared to the other cases, as well as the much higher gradient

in temperature seen in the high liquid length case.

Considering the mixture fractions, Figure 6.10 shows a clear difference in mixture

Figure 6.9: Spray centreline temperatures for the low, matched and high liquid length
cases at a matched vapour length, at 1.5 ms ASOI, plotted against the distance from the

nozzle tip



6. Impact of Vaporising Match on Combusting Spray Metrics 132

fraction predictions between the three cases, with the matched and low liquid length

cases predicting a higher mixture fraction at both positions considered compared

to the high liquid length case. This is believed to be caused by the alteration

of the break-up model constants in defining the cases, with special note drawn

to the influence of the BRT0 constant alteration on the mixture fractions; which

appears to cause a much higher mixture fraction prediction at both positions

considered. These differences in mixture fraction are believed to cause the large

differences in temperatures seen in Figures 6.2 and 6.5, given the higher mixture

fractions near to the combustion zone will mean a richer fuel/air mixture and

as such initially a higher temperature.

Figure 6.10: Mixture fractions for the low, matched and high liquid length cases at a
matched vapour length, at 1 ms ASOI at 15 and 20 mm from the injector tip
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6.2.2 Vapour Length Sweeps

Two separate vapour length sweeps will be undertaken to ascertain the impact

of the vapour length match on combustion. These will take place at the high

and low liquid length conditions, with each condition having a different set of

constants changed in order to influence the vapour length match, as shown in

Table 6.1. The constant changes made for the matched liquid and vapour length

case are already considered in the previous section, and as a result considering

the vapour length sweep for a matched liquid length is not necessary. As a result,

the impact of other break-up constants on the combusting spray can be isolated

from the low liquid length case, along with the effect of the C1ε constant which

is considered in the high liquid length case.

To begin with, the two high liquid length cases from Table 6.1 will be compared

to ascertain the impact of altering the C1ε constant on the combustion fields. Table

6.3 shows the liquid and vapour lengths for the vaporising case for each of the high

liquid length cases, showing the differences in the vapour lengths. The liquid length

mean for the high vapour length case is approximately 2 mm higher than the matched

vapour length case, however the vapour lengths at both 1 and 1.5 ms ASOI are

outside the experimental range for the high vapour length case. Given the increase

in C1ε between the matched and high vapour length cases is 0.03, this suggests

that each increase in C1ε of 0.01 increases the liquid length mean by approximately

0.7 mm and the vapour length by approximately 1.2 mm at the end of injection.

Table 6.3: Liquid length means and vapour lengths at 1 and 1.5 ms ASOI for the high
liquid length vaporising cases

Matched VL High VL Experimental

LL Mean 13.34 mm 15.48 mm 10.08 ± 0.34 mm

VL @ 1 ms 46.3 mm 49.3 mm 46.8 ± 2.0 mm

VL @ 1.5 ms 56.8 mm 60.5 mm 56.9 ± 2.6 mm

Considering the temperature fields, Figure 6.11 shows the temperature fields at 1

and 1.5 ms ASOI for both high liquid length cases. The high internal temperatures
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Figure 6.11: Temperature fields for the high (QB) and matched (QA) vapour length
cases at a high liquid length, at 1 and 1.5 ms ASOI, with the NWMI comparison shown

seen in Figure 6.5 are replicated within this sweep, with both cases showing

temperatures above 2000 K in the majority of the spray at 1.5 ms ASOI. This

suggests that the liquid length influences the internal spray temperature, especially

when compared to the location of the combustion zone. This will be explored further

in Section 6.2.3, when it will be considered for all cases considered in this study.

The mean combustion zone temperatures for these cases are very similar, with the

high vapour length case having a mean temperature of 1549 K and the matched

vapour length having a mean of 1535 K. Figure 6.11 also shows the differences in

the size of the combustion fields, with the NWMI plots showing that the expected

positions of the combustion zones hold true; with the high vapour length case

extending further into the domain and the matched vapour length case dominating

closer to the nozzle. This behaviour holds true when considering the OH field plots,

as shown in Figure 6.12, which again shows the high vapour length case’s OH field

penetrating further into the domain. There are differences in the magnitudes of the

OH radicals and the position of the nearest part of the fields to the nozzle at 1.5 ms

ASOI, however the fields are mostly quite closely matched apart from the offset.

The C2H2 fields show a similar field to that seen in the high liquid length case

shown in Figure 6.8, with the higher internal temperatures leading to a smaller, lower
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magnitude, C2H2 field. The results from the high liquid length cases considered here

are shown in Figure 6.13, showing how both cases have small, similarly sized C2H2

fields, with the matched vapour length case having a slightly higher magnitude at

the trailing edge of the field at both 1 and 1.5 ms ASOI.

Figure 6.12: OH fields for the high (QB) and matched (QA) vapour length cases at a
high liquid length, at 1 and 1.5 ms ASOI, with the NWMI comparison shown

Figure 6.13: C2H2 fields for the high (QB) and matched (QA) vapour length cases at a
high liquid length, at 1 and 1.5 ms ASOI, with the NWMI comparison shown
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The spray centreline temperatures are shown in Figure 6.14, showing a small

difference between the two cases with the high vapour length case yielding a slightly

higher centreline temperature. The offset between the temperatures is expected

given the change in vapour length, however the gradients of the temperature rises

after 25 mm from the nozzle tip are very similar, suggesting the difference in liquid

length seen is offset by the increase in vapour length.

Figure 6.14: Spray centreline temperatures for the matched and high vapour length
cases at a high liquid length, at 1.5 ms ASOI, plotted against the distance from the

nozzle tip

Given the similarities in temperatures, OH and C2H2 seen in this sweep, it can

be determined that the C1ε constant has very little influence on the combustion

criteria, especially in comparison to the break-up model constants changed in the

liquid length sweep. The major influence of the C1ε constant’s change is on the

position of the combustion field, which is to be expected given its influence on

the liquid and vapour lengths. This trend continues when considering the mixture

fractions, as shown in Figure 6.15, which clearly shows very minimal differences

between the two cases. Given these points are taken before any combustion occurs

within either case the similarities seen within this sweep show further that the

C1ε constant has a minimal impact on the combustion performance of the KH-RT
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"Switch" model. This further correlates with the "well mixed" model used to simulate

combustion within Star-CD, wherein the turbulent fluctuations in the system are

ignored when processing the chemistry of combustion.

Figure 6.15: Mixture fractions for the matched and high vapour length cases at a high
liquid length, at 1 ms ASOI at 15 and 20 mm from the injector tip

Moving to the comparison of the low liquid length cases, the impact of changing

the SN and BKH1 constants on combustion can be ascertained, with the changes

made shown in Table 6.1. Given the findings of the previous sweep, the decrease

of C1ε can be discounted as a change to the combustion fields, and the break-up

model constant changes can be considered isolated within this sweep. From the

previous study, the increase in C1ε should increase the liquid length by approximately

2.8 mm and the vapour length by approximately 4.8 mm, with the decreased drop

in liquid length caused by the reduction in the SN constant and the increase in

BKH1 constant. The liquid and vapour lengths for both cases are shown in Table

6.4, showing very similar liquid length means and a large difference in vapour

lengths at both 1 and 1.5 ms ASOI.

The temperature fields shown in Figure 6.16 show small differences in the

positions of the fields, with the matched vapour length case both penetrating

further into the domain and closer to the nozzle. The magnitudes of the temperature
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Table 6.4: Liquid length means and vapour lengths at 1 and 1.5 ms ASOI for the low
liquid length vaporising cases

Low VL Matched VL Experimental

LL Mean 8.86 mm 9.46 mm 10.08 ± 0.34 mm

VL @ 1 ms 39.8 mm 45.8 mm 46.8 ± 2.0 mm

VL @ 1.5 ms 48.8 mm 55.3 mm 56.9 ± 2.6 mm

Figure 6.16: Temperature fields for the low (QB) and matched (QA) vapour length
cases at a low liquid length, at 1 and 1.5 ms ASOI, with the NWMI comparison shown

fields are similar, with the mean combustion zone temperature for the matched

vapour length case being 1448 K compared to the low vapour length case’s mean of

1437 K. The NWMI plot shows the clear increase in penetration for the matched

vapour length temperature field, along with the increased temperatures seen in

the low vapour length seen at the nozzle end of the temperature field. The OH

fields, shown in Figure 6.17 also shows the difference in penetrations, with the

magnitudes of the maximum OH concentrations being very similar at 1.5 ms ASOI.

The low vapour length OH field is more compressed, mirroring what is seen in

the low vapour length temperature fields.

The C2H2 fields, shown in Figure 6.18, are similar in structure to each other,

with the double peak structure seen in Figure 6.3 replicated. The low vapour
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Figure 6.17: OH fields for the low (QB) and matched (QA) vapour length cases at a
low liquid length, at 1 and 1.5 ms ASOI, with the NWMI comparison shown

Figure 6.18: C2H2 fields for the low (QB) and matched (QA) vapour length cases at a
low liquid length, at 1 and 1.5 ms ASOI, with the NWMI comparison shown

length case has a higher maximum C2H2 concentration at both 1 and 1.5 ms ASOI,

however at 1.5 ms the field is more concentrated and the matched vapour length

case extends closer to the injector. The higher C2H2 concentrations are shown in

the NWMI plots, which also show the increased penetration of the matched vapour

length case, consistent with the other fields shown for this comparison.
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Figure 6.19: Spray centreline temperatures for the low and matched vapour length
cases at a low liquid length, at 1.5 ms ASOI, plotted against the distance from the nozzle

tip

The centreline temperatures are shown in Figure 6.19, clearly showing the

reduction in temperature seen in the matched vapour length case at every point

past 25 mm from the nozzle tip. The low vapour length case has a more rapid

rise to its "steady" internal temperature and shows far less penetration into the

domain, as expected and shown in Figure 6.16. The lift-off-lengths for all the

vapour length sweeps shown in this section are plotted in Figure 6.20, showing that

the vapour length is the dominant factor in determining the lift-off-length, with

the liquid length having a small impact as shown by comparing the LL low/VL

match case to the LL high/VL match case.

Considering the mixture fractions, Figure 6.21 shows the matched liquid length

case predicting a higher mixture fraction than the low liquid length case. When

comparing these trends to the temperatures a very similar trend to that seen in

the liquid length sweeps of Figure 6.10 is seen, where a lower predicted mixture

fraction leads to a higher predicted internal temperature. As with the liquid length

sweeps, the major difference between the cases considered here is the alteration of

the break-up model constants, which appear to reduce the internal temperature.
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This observation will be considered in more detail in the next section.

Figure 6.20: Lift-off-lengths for the vapour length sweeps with Sandia experimental
data plotted against time ASOI

Figure 6.21: Mixture fractions for the low and matched vapour length cases at a low
liquid length, at 1 ms ASOI at 15 and 20 mm from the injector tip



6. Impact of Vaporising Match on Combusting Spray Metrics 142

6.2.3 Influence of Mean Liquid Length and Combustion
Field Position on Internal Spray Temperatures

The temperature comparisons shown in the previous section (Figures 6.2, 6.5, 6.11

and 6.16) suggest that the liquid length has an influence on the internal spray

temperature. This effect is especially strong in cases where the combustion fields

are similarly placed in the domain but the liquid lengths differ, with a longer liquid

length leading to an increase in the temperature, best shown in Figure 6.5. To

determine if there is an impact of this, the variable xcomb is defined as the point

of maximum temperature gradient which takes the spray centreline temperature

over 950 K without the temperature dropping below that threshold after. The

definition of xcomb for the high liquid length/matched vapour length case is shown

in Figure 6.22, showing how the value of 27.25 mm is found. This is replicated for

all other cases, and these values are shown in Table 6.5. By dividing the mean

liquid length by xcomb, a consistent comparison between cases of the fraction of

the combusting edge to the liquid length can be obtained.

Figure 6.22: Spray centreline temperature and gradients for the high liquid
length/matched vapour length case at 1.5 ms ASOI, with the 950 K temperature

threshold shown, showing how xcomb is defined for this case
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Table 6.5: Liquid length means and xcomb values for each combusting case in this study
at 1.5 ms ASOI

Case LL mean (mm) xcomb (mm) LL/xcomb

LL High/VL High 15.48 29.75 0.52

LL High/VL Match 13.34 27.25 0.49

LL Match/VL Match 10.15 22.75 0.45

LL Match/VL Low 10.01 24.5 0.41

LL Low/VL Match 9.46 20.5 0.46

LL Low/VL Low 8.86 20.5 0.43

Using the maximum spray centreline temperatures, a regression model can be

fitted to the data to determine if the ratio of the liquid length to the xcomb variable

influences the spray centreline temperature. The results of this are shown in Figure

6.23. It can be seen that there are two clear outliers, which are highlighted by the

circle. When these data points are taken out the regression model fits much more

closely to the other data points, with an R2 value of 0.606 for the case without

outliers in comparison to an R2 value of 0.091 when the outliers are included.

The regression model fit for the reduced data point set suggests that there is a

moderately strong correlation between the ratio of liquid length mean to xcomb
to the spray centreline temperature, however given the small data set size this is

an area for further investigation. What is notable is that the outliers are the LL

low/VL match and LL match/VL match cases, both of which alter the break-up

model constants; all the other cases just alter the turbulence model constant C1ε

without changing the break-up model constants. This suggests that the break-up

model constants also have a large impact on the combusting spray temperatures

as well as the vaporising liquid length and vapour length matches.

The impact of the break-up model constants can be further investigated by

considering the mixture fraction’s impact on the mean internal temperature. As

Figures 6.10 and 6.21 show, altering the break-up model constants increases the

mixture fraction predictions when compared to baseline cases. For all cases the
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Figure 6.23: LL means/xcomb plotted against maximum spray centreline temperature,
with regression models shown. Outliers are highlighted by the circle, and R2 values for

each model are shown with their fitted lines

mixture fraction was taken at a distance of 125 % the liquid length mean, as

shown in Table 6.6, to ensure that the comparisons between each case is as fair

as possible. Table 6.6 shows that the two cases which alter the break-up length

constants show a much higher maximum mixture fraction at 125 % of the mean

liquid length when compared to all the other cases.

Table 6.6: Liquid length means, mixture fraction position and maximum mixture
fractions for each combusting case in this study at 1 ms ASOI

Case LL mean
(mm)

Mixture Fraction
position (mm)

Maximum
Mixture Fraction

LL High/VL High 15.48 19.35 0.127

LL High/VL Match 13.34 16.68 0.138

LL Match/VL Match 10.15 12.69 0.311

LL Match/VL Low 10.01 12.51 0.202

LL Low/VL Match 9.46 11.83 0.319

LL Low/VL Low 8.86 11.08 0.227
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Comparing these mixture fractions to the mean temperature of the combustion

zone yields Figure 6.24, which shows a highly linear correlation between the mixture

fraction at 125 % of the mean liquid length to the mean internal temperature.

Figure 6.24 clearly shows that a higher predicted mixture fraction yields a lower

internal temperature, and as such the break-up model constant changes can clearly

be linked to a reduction in internal temperature, as is also shown in Figure 6.23.

Figure 6.24: Maximum mixture fraction at 125 % of the mean liquid length against the
mean internal spray temperature, with the linear regression fit shown

6.3 Conclusions

Following on from the characterisation of the KH-RT "Switch" model for a combusting

spray, the vaporising liquid and vapour lengths were influenced using the improved

matching capabilities seen in the previous chapter. This allowed for six variations

of high, matched and low liquid and vapour lengths to be simulated at vaporising

conditions, with the model set-ups used for the vaporising conditions transferred

to the combusting condition. The following observations were made:

• A liquid length sweep was undertaken at a matched vapour length, showing

differences in internal spray temperatures and C2H2 fields, with the high and
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matched liquid length cases showing large differences in magnitudes. This

was believed to be due to the influence of changing the BRT0 constant, which

appeared to "cool" the flame in the matched case. The lift-off-lengths for all

cases were found to fall in line with the liquid length predictions, however

with a smaller difference in lift-off-lengths than was seen in liquid lengths.

• Two vapour length sweeps were also undertaken, at high liquid length and

low liquid length. The high liquid length sweep showed that the C1ε constant

has very little impact on the temperature, OH or C2H2 fields, with the

only major changes being the position of the combustion field itself and the

lift-off-lengths, both of which are as expected. The low liquid length case

showed some minor discrepencies in the temperature and OH fields, however

this was mostly due to the changing in position of the combustion field caused

by the reduction in C1ε. It was also found that altering the BRT0 constant,

along with the other break-up model constants, had a large impact on the

predicted mixture fractions; whereas altering the turbulence model constant

C1ε had little difference on the mixture fraction.

• Finally, the influence of the position of the combustion field to the internal

spray temperature was considered, with a fairly good match for the ratio

of liquid length mean to combustion zone position to the spray centreline

temperature found when two outliers were removed. These outliers were cases

in which the spray break-up model constants had been altered, suggesting

that these constants have a large impact on the spray centerline temperature

seen. Given the small dataset considered however, this is an area for further

investigation at both the "Spray A" condition and other temperatures and

pressures.



7 Conclusions and Future Work

7.1 Conclusions

This study’s objective was to investigate diesel spray modelling and combustion,

with interest placed on the impacts of the various sub-models used within CFD on

the spray formation. The dataset known as "Spray A" was chosen to provide the

best comparison for this study, with its engine relevant temperatures and pressures

of interest, as well as its applicability at both vaporising and combusting test

points. Initially, the computational domain was created and characterised at the

"Spray A" vaporising condition, employing the best practices of Star-CD and the

recommended turbulence, break-up and atomisation models (k-ε, Reitz-Diwakar and

Huh-Gosman respectively). The domain was characterised using a grid sensitivity

study, with different levels of embedding employed near to the nozzle to determine

the optimum cell size for simulations. The following observations have been made

utilising this domain:

• A cell size of 0.25 mm was found to be the best trade-off between accuracy,

run time and convergence of most key spray criteria. Any un-converged spray

criteria were found to converge either at 0.125 mm or just after, and are not

deemed critical enough to warrant a smaller minimum cell size.

• The impact of the parcel count in the simulation was also considered, showing

a strong linear relationship between parcel count and run time with negligible

impact on the liquid or vapour lengths. This suggests the initial parcel counts

selected for the grid sensitivity study were too high, and are reduced for the
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domain going forward. 700,000 parcels are found to be the optimum parcel

count for the simulation.

• Finally, the initial ambient turbulence criteria were also investigated, with

the ambient turbulent kinetic energy having a strong impact on both the

transient overshoot of the liquid length and the initial vapour field formation.

The turbulent dissipation rate had a weaker impact on the transient overshoot

than the ambient TKE with little impact on the liquid length. Considering

these results suitable values for both were chosen to use going forward, with a

ambient TKE value of 2 m2/s2 and an ambient turbulent dissipation rate of

3000 m2/s3 used in future.

Utilising this domain a single-hole non-reacting diesel spray was simulated in

both Star-CD and CONVERGE, using a Lagrangian-Eulerian approach. The

Star simulations were performed by the author, and compared against a similar

CONVERGE simulation from within the group. The spray simulated was based on

the ECN "Spray A" operating condition, making use of the available experimental

data from the ECN database. Comparisons between the two CFD codes, Star-CD

and CONVERGE, were made as follows:

• Baseline comparisons were made between the two codes at initial set-ups

optimized for steady state liquid lengths. Discrepancies in transient predictions

were observed between the codes, with the break-up model considered to be

one of the principle causes of these differences.

• A direct comparison between codes showed a difference in implementation

between seemingly identical break-up models (known as the KH-RT model),

leading to a difference in overall liquid length prediction between codes.

Star-CD allowed the KH and RT models to be applied at any time and

position, and to any droplet parcel, with the two models competing, whereas

CONVERGE employed only the KH model to parcels initially and then the

RT model to all child droplets after they had undergone break-up once.
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• A new implementation of the KH-RT model was introduced for use within

Star-CD, allowing for the two models to act at different regions of the spray.

This implementation showed a similar match to steady state liquid length

with a reduction in the transient overshoot, moving closer to the liquid lengths

seen in CONVERGE. The new implementation allowed Star-CD to utilize

the KH-RT model to match more closely the experimentally observed liquid

length, and also match the vapour length without compromising the liquid

length prediction as seen in the baseline KH-RT model.

• The impact of the new KH-RT "Switch" model on the spray vapour fields was

characterised, with earlier switching positions showing oscillatory behaviour

throughout injection near to the nozzle exit, however at no impact to the cone

angle of the spray.

The newly derived KH-RT "Switch" model was then tested at the combusting "Spray

A" condition, with a good match found between the KH-RT "Switch" model and the

baseline Reitz-Diwakar case when both models utilised the same reduced n-dodecane

mechanism. The following differences and phenomena were also found and discussed:

• Both models were found to over-predict the lift-off-length of the spray when

compared to experimental results, with the Reitz-Diwakar model showing an

over-prediction of the lift-off-length by approximately 7 mm and the KH-RT

"Switch" model over-predicting the lift-off-length by approximately 10 mm.

This was deemed to not be an issue given this result has been seen previously

when the combination of the well mixed combustion model and Yao mechanism

was used. The ignition delay was predicted excellently on the other hand,

with both break-up models matching experimental data to within 0.01 ms.

• Differences in the mixture fractions were seen between the two models, with

the results complementing the SMD results from the KH-RT "Switch" model

derivation; these differences are also believed to cause the small differences

seen in the temperature predictions.
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• The influence of each sub-model of the KH-RT break-up model was also

considered, utilising the implemented switch to ensure that only one model

acted for the spray. The results showed that the RT sub-model caused a

highly unstable liquid prediction, leading to a much lower lift-off-length than

that of the KH sub-model. These instabilities mirrored those seen previously

when the switch position was set too close to the injector, further suggesting

a boundary on the switching constant is required.

Following on from the characterisation of the KH-RT "Switch" model for a combusting

spray, the vaporising liquid and vapour lengths were influenced using the improved

matching capabilities seen in the previous chapter. This allowed for six variations

of high, matched and low liquid and vapour lengths to be simulated at vaporising

conditions, with the model setups used for the vaporising conditions transferred

to the combusting condition. The following observations were made:

• A liquid length sweep was undertaken at a matched vapour length, showing

differences in spray combustion temperatures and C2H2 fields, with the high

and matched liquid length cases showing large differences in magnitudes. This

was believed to be due to the influence of changing the BRT0 constant, which

appeared to "cool" the flame in the matched case. The lift-off-lengths for all

cases were found to fall in line with the liquid length predictions, however

with a smaller difference in lift-off-lengths than was seen in liquid lengths.

• Two vapour length sweeps were also undertaken, at high liquid length and

low liquid length. The high liquid length sweep showed that the C1ε constant

has very little impact on the temperature, OH or C2H2 fields, with the

only major changes being the position of the combustion field itself and the

lift-off-lengths, both of which are as expected. The low liquid length case

showed some minor discrepencies in the temperature and OH fields, however

this was mostly due to the changing in position of the combustion field caused

by the reduction in C1ε. It was also found that altering the BRT0 constant,
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along with the other break-up model constants, had a large impact on the

predicted mixture fractions; whereas altering the turbulence model constant

C1ε had little difference on the mixture fraction.

• Finally, the influence of the position of the combustion field to the combustion

temperature was considered, with a fairly good match for the ratio of liquid

length mean to combustion zone position to the spray centreline temperature

found when two outliers were removed. These outliers were cases in which

the spray break-up model constants had been altered, suggesting that these

constants have a large impact on the spray centerline temperature seen. Given

the small dataset considered however, this is an area for further investigation

at both the "Spray A" condition and other temperatures and pressures.

7.2 Future Work

Future work on this study should focus on increasing the dataset of the variations

in liquid and vapour length impact on combustion prediction, along with testing

the new KH-RT "Switch" model at further conditions. The present study suggests

this model is able to capture combustion phenomena at a similar level to the

baseline models considered, while also predicting the vaporising condition within

experimental range. Future work on this study should include the following:

• Exploring the boundaries for the switching position value through testing

at variations of ambient conditions. Given the sensitivity of the switching

position at near-nozzle values work is required to determine the point at which

this occurs at different conditions, with correlations able to be drawn between

the ambient conditions and the switching position.

• Expansion of the KH-RT "Switch" model through additional non-dimensional

analysis. Testing at different ambient vaporising conditions will allow for the

non-dimensional analysis to be expanded, allowing for a more robust model for

the switching position to be derived. Along with the increased robustness of
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the switching position model, correlations can be found for how the turbulence

and break-up model constants change at different ambient conditions.

• Improved combustion modelling. Within this study the combustion model

was used as a comparator between cases, and the experimental conditions

were not matched due to this. Utilising a more complex combustion model

and increasing the domain accuracy for a combusting case should allow for

combustion to be modelled more accurately to the experimental results. An

expanded non-dimensional analysis can also be applied, ensuring the expansion

of the model works at both vaporising and combusting cases.

• Matching with new experimental apparatus in Oxford. The Oxford Cold

Driven Shock Tube (CDST) is a new piece of experimental apparatus designed

around generating supercritical conditions for diesel injection investigation

[138]. As such, characterising the KH-RT "Switch" model against in-house,

known, conditions will help to improve the accuracy of the model.
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A Numerical Bisection Method

The entirety of the RT model code used within the user defined function for the

KH-RT "Switch" model is presented below, with the bisection method loop shown

in a separate box. The entirety of this UDF is coded in Fortran 77, in keeping

with Star-CD’s conventions. Initially, the drag coefficient (XCD) is calculated

based on the gaseous Reynolds Number, which is then used to calculate the

droplet acceleration (ACRT) with respect to the gas. Along with this, the density

difference (DEND) is calculated and used to determine a critical value for the

wavenumber (κRT ), from which the high and low estimates for the wavenumber can

be found. The incrementer (DK) for the bisection method is found from the high

estimate for the wavenumber, and the terms from the growth rate equation are

calculated for simplicity within the bisection method. The convergence metric

(EPS) is also defined here.

C Ca l cu l a t e Drop Drag Coef f

i f (REYG.GT. 1 0 0 0 . 0 ) then

XCD = 0.424

else

XCD = (12/REYG)∗ (1 . 0+(1 . 0 /6 . 0 ) ∗ (REYG∗ ∗ ( 2 . 0 / 3 . 0 ) ) )

endif

C Ca l cu l a t e Drop Acce l e ra t i on and den s i t y d i f f e r e n c e

ACRT = ( ( 3 . 0 / 8 . 0 ) ∗XCD∗DEN∗VRM2)/(DENDR∗DRR)
DEND = ABS(DENDR−DEN)+1.0E−10
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C Ca l cu l a t e c r i t , low and high va l u e s f o r k used
C in i t e r a t i o n

XKCRIT = SQRT(DEND∗ACRT/SFTC)
XKLOW = (1 . 0E−10)∗XKCRIT

i f ( ( 0 . 9 5∗XKCRIT) .GT. 1 . 0E−99) then

XKHIGH = 0.95∗XKCRIT

else

XKHIGH = 1.0E−99

endif

C Define i t e r a t i o n c on s t r a i n t s f o r upcoming
C b i s e c t i o n method

DK1 = 1.0E−7∗XKHIGH

i f (DK1.GT. 1 . 0 ) then

DK = 1.0

else

DK = DK1

endif

EPS = 1.0E−4

C Ca l cu l a t e the terms needed f o r growth ra t e
C i t e r a t i o n ( Joseph , 1999)

TERM1 = (DRVIS + VISM)/(DENDR + DEN)
TERM2 = ACRT∗DEND/(DENDR + DEN)
TERM3 = SFTC/(DENDR + DEN)
TERM4 = (DRVIS + VISM)/(DENDR + DEN)
TERM42 = TERM4∗TERM4
XCONV = (XKHIGH − XKLOW)
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Below is the bisection loop, utilising a convergence criteria (XCONV) based on

the high and low estimates for the value of κRT . The average of these estimates

is used within the loop to calculate the surface growth rate. An incremented κRT

is used to determine which of the high or low estimates is closer to the maximum

surface growth rate, and as such the boundaries of the high and low estimates

are changed for the next iteration. Finally, the convergence criteria is calculated

before the loop returns to the original convergence check.

C Do the i t e r a t i o n to f i nd k f o r maximum growth ra t e

20 i f (XCONV.GE.EPS) then

XKK = 0 .5∗ (XKLOW + XKHIGH)
XKDK = XKK + DK

C Equation below from v i s c i d RT model ,
C see ( Joseph , 1999) Eq .25

OMK = −(XKK∗XKK∗TERM1) + SQRT( (XKK∗TERM2) −
+ ((XKK∗∗3)∗TERM3) + ( (XKK∗∗4)∗TERM42) )
OMDK = −(XKDK∗XKDK∗TERM1) + SQRT( (XKDK∗TERM2) −
+ ((XKDK∗∗3)∗TERM3) + ( (XKDK∗∗4)∗TERM42) )

DOMEGA = OMDK − OMK

i f (DOMEGA.GT. 0 . 0 ) then

XKLOW = XKK

else

XKHIGH = XKK

endif

XCONV = (XKHIGH − XKLOW)/XKK

go to 20

endif
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Figure A.1: Wavenumber estimation against iteration number for the RT bisection loop

The values of the high and low estimates for κRT , along with the value of

κRT used in each iteration are shown in Figure A.1, with the values for the last

5 iterations shown in Table A.1. As can be seen, the wavenumber estimates

converge towards a value of 25440, with iteration 15 showing the values having

met the convergence limit as defined.

Table A.1: Values of the high and low estimates for the final five iterations of the
bisection loop, along with the value of κRT taken forward and the convergence criteria

value

Iteration
Number κlow κhigh κRT XCONV

11 25431 25473 25431 8.20 × 10−4

12 25431 25452 25452 4.10 × 10−4

13 25431 25441 25441 2.05 × 10−4

14 25436 25441 25436 1.03 × 10−4

15 25439 25441 25439 0.51 × 10−5



B Combusting Anomalies

During the investigation of the combusting spray in Chapter 5, some anomalies

within the liquid length were noted. These anomalies are described in this appendix,

with some discussion on the cause of the anomaly. However, this work is a subject

of further work beyond this thesis. It should be noted that it is not the author’s

belief that these anomalies impact the combustion prediction in any meaningful way,

given the temperature and OH fields are still symmetrical despite the predictions

shown within, and as such the comparisons made in Chapter 6 are still valid.

Liquid Lengths

To begin with, the liquid lengths of the baseline simulations are plotted, as shown in

Figure B.1. As can be seen, in their baseline cases neither model predicts the liquid

length consistently within the experimental range, with the Reitz-Diwakar model

predicting a mean liquid length of 9.78 mm and the "Switch" model predicting

a mean liquid length of 7.57 mm over the same time period as the experimental

liquid length mean. The "Switch" model liquid length is also notable for the dip in

liquid length seen at approximately 0.3 ms ASOI, from a liquid length within the

experimental range to its mean of 7.57 mm. The reason for this drop in liquid length

is believed to be due to some artefacting seen in the parcels around the 0.3 ms

region that causes a small subsection of parcels near the spray tip to disappear

completely from the simulation. This artefacting is shown in Figure B.2.

Figure B.1 also shows that the trends seen in Chapter 4 regarding the baseline

Reitz-Diwakar and KH-RT models hold true at a combusting test point, with

the KH-RT model predicting a lower liquid length than the Reitz-Diwakar case.

The liquid lengths predicted are slightly lower than the vaporising case, however
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this is believed to be due to the change in gas composition, causing the average

density for the combusting test point to be calculated at 23.4 kg/m3 compared

to 22.9 kg/m3 for the vaporising case.

Figure B.1: Simulated and experimental liquid lengths for the combusting "Spray A"
case

Figure B.2: Parcel plots for both KH-RT "Switch" and Reitz-Diwakar models at 0.5 ms
ASOI, showing artefacting in the liquid for the "Switch" model
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The other point of note from Figure B.1 is the after end of injection (EOI)

liquid lengths from the simulations do not return to 0 mm as suggested by the

experimental data; instead some liquid appears to remain in the domain after EOI.

Considering the parcels in the domain after EOI it can be seen that a few parcels

still remain, however when queried on the number of droplets contained within the

parcels it is shown that ever parcel still in the domain has no droplets within them,

as shown in Figure B.3. Given the methodology of extracting the liquid length from

the Star-CD simulations depends on the mass of liquid in the domain, having parcels

within the system with no droplets contained within them but a small mass will

cause this calculation to yield a liquid length even though the parcels are "empty".

(a)

(b)

Figure B.3: Parcels remaining in the simulation domain after EOI at 1.9 ms ASOI, for
the Reitz-Diwakar model, (a) shows the parcel counts and (b) shows the parcel masses.
MCOU is the number of droplets within each parcel, MMAS is the mass of the parcel in

kg
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Droplet Artefacting

As Figure B.2 shows, there is some droplet artefacting occurring when the KH-RT

"Switch" model is used in conjunction with the detailed chemistry as defined in

Section 5.1.2. To test whether this is a random occurrence or not, 10 identical

runs of the same case as in the previous section were run until 0.4 ms ASOI, as

this encompasses the time at which artefacting was seen in Figure B.1. For this

situation the time the artefacting is defined to have started is the timestep at which

the liquid length drops 50 % of the difference between the pre-artefacting liquid

length and the post-artefacting liquid length, as shown in Figure B.4 for run 2 of

the test. This liquid length is approximately 9.2 mm in this case, and the time

at which the liquid length drops below this is 0.3215 ms ASOI. This criterion is

applied to the other cases, and the results for all the cases are shown in Table B.1.

This clearly shows that the artefacting is not a random occurrence, however the

time of the artefacting is not the same throughout the 10 tests, with it varying

from 0.3115 ms to 0.3215 ms ASOI. This suggests the initial assumption that there

Table B.1: Artefact test for each of the 10 identical runs, with time ASOI artefacting
begins for each run if artefacting occurs

Run Artefacting Occurs Time ASOI of
Artefact (ms)

1 Yes 0.3125

2 Yes 0.3215

3 Yes 0.3125

4 Yes 0.321

5 Yes 0.3115

6 Yes 0.312

7 Yes 0.3215

8 Yes 0.3115

9 Yes 0.3215

10 Yes 0.313
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Figure B.4: Liquid length for test run 2 between 0.3 and 0.35 ms ASOI, showing
artefacting criterion depending on the pre and post artefact liquid lengths

is some interaction occurring between the break-up model and the combustion

chemistry is causing the artefacting is likely to be correct.

To test the assumption that there is an interaction between the break-up model

and the combustion chemistry further, the KH and RT models will be individually

tested within this combusting case. This can be achieved by turning one of the

KH or RT models off within the UDF, ensuring that only one of them acts for

the entirety of the simulation for all droplets. The liquid lengths for this test are

shown in Figure B.5. The liquid length shows that artefacting occurs in the RT test

at approximately 0.27 ms ASOI, earlier than was previously seen in the KH-RT

"Switch" model tests. After the artefacting the liquid length is very similar to those

seen in the previous tests, staying around a mean of approximately 7.5 mm before

rising after the end of injection. In contrast, the KH model predicts a steady liquid

length of approximately 10.1 mm throughout the injection.
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Figure B.5: Liquid lengths for the KH and RT sub-models compared with the Sandia
experimental range against time ASOI

It is clear that there is an interaction between the RT sub-model and the CFD

code causing this artefacting, however the full cause of this is not yet known.

It is proposed that future work on this should be undertaken to ascertain what

interaction is causing these parcels to be lost, and how it can be fixed.
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