
ETH Library

Numerical investigation of
turbulent spray combustion with
conditional moment closure

Doctoral Thesis

Author(s):
Wright, Yuri Martin

Publication date:
2005

Permanent link:
https://doi.org/10.3929/ethz-a-005228336

Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://doi.org/10.3929/ethz-a-005228336
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


DISS. ETH NO. 16386 

 

 

Numerical investigation of turbulent spray combustion 

with Conditional Moment Closure 

 
 
 

A dissertation submitted to the 

SWISS FEDERAL INSTITUTE OF TECHNOLOGY ZURICH 

for the degree of 

DOCTOR OF TECHNICAL SCIENCES 

 
 

presented by 

YURI MARTIN WRIGHT 

Dipl. Masch.-Ing. ETH Zürich 

born May 10th, 1973 

citizen of Frutigen BE, Switzerland 

and Great Britain 

 
 

accepted on the recommendation of 

Prof. Dr. Konstantinos Boulouchos, ETH Zürich, examiner 

Dr. Epaminondas Mastorakos, University of Cambridge, UK, co-examiner 

Prof. Dr. Dimos Poulikakos, ETH Zürich, co-examiner 

 
 

2005 



 
 



 
 
 
 
 
 
 
 
 
 
 
 

 
To my parents 

 



 



Preface 

The present work was carried out at the Laboratory of Aerothermochemistry and 
Combustion Systems (LAV) at the Swiss Federal Institute of Technology (ETH) 
Zurich, Switzerland and in the framework of a fixed term research project at 
Cambridge University, UK. 
My very special thanks go to Prof. Dr. K. Boulouchos, head of LAV, for his 
tremendous support in every possible way, innumerable fruitful and inspiring 
exchanges and for providing a well equipped and most enjoyable working 
environment. My sincerest thanks also go to Dr. E. Mastorakos for countless 
highly appreciated and most instructive discussions and his continuous efforts in 
helping me develop the skills required, fostering a deeper scientific 
understanding and the appreciation of the beauty of combustion modelling. 
Special thanks also go to Prof. Dr. D. Poulikakos for consenting to act as a 
dissertation reader. 
Among the many colleagues from LAV I wish to thank in particular 
Ch. Lämmle, who has accompanied me not only as a fellow student and as a co-
worker, but as a close friend for over a decade. My special thanks also go to 
Dr. L. Demiraydin, Dr. C. Frouzakis, Dr. J. Lee, Prof. Dr. A. Tomboulides, 
Prof. Dr. L. Kaiktsis for their guidance and enlightening conversations in a most 
collegial atmosphere. G. Barroso, who contributed in many ways to the code 
development, E. Conte, D. Fritsche, P. Kirchen, M. Küng, G. Pizza, Dr. R. Rais, 
L. Valär, M. Warth and P. Wilhelm are among the many colleagues who made 
work and other events at the laboratory a pleasure. Many thanks also go to 
O. Margari, A. Escher, Dr. Kai Herrmann, Dr. S. Kunte and P. Eberli for their 
much appreciated experimental contributions and valuable input relating to the 
measurements and to P. Obrecht for his assistance and support concerning post-
processing of experimental data. 



In Cambridge, I thank especially my friends and colleagues Dr. I.S. Kim, 
G. De Paola, E. Richardson and Dr. C. Markides for countless fruitful 
discussions, their generosity to share innumerable code developments and for a 
most amicable working environment. 
I also express my thanks to Dr. G. Weisser, Wärtsilä Switzerland Ltd. for 
providing financial support and many most appreciated discussions. Financial 
support by the Swiss Federal Office of Energy (BfE), the Swiss Innovation 
Promotion Agency (KTI), Ford Research Centre, Aachen and the EU projects 
“PLANET” and “NICE” is also gratefully acknowledged. 
Concerning IT related infrastructure, I thank M. Essig, T. Koschnick and 
P. Benie for their endless support and for maintaining an excellent, reliable 
computing basis night and day. 
Furthermore, I thank all my friends from the climbing community not only for 
fuelling my ambitions, cultivating my fighting spirit and the desire to reach for 
summits no matter how hard the grade, but also for their ongoing friendship and 
innumerable, most pleasurable moments ‘out of the office’. 
 
Last but not least I thank my parents and family to whom I dedicate this work. 



Abstract 

Focus of this study is the numerical simulation of turbulent auto-igniting liquid 
fuel sprays at Diesel engine relevant conditions. A state-of-the-art combustion 
model based on Conditional Moment Closure (CMC) has been interfaced with a 
broadly established three-dimensional flow field solver and the performance and 
validity of this methodology is tested by means of three different comprehensive 
sets of experimental data. 
The first validation is carried out by comparison of predicted ignition delays 
with experimental data from an open constant volume combustion chamber. 
Both two-dimensional (2D) and homogeneous (0D) formulations of the CMC 
equations have been investigated and the influence of the spatial transport terms 
is analysed. For all cases, good agreement of the ignition delays is reported for a 
broad range of temperatures at conditions typical to Diesel engines and the 
influence of initial turbulence in the surrounding air on the ignition delays is 
also correctly captured.  
Experimental data from an optically accessible, closed high temperature high 
pressure cell constitutes the second benchmark. The comprehensive set of 
validation data comprises liquid and qualitatively gas phase spray penetration, 
ignition delay and location as well as a pressure signal. The simulation predicts 
with good accuracy the spray evolution, the overall pressure increase, and both 
ignition delay and location. 
The model performance is further assessed in a third step by comparing the 
simulation results with pressure traces and rates of heat release from a heavy 
duty engine at a number of different operating conditions. Very good agreement 
has been found for both quantities for all points. 



The model is capable of accurate predictions of the ignition delay, the premixed 
phase and the diffusion phase of spray combustion and hence presents a very 
promising tool for the simulation of turbulent auto-igniting liquid fuel sprays. 



Zusammenfassung 

Diese Studie beschäftigt sich mit der Simulation von turbulenten Sprays bei 
dieselmotorischen Bedingungen. Ein Verbrennungsmodell, basierend auf dem 
Conditional Moment Closure (CMC) Ansatz, wurde mit einer weit verbreiteten 
numerischen Strömungssimulations-Software gekoppelt und anschliessend mit 
experimentellen Daten von drei verschiedenen Versuchsträgern verglichen. 
Die erste Validierung erfolgt anhand von gemessenen Zündverzügen einer 
offenen Konstantvolumengeometrie. CMC-seitig wurden sowohl homogene 
(0D) wie auch zwei-dimensionale (2D) Formulierungen des Codes untersucht 
und der Einfluss der räumlichen Transportterme analysiert. Für alle Varianten 
wurden die Zündverzüge für einen weiten Temperaturbereich gut vorhergesagt 
und der Einfluss von luftseitiger Anfangsturbulenz korrekt abgebildet. 
Experimentelle Daten einer optisch zugänglichen geschlossenen Brennkammer 
bilden die Grundlage der zweiten Validierung. Der umfangreiche Datensatz be-
inhaltet die Penetrationen des flüssigen und qualitativ des gasförmigen Sprays, 
das Drucksignal sowie Zündverzug und -ort. Die Simulation gibt sowohl die 
Sprayevolution, den Druckanstieg sowie Zündort und -verzug gut wieder. 
Im dritten Schritt werden die Simulationsergebnisse mit den gemessenen 
Druckverläufen und Brennraten eines „heavy duty“-Motors für mehrere Be-
triebspunkte verglichen, wobei der Simulation eine sehr gute Übereinstimmung 
attestiert werden kann. 
Das Modell ist in der Lage, alle drei Phasen der Dieselmotorischen Verbrennung 
gut abzubilden, namentlich die Zündphase, die vorgemischte Phase und die 
Diffusionsverbrennung, und stellt deshalb einen sehr vielsprechenden Ansatz 
zur Simulation der turbulenten Sprayverbrennung dar. 
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1 Introduction 
The first control of fire by hominids has been estimated to have occurred around 
1.5 million years ago [1]. The ability to control the conversion of energy in 
chemical form to heat enabled humans to survive in a multitude of locations all 
over the globe. 
Conversion of thermal energy into mechanical work by means of piston engines 
or steam/gas turbines in contrast, is considerably newer and dates back to the 
eighteenth century. Despite the comparatively short history, the invention of 
such devices has nonetheless had a tremendous impact. The permanent 
availability of energy for heating, transportation and in the form of electricity at 
modest individual efforts and costs forms the basis for the standards of living we 
have the benefit of today. 
When comparing open fires to modern furnaces or what can be considered as the 
first ‘motor-vehicle’ to a present day passenger car one may rightfully declare, 
that substantial progress has been made in terms of managing the desired 
outcome of these conversion processes and the user-friendliness of the devices. 
However, scientists and engineers are facing far greater challenges in controlling 
the undesired by-products and side effects which are involved. 
As reported in [2], the history of the world’s energy consumption up to the year 
2002 and a projection extending to the year 2025 is given in Figure 1.1, 
alongside Figure 1.2 showing the exploited energy sources. It is evident, that in 
the past most of the energy has been produced by combustion of gaseous, liquid 
and solid fossil fuels and it is projected to be obtained likewise for the next 
decades. Furthermore, it can be observed that the demand for energy will 
increase far more dramatically for the developing or emerging economies 
compared to the mature market economies approaching what could be 
considered a saturation. There is evidence from historical data [2] that the Gross 
Domestic Product (GDP) and the energy consumption have been strongly 
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correlated in the emerging economies in the past. Analysis of mature market 
economies on the other hand revealed that energy consumption and GDP are 
only weakly linked. This is believed to be due to the fact, that increasing 
standards of living lead to more frequent replacement of energy conversion 
devices and due to the increased efficiencies thereof, the correlation decreases. 
Further energy savings stem from higher standards of buildings, i.e. 
improvements to thermal insulation. 
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Figure 1.1 – World marketed energy 
consumption‡ by region 1970-2025. 
Source [2] 

Figure 1.2 – World marketed energy use‡ 
by energy type 1970-2025. Source [2] 

 
Nevertheless, due to the large number of uncertainties with respect to the growth 
of the world’s population and economies, accurate predictions of the future 
consumption are very difficult to make. From Figure 1.1 it follows nonetheless, 
that the current demand is believed to increase to roughly one and a half times 
the value of 2002 by 2025. Hence of major concern and becoming increasingly 
evident is the limited availability of the fossil fuels required to ‘power’ our 
civilised and to an even greater extent the developing economies in the future. In 
[3] it is postulated, that based on predictions by leading international energy 
companies, the availability of fossil fuels at the ‘affordable’ prices of today is 
highly likely to end in the foreseeable future.  
As a consequence of the former findings, significant improvements with respect 
to conversion efficiencies are called for and substantial reductions of the overall 
consumption are a prerequisite if the present standards of living are to be 
maintained and the major sources of energy remain fossil. The replacement of 

                                           
‡ One British thermal unit (Btu) corresponds to 0.293 Watt-hours (Wh) 
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fossil energy with energy from renewable sources is expected to play an 
increasing role once comparable costs are attained due to the rising price of 
fossil fuels and the learning curves for new, non-fossil–based technologies. 
Nevertheless, combustion will continue to constitute the dominant energy source 
for some time to come. 
A further reason to reduce the consumption arises from the fact that the 
oxidation of hydrocarbons by means of air inevitably leads to the formation of 
carbon-dioxide (CO2). Figure 1.3 shows the history and projections of the 
worldwide emissions up to the year 2025.  
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Figure 1.3 – World carbon dioxide emissions by fuel type 1970-2025. Source [2] 

 
There is a mounting body of evidence documented e.g. in [4,5] that the 
increasing concentration of CO2 in the atmosphere is partly responsible for 
climate change and in particular global warming. Figure 1.4 shows the increase 
in temperature as reported by [6]. A change in temperature will affect the 
world’s entire ecosystem due to modifications of all the biogeochemical cycles; 
the impacts of which will be of a global nature. Predictions in [5] with respect to 
future changes in extreme climate events consider an increase in continental 
summer drying and the associated risk of droughts likely over many continental 
interiors. The frequency of extreme precipitation events is also projected to 
increase almost everywhere. Changes to the sea level due to the melting of the 
ice sheets and retreat of glaciers are also projected, for which the time-frame is 
of the order of hundreds of years.  
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Because some of these changes occur on such large time-scales, by-products 
harmful to human health formed in combustion processes and released 
locally/regionally – in particular visible ones such as soot – are of far greater 
concern in everyday life to most people. Despite increasingly strict legislation 
coming into power to minimise health-hazardous impact in highly populated 
areas, there is nonetheless much room for improvement with respect to 
emissions from current engines and furnaces. 
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Figure 1.4 – Hemispheric and large-scale surface air temperature variations. Source [6] 
 
Due to the large share of transportation in the overall energy consumption [2], 
cf. Figure 1.5 below, attention drawn particularly to this field is believed to have 
a large potential. 
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Figure 1.5 – World Oil consumption by end-use sector 2002-2025. Source [2] 
 



 Introduction 

  5 

Given the multitude of requirements outlined above, many of which exhibit 
strong trade-off behaviour, engineers and scientists are struggling to satisfy a 
broad spectrum of goals. Hence a very profound understanding is required to 
steer combustion processes so that an outcome satisfying all requirements can be 
ensured. The processes involved however include many challenging phenomena 
from a broad range of physics. Most combustion devices for practical purposes 
operate in highly turbulent flow regimes necessitating a detailed description of 
the flow field motion. Commonly, such flows take place in time-dependent and 
highly complex geometries, e.g. in engines with reciprocating pistons and 
moving valves. Fossil fuels contain varying mixtures of many different hydro-
carbons which are decomposed and oxidised at very high temperatures and 
pressures in an unsteady fashion. The description of the chemical processes 
involved demands great accuracy in the understanding of the reaction kinetics. 
In many cases, the fuel is introduced into the oxidiser in a non-gaseous state, 
thus leading to added complexity due to phase transition phenomena. While the 
understanding of these individual processes poses immense difficulties in itself, 
the matter is further complicated by the fact, that many of them cannot be 
treated independently from others. 

1.1 Objectives of this study 
Of particular interest with respect to turbulent combustion is the interaction of 
the turbulent flow field with the flame. In this study a state-of-the-art 
combustion model based on Conditional Moment Closure is interfaced with a 
well-established three-dimensional flow field solver, an approach which allows 
for inclusion of detailed chemistry in the simulation of turbulent reacting flows 
at a reasonable computational cost. The ability to include detailed chemistry 
forms the basis for quantitative pollutant formation predictions, although the 
exploration thereof is not the focus of this study. As the coupled model is 
applied to investigate auto-igniting liquid fuel sprays, detailed chemistry is 
however a prerequisite for the accurate description of the ignition processes. 
The performance and validity of the method employed is tested on the one hand 
by investigating the influence of air temperature und turbulence on the ignition 
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delays at Diesel engine relevant conditions, for which experimental data from a 
high pressure and temperature open combustion chamber has been reported. 
The second benchmark is by means of experimental data from an optically 
accessible, constant volume closed high temperature high pressure chamber, for 
which the comprehensive set of validation data comprises liquid and gas phase 
spray penetration, ignition delay and location as well as a pressure signal, 
indicative of the combustion generated heat release. 
In a third step, the model performance is further assessed by means of 
comparison of the predicted pressure traces and rates of heat release to 
experimental data from a heavy duty engine at a number of different operating 
conditions. 
Furthermore, with respect to the physical mechanisms concerning the interaction 
between the turbulent flow field and the flame, the study seeks to develop a 
deeper understanding and identification of the governing parameters and 
processes in this modelling approach relating to the turbulence-chemistry 
interaction. 
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2 Governing equations 

2.1 Continuum flow hypothesis 
In most engineering flows the continuum hypothesis can be applied, following 
which the fluid no longer exhibits a discrete molecular nature but can be treated 
as a continuum, i.e. the Knudsen number (the ratio of the mean free path to the 
system dimension) is orders of magnitude smaller than one. 

2.2 Thermodynamics 
The state of a thermodynamic system can be fully described by a finite number 
of independent thermodynamic properties. In technical systems of practical 
interest, the variables of choice are commonly volume, pressure and chemical 
composition, i.e. species mole numbers. For the flows in most combustion 
devices, it is justifiable to employ the ideal gas law to provide a relation for the 
temperature 
 
 i

I
pV n T= ℜ∑  (2.1) 

2.3 Conservation equations 
For a given volume, the change of a variable describing the thermodynamic state 
of a system must balance transport through the boundaries and local sources and 
sinks e.g. due to reaction or body forces. 
For single-phase Newtonian fluids with non-constant density, the Navier-Stokes 
equations can be written as follows: 
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2.3.1 Mass 

 ( ) 0
t
ρ ρ∂
+∇⋅ =

∂
v  (2.2) 

2.3.2 Momentum 
 
 ( )( ) p

t
ρ ρ ρ∂

+∇⋅ = −∇ +∇ +
∂

v vv τ g  (2.3) 

 
With the viscous stress tensor, τ 
 

 22
3

μ ⎡ ⎤= − ∇ ⋅⎢ ⎥⎣ ⎦
τ S vI  (2.4) 

 
Containing the rate of strain tensor S, 
 
 ( )1

2
T= ∇ +∇S v v  (2.5) 

 
where the second term on the right hand side (RHS) denotes the transposed of 
the velocity gradient. The last term in equation (2.3) needs to be included only if 
buoyancy effects are important. 

2.3.3 Species 

For flows involving a multitude of n species, an additional balance equation 
needs to be solved for every species 
 

 ( ) ( )
Sc

i
i i i

i

Y Y Y
t
ρ μρ ω

⎡ ⎤∂
+∇⋅ −∇ ⋅ ∇ =⎢ ⎥∂ ⎣ ⎦

v  (2.6) 

 
where Yi is the species mass fraction defined as 
 
 i

i
mY
m

=  (2.7) 

 
m is the total mass and mi the mass of species i. 
 

 
1

n

i
i

m m
=

=∑  (2.8) 
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For convenience, equation (2.6) makes use of the dimensionless Schmidt 
number, Sci, which relates the species molecular diffusivity (relative to the other 
species), Di, to the molecular viscosity, µ, in the following way: 
  
 Sci

iD
μ
ρ

=  (2.9) 

 
From the above notation it follows, that Fick’s law of diffusion is assumed, i.e. 
the species diffusive fluxes ji are defined as 
 
 i i iD Yρ= − ∇j  (2.10) 
 
Species diffusion due to temperature gradients, known as the Soret effect, is 
neglected. 

2.3.4 Enthalpy 

The energy balance can be written in the form of enthalpy, h, which is the mass-
weighted sum of the specific enthalpies hi of species i 
 

 
1

n

i i
i

h hY
=

= ∑  (2.11) 

 
with the static enthalpy of a species defined as 
 

 ( ), i

ref

T

i i ref P
T

h h c T dT= + ∫  (2.12) 

 
Differentiating equation (2.12) one obtains 
 

 
1

n

P i i
i

dh c dT h dY
=

= +∑  (2.13) 

 
containing the specific heat capacity of the mixture at constant pressure, cP, 
 

 
1

i

n

P P i
i

c c Y
=

=∑  (2.14) 
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The balance equation for the enthalpy can be written as [7], following [8]: 
 
 ( ) : q R

h ph p q
t t
ρ ρ∂ ∂

+∇⋅ = + ⋅∇ + ∇ +∇⋅ +
∂ ∂

v v τ v j  (2.15) 

 
with the enthalpy diffusion flux jq 
 

 
1

n

q i i
i

T hλ
=

= − ∇ +∑j j  (2.16) 

 
which makes use of Fourier’s law and includes enthalpy transport due to 
diffusive fluxes. Body forces have been neglected and energy transfer due to 
concentration gradients, namely the Dufour effect, is also ignored. 
By introducing the non-dimensional Prandtl number, which relates the diffusive 
transport of momentum to energy: 
 
 Pr Pcμ

λ
=  (2.17) 

 
the enthalpy diffusional fluxes can be rewritten as 
 

 
1

Pr 1
Pr Sc

n

q i i
i i

h h Yμ
=

⎡ ⎤⎛ ⎞
= ∇ + − ∇⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦
∑j  (2.18) 

 
The Lewis number, Le, which relates the diffusive transport of energy to mass, 
can be expressed in terms of Prandtl and Schmidt numbers as follows 
 

 
1

1Le Sc PrP
i i

P i i

c
c D D

μλ μ
ρ ρ λ

−
−⎡ ⎤= = =⎢ ⎥⎣ ⎦

 (2.19) 

 
For simplicity, it is assumed that all species have identical diffusion coefficients 
and that the Lewis number is unity, leading to a simplification of the enthalpy 
diffusional fluxes 
 
 

Prq ihμ
= ∇j  (2.20) 

 
By further neglecting heating due to friction, the enthalpy equation can be 
further reduced to 
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 ( ) R
P

h ph p h q
t t c
ρ λρ

⎛ ⎞∂ ∂
+∇ ⋅ = + ⋅∇ +∇ ⋅ ∇ +⎜ ⎟∂ ∂ ⎝ ⎠

v v  (2.21) 

2.4 Chemistry 
For the oxidation of hydrocarbons, common to most combustion processes 
involving fuel and air, the highly complex chemical system is usually described 
by means of a mechanism containing r chemical reactions. 
For a reaction k, the rate of reaction is computed as 
 

 
1 1

jk jkn n
j j

k fk bk
j jj j

Y Y
k k

W W

ν ν
ρ ρ

ω
′ ′′

= =

⎛ ⎞ ⎛ ⎞
= −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
∏ ∏  (2.22) 

 
where the exponents denote the stoichiometric coefficients in forward jkν ′ and 
backward jkν ′′  directions for elementary reactions. If third body reactions are 
present, these coefficients need not be stoichiometric and third body efficiencies 
must be accounted for. 
Likewise, fkk  and bkk  denote the rate coefficients in forward and backward 
directions which are computed by the expression of Arrhenius. For the forward 
rate coefficient this reads as follows 
 

 exp fkfk Ab
fk fk

T
k A T

T
⎡ ⎤

= −⎢ ⎥
⎢ ⎥⎣ ⎦

 (2.23) 

 
and analogously for the backward rate expression. 
For a species i, the rate of change can thus be computed by summation over all 
reactions in the mechanism, providing the chemical source term in the species 
conservation equation (2.6) 
 

 ( )
1

r

i i k jk jk
k

Wω ω ν ν
=

′′ ′= −∑  (2.24) 

 
With appropriate boundary and initial conditions, the solution of the above 
equations provides a complete description for single phase flows. 
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2.5 Turbulence modelling 
Turbulent flows contain a large range of length scales and are characterised by 
unsteady, strongly varying, irregular velocity fields with apparent randomness. 
Figure 2.1 displays the behaviour of the turbulent energy spectrum, where the 
wave-number can be seen as the inverse of a length scale. Typically, the 
representation shown refers to isotropic and homogeneous turbulence, for which 
a conceptual theoretical framework is established. Following the hypotheses of 
Kolmogorov, the energy spectrum contains three distinct ranges, namely the: 

• Energy containing integral scales 
• Inertial sub-range (cascade, energy transfer from the large to the small 

eddies) 
• Dissipation at the small scales, namely in the viscous sub-range 

 

 
Figure 2.1 – Turbulent energy spectrum as a function of the wavenumber k. Source [7] 

 
To allow a direct solution of the equations outlined in the previous section, 
spatial resolutions resolving the smallest flow scales and integration methods 
capable of capturing the fastest processes are necessary. The computational cost 
scales approximately by Re3 for time and space [9], which precludes such an 
approach for most flows of interest in practical engineering applications. 
Nevertheless, the direct numerical solution (DNS) of flows has become an 
indispensable tool in fundamental research alongside experiments and has 
provided immensely useful information towards the understanding of 
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combustion processes [10,11]. DNS offers the possibility to study and identify 
‘isolated’ behaviours, which cannot be realised experimentally. A further merit 
is the ability to produce vast quantities of data which makes DNS an extremely 
helpful tool for modelling purposes, in particular for statistical approaches. With 
respect to reacting flows, DNS has seen successful application to configurations 
such as diffusion flames with flame-vortex interactions [12] as well as auto-
ignition problems with one- [13] and multi-step simplified chemistry [14]. A 
comprehensive review concerning its application to premixed combustion can 
be found in [15]. The range of applicability of DNS is expected to improve 
considerably in future as a result of ever increasing computer power and the 
availability of more efficient and affordable parallel systems in conjunction with 
highly scalable codes. 
To overcome the present day limitations of DNS, a number of modelling 
approaches have been proposed to make turbulent reacting flows more tractable 
and, more importantly, to extend the range of flow regimes for which solutions 
can be obtained. 

2.5.1 Averaging 

Following the approach suggested by Reynolds, as early as 1894, a fluctuating 
property φ can be split into an ensemble average and a fluctuation in the 
following way 
 
 ( , ) ( , ) ( , )t t tϕ ϕ ϕ′= +x x x  (2.25) 
 
where the overbar denotes the ensemble average and φ′ the fluctuation, 
respectively. 
In variable density flows, this averaging procedure is replaced by density 
weighted averaging, to avoid terms due to the density fluctuations. This 
procedure, introduced by Favre, can be written as 
 
 ( , ) ( , ) ( , )t t tϕ ϕ ϕ′′= +x x x  (2.26) 
 
where 
 

 ρϕϕ
ρ

=  (2.27) 
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Applying this concept to conservation equations (2.2), (2.3), (2.6) and (2.15) 
above, the Favre averaged equations can then be written as 
 
 ( ) 0

t
ρ ρ∂
+∇ ⋅ =

∂
v  (2.28) 

 
 ( ) ( )( ) p

t
ρ ρ ρ ρ∂ ′′ ′′+∇ ⋅ = −∇ ⋅ −∇ +∇ +
∂

v vv v v τ g  (2.29) 

 

 ( ) ( ) : q R
h ph h p q
t t
ρ ρ ρ∂ ∂′′ ′′+∇ ⋅ = −∇ ⋅ + + ⋅∇ + ∇ +∇⋅ +
∂ ∂

v v v τ v j  (2.30) 

 

 ( ) ( ) ( )i
i i i i

Y Y Y
t
ρ ρ ρ ω∂ ′′′′+∇ ⋅ = −∇ ⋅ +∇ ⋅ +
∂

v v j  (2.31) 

 
The additional terms appearing in these averaged equations are namely the 
Reynolds stresses arising from the fluctuating velocity field 
 
 ′′ ′′v v  (2.32) 
 
and the velocity-scalar co-variances in the species and enthalpy equations, the 
so-called scalar fluxes of the species  
 
 iY ′′′′v  (2.33) 
and enthalpy 
 h′′′′v  (2.34) 
 
These terms, resulting from the averaging procedure, are common to both the 
Reynolds and Favre approach and lead to what is known as the closure problem 
of moment methods; unless expressions for the Reynolds stresses and the scalar 
fluxes can be determined, there are more unknowns than equations.  
For the scalar fluxes, it is common practice to employ the gradient-diffusion 
hypothesis 
 
 Tφ φ′′′′ = −Γ ∇v  (2.35) 
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which contains the turbulent diffusion coefficient ΓT and shows analogy to the 
laws of mass and energy diffusive transport of Fick and Fourier, respectively. 
Despite its apparent obviousness, this hypothesis includes a number of 
questionable assumptions, such as the implied alignment of the turbulent scalar 
flux vector with the scalar gradient. As discussed in [9], experimental 
observations have shown, that in strongly sheared flows, this assumption is not 
necessarily justified [16]. Furthermore, for premixed combustion, counter-
gradient diffusion has been reported [17,18], which is believed to be due to the 
mean pressure gradient effects outweighing the effect of turbulent transport. In 
[19] the phenomenon of counter-gradient diffusion is briefly reviewed; a more 
detailed discussion is presented in [20]. 
The Reynolds stresses are modelled either by adopting the turbulent viscosity 
hypothesis first introduced by Boussinesq or, alternatively, by solving additional 
balance equations for the Reynolds stresses themselves. Both approaches are 
briefly outlined below, an in-depth discussion can be found in [9]. 
For periodic engine flows, Reynolds averaging is not straightforward and its 
appropriateness even questionable, since inherent large time-scales are due to 
cyclic variability of the whole process and not turbulence fluctuations in a 
“local” sense, so that time-scale separation for what is considered “turbulence” 
and what is “mean flow” depends on the process under investigation [21,22]. 

2.5.1.1 Turbulent viscosity models 

The turbulent viscosity model is based on the assumption that the Reynolds 
stress anisotropy can be computed from the mean velocity gradients, i.e. 
 

 2 22
3 3Tkρ ρ μ ⎡ ⎤′′ ′′ − = − − ∇ ⋅⎢ ⎥⎣ ⎦

v v I S vI  (2.36) 

 
with the turbulent kinetic energy k  defined as 
 
 1

2
k ′′ ′′= ⋅v v  (2.37) 
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The turbulent formulation of the rate of strain tensor S reads 
 
 ( )1

2
T= ∇ +∇S v v  (2.38) 

 
Adopting these assumptions, the remaining unknown quantity is the turbulent 
viscosity µT which can be modelled in the following ways. 

2.5.1.1.1 Algebraic models 

The simplest form for computing the turbulent viscosity is to either assume a 
constant value throughout the domain or to determine a value from algebraic 
relations. The mixing length model belongs to the latter category and relates the 
turbulent viscosity to the mean velocity gradient by means of a specified mixing 
length which is flow dependent and requires adaptation. 
 
 ( ),T m x y

y
ν ∂

=
∂
v  (2.39) 

 
The kinematic viscosity is related to the molecular by 
 
 T

T
μν
ρ

=  (2.40) 

2.5.1.1.2 One equation models 

Based on the concept, that the velocity scale can be calculated from the turbulent 
kinetic energy, the turbulent viscosity can be expressed as 
 

 
1
2

T mc kν =  (2.41) 
 
For the turbulent kinetic energy, k , an additional equation must be solved 
  

 ( )( ) :
Sc

T

k

k k k
t

νρ ρ ρ ρ ρε
⎛ ⎞∂ ′′ ′′+∇ ⋅ −∇ ⋅ ∇ = − ∇ −⎜ ⎟⎜ ⎟∂ ⎝ ⎠

v v v v  (2.42) 

 
The rate of viscous dissipation ε  is determined by the idea, that at high 
Reynolds numbers, it scales with the third power of the velocity scale and the 
inverse of the length scale of the energy containing eddies. By again expressing 
the length scale by the turbulent kinetic energy, it follows that 
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3
2

D
m

kCε =  (2.43) 

 
This approach still requires a prescribed mixing length which has to be adapted 
to fit a given flow (mostly by means of geometric arguments). 
Another type of one-equation model has been proposed by [23], which solves 
directly a model transport equation for the turbulent viscosity. It was specifically 
developed for aerodynamic flows for which is performs quite well, but lacks 
generality for other applications [9].  

2.5.1.1.3 Two equation models 

Two equation models are the most wide-spread models used in averaged 
Navies-Stokes simulation. By avoiding the problem inherent to the former 
models, namely requiring the specification of a flow-dependent length scale, 
they provide both a length and a time-scale by solving an additional equation. In 
the case of the wide-spread k-ε model, for which the original concept is based on 
[24], the equation for the dissipation can be written as 
 

 ( )
1 2

2( ) :
Sc

T c c
t k kε ε

ε

νρε ε ερ ε ρ ε ρ ρ
⎛ ⎞∂ ′′ ′′+∇ ⋅ −∇ ⋅ ∇ = − ∇ −⎜ ⎟∂ ⎝ ⎠

v v v v  (2.44) 

 
The turbulent viscosity can then be obtained as follows 
 

 
2

T
kcμν
ε

=  (2.45) 

 
There are other concepts for two-equation models documented in the literature, 
among them the k-ω model and numerous variants of the k-ε model. Among the 
latter, the RNG model [25,26,27] deserves particular attention, as it shows 
improved behaviour for swirling and strongly sheared turbulent flows. 
For compressible flows, a modified variant of the dissipation equation for the 
RNG model has been proposed by [28], 
 

 ( ) ( )
1 2 3

2( ) :
Sc

T c c c R
t k kε ε ε

ε

νρε ε ερ ε ρ ε ρ ρ ρε
⎛ ⎞∂

+∇ ⋅ −∇ ⋅ ∇ = − ∇ − − ∇ −⎜ ⎟∂ ⎝ ⎠
v τ v v  (2.46) 
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with an additional term, R, representing the effect of mean flow distortion on the 
dissipation rate 
 

 

3
2

0
3

1

1

C
R

k

μ
ηη
η ρε

βη

⎛ ⎞
−⎜ ⎟

⎝ ⎠= ⋅
+

 (2.47) 

 
where 
 

 kSη
ε

=  (2.48) 

 
and 
 
 ( )

1
22 ij ijS S S=  (2.49) 

 
with 
 
 ( )1

2ij i j j iS = ∇ +∇v v  (2.50) 

 
From the turbulence quantities k and ε, one can deduce the following useful 

properties by dimensional analysis, which will prove useful for discussion later. 

For the largest and most energy containing scales 

• an integral time scale T
kτ
ε

=  

• an integral length scale 
3 2

T
k
ε

=  

• a turbulent Reynolds number 
1 2

TRe Tk
ν

=  . 

For the scales at which dissipation occurs,  

• a dissipation time scale K
ντ
ε

=   and 

• a dissipation length scale 
1

3 4

K
v
ε

⎛ ⎞
= ⎜ ⎟
⎝ ⎠

 ,  

can be defined, which are named after Kolmogorov. 
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2.5.1.1.4 Wall boundary treatment 

Special treatment is required in the near-wall region because the turbulence 
models employed are not valid within the boundary layers due to comparable 
magnitude of the molecular and the turbulence effects. The CFD code hence 
makes use of so-called ‘wall functions’, with the additional benefit, that spatially 
resolving the boundary layer appropriately, which is numerically not practical, 
can be avoided. With the assumptions, that the variations in velocity, 
composition and temperature are only dependent on the wall-normal direction; 
the effects of pressure gradients and body forces can be neglected; the shear 
stress and velocity vectors are aligned parallel; the turbulence production 
balances dissipation and the variation of the turbulent length scale is linear, the 
velocities can be computed from the following relation 
 

 
( )

,
1 ln ,

m

m

y y y
u

Ey y y
κ

+ + +

+
+ + +

⎧ ≤
⎪= ⎨

>⎪⎩

 (2.51) 

 
where 
 
 ( )1 ln 0my Ey

κ
+ +− =  (2.52) 

 
Here, κ and E denote empirical coefficients. For the temperature and turbulence 
quantities similar considerations apply, for which further details can be found in 
[29]. 

2.5.1.2 Reynolds stress models 

Instead of relying on the turbulent viscosity hypothesis, Reynolds stress models 
solve transport equations for the six components of the stress tensor and one 
additional equation is required to provide a turbulent length or time scale. 
Following [9], model equations for the Reynolds stresses can be written as 
 

 ( )( )
t

ρ ρ
′′ ′′∂ ′′ ′′+∇ ⋅ +∇ ⋅ = + −

∂
v v vv v T Ρ R ε  (2.53) 

 
where the pressure–rate-of-strain tensor R, the Reynolds-stress flux T and the 
dissipation tensor ε require modelling. The focus is mainly on determining the 
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pressure–rate-of-strain tensor, for which the idea of a return to isotropy was 
proposed by [30]. Due to shortcomings of this concept, various, more general 
models were subsequently proposed by [31,32,33,34], some of which are 
reviewed in [35]. 
Reynolds stress models are less commonly employed in the Reynolds averaged 
Navier-Stokes (RANS) approach than two-equation models. The main reason 
lies in the additional cost due to the extra equations which need to be solved for 
and the fact that in some cases, Reynolds stress models can exhibit poor 
convergence. In addition, model constants/parameters have so far been 
calibrated for some standard flows and their “transferability” to general/other 
geometries has not been proven yet. 

2.5.2 Large eddy simulation 

Instead of carrying out averaging as described in the previous section, large 
eddy simulation (LES) attempts to solve directly for the larger scales of a 
turbulent flow and to model only the smaller scales. This concept is motivated 
by the fact, that much of the cost for computing the full range of scales (e.g. by 
DNS) is associated with the solution of the smallest scales, and can hence be 
substantially reduced. 
The approach followed by LES is to filter the velocity field and hence 
decompose it into a resolved component and a residual 
 
 ( , ) ( , ) ( , )U t G U t d= −∫x r x x r r  (2.54) 
 
where G denotes a specified filter function which obeys 
 
 ( , ) 1G d =∫ r x r  (2.55) 
 
Filtering introduces a residual stress tensor, which requires modelling. The most 
commonly employed LES models are based on eddy viscosity concepts 
e.g. [36]. Due to shortcomings of the original model, various attempts have been 
proposed to determine a local value for the Smagorinski coefficient dynamically 
[37,38]. Other approaches include the scale similarity model proposed by [39]; 
whereas newer LES concepts are based on deconvolution methods [40,41]. 



 Governing equations 

  21 

As the three-dimensional, time-dependent filtered velocity field – which 
represent the motion of the large eddies – is resolved, a benefit in accuracy is 
expected over the RANS approach. As discussed in [9], in particular for flows 
involving strong unsteadiness of the large scales, e.g. vortex breakdown in gas 
turbine combustors, or unsteady separation and vortex shedding behind bluff 
bodies, LES can be expected to be more reliable and accurate than RANS. 
Furthermore, LES allows investigation into aero-acoustic effects. 
LES simulations are expected to replace RANS in the nearer future in particular 
for ‘cold’ flows. Conceptually, LES has the advantage, that by increasing 
resolution, better results can be expected as more of the scales are resolved. 
However it is worthwhile to bear in mind, that conceptually, LES shares the 
following shortcoming with RANS: Namely, that for reacting flows, precisely 
the scales at which combustion occur, i.e. at the molecular mixing level, are not 
resolved and hence require modelling. However, for internal combustion (IC) 
engines, LES specifically offers the possibility to follow individual realisations 
of “cycles” instead of the “crude” averaged approach of RANS, requiring 
however sophisticated initial conditions. In addition, LES requires significant 
grid refinement in near-wall regions, making it computationally very costly for 
IC engine calculations and confined flows in general. 

2.6 Spray modelling 
In many practical combustion devices, storage of the chemical energy in liquid 
form is more convenient. This applies especially to energy conversion devices 
used in the transportation sector, as on the one hand much higher energy density 
ratios can be achieved and secondly, re-fuelling is much facilitated. 
When liquid fuels are used in lieu of gas phase fuels, a number of additional 
physical processes are involved and need to be accounted for in the simulation 
of such combustion devices. 
For most applications, the fuel has to be locally mixed with the oxidiser before 
reaction can take place, hence for high energy conversion ratios, adequate 
mixing rates are a prerequisite. Before mixing of the two gaseous phases can 
take place, the fuel must evaporate however, leading to another element in a 
sequential chain of processes. To achieve high evaporation rates, it is common 
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practise to atomise fuels, typically by means of very high injection pressures and 
injectors with small nozzle orifices, thus creating droplets with large surface to 
volume ratios and high relative velocities between the two phases. Due to the 
small sizes and very large numbers of droplets produced by atomising liquid 
fuels, it becomes apparent, that solving for each individual droplet presents an 
enormous challenge. 
For this reason, spray modelling relies on statistical approaches, which were first 
introduced by [42]. Most formulations employ a multidimensional and time-
dependent droplet probability density function, f, 
 
 ( ),f t dΨ Ψ  (2.56) 
 
where the state vector Ψ is a function of the droplet properties position x, 
velocity v, radius r and temperature Td; for strongly distorted droplets, the 
deformation y and its velocity can also be included. The evolution of f in time 
can then be expressed in the following way, which is known as the ‘spray 
equation’: 
  
 f f f

t
∂ ∂

+ =
∂ ∂

Ψ
Ψ

 (2.57) 

 
The source term on the RHS of equation (2.57) is due to production and 
destruction of droplets, which arise from droplet break-up and droplet collisions; 
all changes to the individual state variables are summed up in the second term 
on the left hand side. 

2.6.1 Droplet-Gas interaction 

The interaction of single droplets with the surrounding gas phase is most often 
described by laws obtained by examination of the exchange mechanisms of 
momentum, mass and energy. While the former (momentum) is due to drag 
forces, the latter two (mass/energy) processes are commonly examined jointly 
namely as evaporation. 
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2.6.1.1 Aerodynamic forces 

For an individual, spherical droplet travelling undisturbed in a gaseous phase, 
the drag force experienced can be expressed as 
 
 ( )drag d d

1
2 d dC Aρ= − −F v v v v  (2.58) 

 
with the drag coefficient, Cd, which is computed by the standard correlation as 
outlined in [29] in the following way, 
 

 
( )0.687 3

d d
d

3
d

24 1 0.15Re , Re 10
Re

0.44 , Re 10
dC

⎧ + ≤⎪= ⎨
⎪ >⎩

 (2.59) 

 
where the applicable regime is governed by the droplet Reynolds number, Red: 
 

 dRe d
d

Dρ
μ
−

=
v v  (2.60) 

 
The temperature dependent molecular viscosity of the gas phase at the droplet 
surface is determined by means of a reference temperature, Tref, which is 
computed following the approach of [43]: 
 
 ref

2 1
3 3dT T T= +  (2.61) 

 
The change in the droplet velocity state variable, i.e. the acceleration of a 
droplet, can then finally be computed as follows: 
 

 ( )d
d

3
8 d

d d

C
r

ρ
ρ

−
= −

v v
v v v  (2.62) 

 
To account for the effect of turbulent dispersion, the gas phase velocity v can 
include a random perturbation representing the local turbulence level. In cases 
where gravity is important, the gravitational acceleration g has to be added to the 
right hand side of equation (2.62). 
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2.6.1.2 Evaporation 

Evaporation of an individual spherical droplet in a quiescent surrounding gas 
phase can be described by the d2-law (during most of the evaporation process), 
which is based on energy and mass conservation considerations of both phases 
[44]. For sprays, the effect of convection and the influence of velocity 
fluctuations due to turbulence cannot be neglected and parameters describing 
potential differences for mass, temperature and momentum need to be included 
[45].  
Following [46], the correlations below are employed for the Sherwood, Sh, and 
Nusselt, Nu, numbers, respectively: 
 

 
( )
( )

11
32

d

11
32

d

Sh 2 1 0.3Re Sc

Nu 2 1 0.3Re Pr

= +

= +
 (2.63) 

 
The rate of change of the droplet mass is computed as 
 
 d

m s
dm F A
dt

=  (2.64) 

 
where As denotes the droplet surface area. 
The mass transfer rate per unit surface area, Fm , 
 

 ( )
( )

,

,

ln v
m g

v s

p p
F K p

p p
∞−

=
−

 (2.65) 

 
depends on the partial pressures of the droplet surrounding pv,∞, at the droplet 
surface pv,s, and the gas pressure p, as well as the mass transfer coefficient, Kg, 
which reads 
 
 Sh m

g
m m d

DK
R T D

=  (2.66) 

 
where Dm, Tm and Rm denote the vapour diffusivity, mean temperature and 
mixture gas constant. The energy balance for an evaporating droplet includes the 
effects of surface heat transport and from phase change. Due to the latter, mass 
and energy transfer are coupled and require a simultaneous solution: 
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 ( ),p d d d
d s d fg

d c T dmm A q h
dt dt

′′= − +  (2.67) 

 
The heat transfer per unit surface area depends on the temperature difference 
 
 ( )d dq h T T′′ = −  (2.68) 
 
where the heat transfer coefficient, h, is obtained from the correlation by [47]: 
 
 

( )
Nu
1

m
Z

d

k Zh
e D

=
−

 (2.69) 

 
with 
 

 
Nu

d
p

d m

dmc
dtZ

D kπ

−
=  (2.70) 

 
where km is the fluid conductivity of the carrier phase. 
The interaction of the droplets with the carrier phase is achieved by introducing 
source terms in all the conservation equations given in chapter 2. By following 
this procedure, a full two-way coupling is ensured between the dispersed and the 
continuous phase. 
In combustion systems of practical interest, a large numbers of droplets are 
present which are undergoing collision processes among each other and break-
up processes and hence affecting each other. Therefore the phenomena outlined 
above cannot be treated in an isolated fashion for which reason most modelling 
is phenomenologically based. 
In [48] it is estimated, that in particular at Diesel engine relevant conditions, for 
the vaporising droplets critical states are likely to be reached during combustion. 
Nonetheless, in this study, super-critical states have not been taken into account 
and droplet properties§ are prescribed functions of temperature up to the critical 
temperature for each different fuel type. Future investigations focussing on 
improvements relating to modelling of two-phase flows should however include 
such effects.  

                                           
§ The following droplet properties are prescribed functions of temperature: Density, latent heat, cP, viscosity, 

surface tension and saturation pressure 
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2.6.2 Atomisation 

Determining the properties of the droplets entering the simulation domain, e.g. 
an engine combustion chamber, would necessitate a full simulation of all the 
upstream processes inside the fuel injection system, including the transient 
injector needle motion and nozzle discharge. As the nozzle diameter and the 
relevant dimensions of the injection subsystem are typically several orders of 
magnitude smaller than the combustion chamber, a significant overhead is 
required, not to mention the difficulties relating to the modelling of the opening 
and closing of the injector. For these reasons, the droplet properties at the nozzle 
exit are prescribed based upon models, taking into account nozzle specific 
information if and wherever available, and can be viewed as ‘boundary 
conditions’ for the solution in the domain of interest. 
The simplest approach to model the droplet behaviour at the nozzle exit is to 
prescribe velocities and diameters for the droplets and a cone angle for the 
spray. More elaborate models, e.g. the model of [49], are capable of predicting 
the cone angle as well as droplet size distribution, droplet velocities and droplet 
related turbulence parameters at the nozzle exit. The model of [50,51] is of the 
former type. The droplet velocities are computed from the prescribed injection 
rate profile, the nozzle diameter, L/D ratio and contraction coefficient as well as 
the surface roughness. The uniform droplet diameters at the nozzle exit are 
equivalent to the nozzle diameter multiplied with a prescribed contraction 
coefficient. Despite identical diameters for all droplets at the nozzle exit, a 
distribution of diameters is quickly attained because of the interaction of the 
droplets with the surrounding air which leads to secondary break-up of the 
droplets described in the following section. 
Future progress in this field will require the inclusion of internal-nozzle flow 
simulation with detailed geometry effects on the conditions at the nozzle exit, as 
well as unsteady two-phase effects if cavitation is likely to occur. 

2.6.3 Droplet secondary break-up 

To a large extent, the understanding of droplet break-up phenomena is based on 
the early studies of [52,53]. Perturbations occurring at the droplet-gas interface 
due to the aerodynamic forces lead two principal types of disturbances, namely 
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the Reitz-Taylor and the Kelvin-Helmholtz instabilities. Based on these two 
mechanisms, the model by [50] distinguishes two types of break-up: ‘Bag break-
up’, which is caused by the combined action of acceleration of the droplets 
perpendicular to the interface due to the non-uniform pressure field, opposed by 
droplet inertia and hence causing the droplet to expand in the low-pressure 
wake. The latter is due to the tangential viscous forces at the droplet-gas 
interface creating surface waves, which, in turn, lead to a stripping of droplets 
from the surface, and is hence termed ‘stripping break-up’. 
The non-dimensional Weber number, We, 
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−

=
v v  (2.71) 

 
relates the aerodynamic forces to the surface tension of the droplet and provides 
the criterion for the onset of the bag break-up regime. If the Weber number 
exceeds a prescribed value, Cb1 (for which the default is 6), i.e. 1We bC≥ , droplets 

become unstable. 
Stripping break-up occurs when the following criterion is satisfied: 
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The rate of break-up is computed as follows: 
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where the characteristic time τbu depends on the break-up regime. I.e. for the bag 
break-up regime it is computed as 
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and for the stripping regime as 
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Many other models for droplet break-up have subsequently been proposed, such 
as [54] and models based on the Taylor analogy break-up approach [55] for 
which a series of enhancements were proposed by [56,57] and which have been 
further extended [58,59]. Some of these models are capable of treating both the 
atomisation process and secondary break-up. 

2.6.4 Droplet-droplet and droplet-wall interactions 

While the aerodynamic effects described above are reasonably well known, 
inter-droplet phenomena and interactions of droplets with solid boundaries are 
far less well understood. This is mainly due to the immense difficulties 
associated with experimental investigations of these processes, in particular in 
the dense spray region [60]. 
The present modelling of inter-droplet collisions is based on the work of [61], 
which distinguishes three principal behaviours, namely coalescence, separation 
and bouncing. The model uses a statistical approach to determine collision 
frequencies for droplets, which are assumed to be uniformly distributed inside a 
cell. A probabilistic method is used to determine the type of outcome of such a 
collision. The resulting number of droplets is recomputed following the collision 
based on energy, mass and momentum conservation considerations. 
Droplets impinging on solid walls are modelled by an approach suggested by 
[62]. The model differentiates four types of regimes, namely stick, spread, 
rebound and splashing of droplets; the criteria for regime transition are based on 
the droplet Weber and Laplace numbers as outlined in [29]. More recently 
proposed concepts for spray wall interactions can be found in [63]. 

2.6.5 Experimental data for sprays 

From the vast amount of experimental information reported in the literature for 
open and closed constant volume chambers operated at Diesel engine 
conditions, in this study the data documented in [64,65] has been used for model 
validation due to its comprehensiveness and completeness; more recently 
reported data includes e.g. [66]. 
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2.7 Summary of modelling options employed 
 
 Possible models (selection) Models employed 

Turbulence 
modelling 

“model-free” DNS 
LES 
RANS 

1- and 2-equation models 
Reynolds stress models 

RANS k-ε RNG model 

Equation of 
state 

Real gas effects 
Ideal gas law assumption 

Ideal gas law 

Enthalpy 
equation 

Static enthalpy 
Chemico-thermal enthalpy 

Static enthalpy with 
polynomial cps for species 

Molecular 
diffusion 

Fick’s law with 
preferential diffusion or 
unity Le assumption 

Fick’s law with unity Lewis 
number 

Spray 
atomisation 

Reitz-Diwakar 
Huh 

Reitz-Diwakar for Aachen 
Bomb and ETH cell 

Huh for Liebherr engine 

Droplet 
break-up 

Reitz-Diwakar 
Pilch and Erdmann 
Hsiang and Faeth 

Reitz-Diwakar 

Droplet 
properties 

Constant properties 
User coding option 

User coded, temperature-
dependent droplet properties 
(sub-critical conditions) 

 
Table 2.1 – Available and utilised modelling options 
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3 Turbulent reacting flow: Overview 

3.1 Combustion regimes 
Turbulent reacting flows are commonly ‘subdivided’ according to the nature of 
the fuel/oxidiser mixture and the time-scales of the chemistry. When comparing 
the chemical time-scales to those of the transport processes as shown in Figure 
3.1 it becomes obvious, that in many cases the chemistry cannot be treated 
isolated from the turbulence, i.e. a strong interaction has to be expected for the 
ranges, where the time-scales are comparable. 
 
 

 
 
 
 
 
 
 
 
 

Figure 3.1 – chemical and physical time-scales in turbulent reactive flows. Source [67] 

 
Therefore in general, the classification of combustion regimes is based on a 
comparison of non-dimensional numbers or suitable time and length scales. In 
the case of premixed combustion, it is convenient to use as reference scales the 
thickness, ℓF, and flame speed, sL, of an un-stretched, laminar planar flame. The 
associated characteristic time, tL, is defined as tL=ℓF/sL. If this time scale is 
shorter than the smallest scales of turbulence, i.e. tL<tK, i.e. for Karlowitz 
numbers (Ka=tL/tK) less than one, combustion occurs in the so-called laminar 

slow time-scales 
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intermediate 
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time-scales of flow, 
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flamelet regime. This corresponds to thin laminar flames embedded in the flow, 
which are wrinkled and stretched by influence of turbulence and the smallest 
eddies are still large compared to the flame thickness. Investigations reported in 
[68] by means of DNS revealed however, that the regime actually extends 
farther than can be expected from the aforementioned criterion, which was 
believed to be due to the fact, that the smallest eddies are too short-lived to have 
a large influence. 
For non-premixed combustion, the definition of a time-scale poses a far greater 
challenge as no unique thickness and propagation speed – which constitutes the 
particular difference between premixed and diffusion flames – exist due to 
different molecular diffusivities for all species and temperature leading to a 
multitude of time and length scales. At the quenching limit of a counter-flow 
diffusion flame, conceptually an analogy can be seen to a steady, laminar 
premixed flame in the sense that there is a perfect balance between transport and 
chemistry. Therefore a time-scale, which is defined as the inverse of the 
extinction strain rate, is often chosen as the characteristic time scale tC. For the 
ratio tC/tK similar considerations can then be applied as for premixed flames, 
however the assumptions concerning the validity of the flamelet regime have 
been extensively and partly controversially discussed in the literature. 

3.2 The chemical source term 
In terms of the numerical solution of averaged conservation equations, the 
largest obstacle in the simulation of turbulent reactive flows by means of Favre 
averaged or other moment methods is obtaining the chemical source term in the 
species conservation equation [20].  
In [69], the derivation of a classical Taylor expansion of the chemical source 
term is presented, which demonstrates the difficulties arising from the strongly 
non-linear character. Assuming a single-step irreversible reaction between fuel 
(F) and oxidiser (O) 
 
 ( )1F sO s P+ → +  (3.1) 
 
and adopting an Arrhenius expression for the reaction rates, the mean chemical 
source can be expressed as 
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Truncation of this series at the first order, i.e. the seemingly attractive approach 
to employ only the Favre averaged species mass fractions and temperature to 
evaluate the chemical source, leads to large errors. This is mainly due to the fact, 
that the fluctuations in temperature can be very large. Inclusion of the higher 
order terms poses great difficulties however, because of the unknown quantities 
such as FY T′′ ′′ , for which modelling would be required. Furthermore, 
equation (3.2) has been developed for one step chemistry only and the derivation 
of a universal variant for realistic chemistry is not straightforward. 
A number of approaches have therefore evolved to determine the chemical 
source terms from the known averaged quantities. In addition to strong 
simplifications, many models have been developed for a specific combustion 
regime and therefore lack generality.  
In [20], it is shown that the requirements with respect to modelling of turbulent 
combustion are in principle four-fold: A turbulence model, another one for 
chemistry e.g. by means of a suitable (possibly reduced) mechanism, a third to 
capture the influence of turbulence on the chemistry and a fourth model to 
account for the influence of the heat release from to the chemical reactions on 
the turbulence quantities. 
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3.3  ‘State of the art’ for non-premixed combustion 
modelling 
A comprehensive overview of present modelling approaches is given in the 
review by [69], while a discussion of the persisting challenges is presented in 
[20]. 
This chapter presents a selection of present day combustion modelling 
approaches applicable to non-premixed turbulent combustion.  

3.3.1 Eddy break-up 

One of the simplest and yet most wide-spread models proposed by [70] and [71] 
is based on earlier work by [72] for premixed turbulent flames and adopts the 
concept, that the turbulent mixing is the rate controlling parameter in non-
premixed combustion with fast chemistry. 
The characteristic time-scale for the mixing process is modelled by the averaged 
turbulence quantities as follows 
 
 2t C

k
ετ =  (3.4) 

 
During the ignition and partially premixed portion of Diesel engine combustion, 
laminar chemistry plays an important role; therefore the model was extended by 
[73] to take into account these effects. Their model uses a characteristic time 
composed of laminar chemistry and turbulent mixing 
 
 c l tfτ τ τ= +  (3.5) 
 
where the parameter f describes the transition from the laminar to the turbulent 
regime 
 

 1
0.632

cef
−−

=  (3.6) 

 
and c denotes the reaction progress variable. 
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The ‘laminar’ time scale, τl, is obtained for example as  
 

 [ ] [ ]0.25 1.5
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1 exp
l

EA C H O
RTτ

⎛ ⎞= −⎜ ⎟
⎝ ⎠

 , (3.7) 

 
however other expressions can be introduced as well. The reaction rate is finally 
obtained from a ‘relaxation to equilibrium’ consideration as 
 

 
*

m m m

c

Y Y Y
t τ

∂ −
= −

∂
 (3.8) 

 
In most cases, this model is used in combination with irreversible one-step 
chemistry. The quantities A in the calculation of the laminar and C2 in the 
turbulent time-scale are model constants which require adjustment to suit a 
particular configuration. An additional problem arises from the fact, that the 
ignition process needs to be modelled separately. The latter can be treated by 
means of empirical correlations for which an overview is given in [74], most 
commonly however, the process is modelled by means of a reduced chemical 
mechanism, such as the ‘Shell’ model [75] or [76]. Alternative approaches 
based on ignition-progress-variable descriptions have also been successfully 
demonstrated [77]. A comprehensive review encompassing all aspects relevant 
to spray ignition can be found in [78]. 
The implementation in STAR-CD named ‘laminar and turbulent characteristic 
time scale’ model, computes the fuel consumption rate, Rfu, as follows: 
 

 min , , pox
fu EBU fu EBU

c ox p

WWR A m B
s s

ρ
τ

⎡ ⎤
= − ⎢ ⎥

⎢ ⎥⎣ ⎦
 , (3.9) 

 
taking into account the rate-controlling concentration of fuel and oxidiser 
(subscripts fu and ox, respectively; the symbols s denote the stoichiometric mass 
ratios and W the molecular weights). Optional inhibition of the consumption rate 
in regions with low temperature – assumed to be linked to the product 
concentration (denoted by the subscript p) – can be treated by means of the 
model constant BEBU. 
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3.3.2 PDF transport models 
The transport model formulation of the joint velocity and species composition 
probability density function (PDF) offers a general description for most types of 
turbulent reacting flows. Starting from the Navier-Stokes equations, the joint 
PDF ( )ˆ , , ,f tV ψ x  of composition φ(x,t) and velocity U(x,t) as derived by [9] can 
be written as follows: 
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where { }1,..., kψ ψ=ψ  denote the sample-space variables for composition and V of 
velocity. 
The main advantage of PDF transport models lies in the closed form for the 
chemical source term. The terms on the right hand side of equation (3.10) are 
unclosed, hence requiring modelling. These are, left to right, the viscous 
dissipation, pressure fluctuations and molecular mixing. For the latter, which 
presents the largest challenge, a number of models have been proposed such as 
exchange with the mean (IEM/LMSE), the modified Curl (MC) model and, 
more recently, EMST [79]; a comparative review for these models can be found 
in [80]. 
Solution of the PDF transport equation is carried out by means of Monte Carlo 
type methods, which views the flow as a large ensemble of particles with 
individual properties that can be treated by a stochastic Lagrangian approach. 
Application of transported PDF models to spray combustion is documented e.g. 
in [81]. 
Tabulation methods have been proposed [82] to reduce by several orders of 
magnitude the computational expense associated with detailed chemistry and 
have enabled the inclusion thereof in PDF transport simulation of turbulent 
combustion [83]. Despite their reputation of being computationally expensive, 
transported PDF methods have recently seen successful application to 
homogeneous charge compression ignition (HCCI) engine combustion [84]. 
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3.3.3 Coherent flame based models 
Coherent flame models (CFM) were originally developed for premixed 
combustion and view the flame front as a thin interface, separating the fresh 
mixture from the burnt gases. The methodology of CFM is based on the concept, 
that the mean chemical source term can be viewed as the product of a mean 
local burning rate per unit surface integrated normal to the flame front, 
multiplied with the flame surface area available per unit volume: 
 
 i iω = Ω Σ  (3.11) 
 
This approach allows decoupling of the chemistry contained in the first term, 

iΩ , for which varying degrees of complexity can be utilized, from the second 
term, Σ, known as the flame surface density, which accounts for the interaction 
of the flame front with turbulence, e.g. transport, straining and wrinkling of the 
flame front by the turbulent flow field. For Σ, algebraic relations can be 
employed; most commonly a transport equation is solved for this quantity, 
which requires closures. 
The formulation from [85] for Σ reads as follows: 
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tSc Sc
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 (3.12) 

 
P1, P2 and P3 are modelled terms quantifying the flame surface production by 
turbulent stretch, by mean flow dilatation and by thermal expansion/curvature, 
respectively. D denotes the destruction term due to consumption and Pk is a 
source term accounting for the ignition process. Based on the assumption, that 
the combustion occurs in premixed mode, even for very lean or rich mixtures, 
the model was investigated for highly stratified combustion regimes in [85] und 
subsequently successfully applied to a direct injected (DI) spark ignited (SI) 
engine [86]. 
Modifications originally proposed by [87], included a formulation for the mean 
reaction progress variable tailored to include the effects of stratification: 
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u
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= −  (3.13) 

 



 Turbulent reacting flow: Overview 

  37 

In perfectly homogeneous mixtures, the quantity TFY , which denotes the fuel 
mass fraction before the onset of combustion, is constant in space and time. For 
stratified charges, as encountered in DI engines, transported conserved scalar 
markers were introduced for the unburned gas and the partially/fully burnt 
mixture [88]. The ECFM-3Z model, described in detail in [89], extends this 
approach further to non-premixed combustion regimes by introducing a three-
zone concept based on conditioning with the mixture fraction. 
Other generalised flame surface density modelling approaches for auto-ignition 
of non-premixed systems have been proposed in [90] by extensively post-
processing DNS data. 
The evolution of ECFM clearly demonstrates the need for combustion models 
capable of encompassing all regimes of combustion. The requirement arises 
from the desire to combine the advantages of both premixed and non-premixed 
combustion, leading to devices such as spark ignited direct injected engines 
operating at conditions, which can no longer be treated by approaches valid in 
only one regime. Most modelling methodologies however, have been based on 
precisely such a division in the past and were therefore developed from 
completely different viewpoints. Despite the differences in the derivations, 
assumptions and the resulting models, many interlinks exist which are identified 
and elucidated in [91].  

3.3.4 Presumed PDF methods 
Presumed PDF methods do not solve directly for the PDF but for a set of 
parameters, namely the mixture fraction and its variance, which are 
subsequently used to prescribe the shape of a presumed PDF. The most 
commonly employed variants are the β-PDF and the clipped Gaussian PDF. 
Based on evidence from DNS data, it is argued in [92] that the β-PDF accurately 
characterises two-scalar, constant-density mixing in statistically stationary, 
isotropic turbulence evolving from symmetric double-delta initial conditions. 
Despite the unlikelihood that these findings are universally applicable also to 
inhomogeneous flows with chemical reactions, the common practice to adopt 
this approach also for turbulent reacting flows is nevertheless followed in this 
study.  
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The mixture fraction, which can be viewed as a measure for the state of mixing 
of a two-feed system, normalised between zero and one, is defined in [7] as 
follows: 
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The stoichiometric oxygen to fuel mass ratio, s, is defined as follows 
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In equation (3.14) subscripts 1 and 2 denote the fuel and oxidiser streams, 
respectively. In a non-diluted fuel stream, the quantity Yfu,1 is equal to one, 
whereas for technical air, the mass fraction of oxygen in the oxidiser stream, 

2 ,2OY , is 0.233. 
The mixture fraction obeys the following transport equation; in spite of the fact 
that it is a conserved scalar, the right hand side contains a source term which is 
due to the evaporating droplets: 
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The equation for the mixture fraction variance, modelled by standard 
procedures, reads as follows 
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where the mean scalar dissipation rate, χ , is computed from the mean 
turbulence quantities: 
 
 2c

kχ
εχ ξ ′′=  (3.18) 
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A prescribed value of 2.0 has been used for the model constant, cχ, following 
standard practice; sensitivity analyses for this quantity have been reported in 
[93,94]. 

3.3.4.1 Flamelet models 

Originally derived by [95,96], laminar flamelet models are applicable to 
combustion regimes characterised by high Damkoehler numbers, i.e. where the 
chemical time-scales are small compared to those of the convective-diffusive 
transport processes. If the flame thickness compared to the dimensions of the 
smallest turbulent eddies is small, the flame can be treated as a locally one-
dimensional, laminar flame sheet embedded in the flow. Transport inside the 
reaction zone is governed by molecular mixing, parameterized by the scalar 
dissipation rate which is imposed by the surrounding flow field. 
Derivation of the classical flamelet equations originally followed a coordinate 
transformation from the direction normal to the flame sheet into mixture fraction 
space [95] and, more recently, the equations have been re-derived using 
asymptotic analysis [7]. 
The flamelet equation for the species reads as follows: 
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and for the temperature as [97] 
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Equation (3.19) is of a time-dependent reaction-diffusion nature, where the 
quantity χ, namely the scalar dissipation rate, is computed as 22Dχ ξ= ∇  and 
can be viewed as an inverse time-scale. 
The time-dependent equations (3.19) and (3.20) can be solved for ‘arbitrarily’ 
complex chemistries; the solutions obtained are time-dependent species and 
temperature profiles in conserved scalar space. At first, mainly due to lacking 
computing resources, steady calculations of these profiles at given boundary 
conditions for a number of discrete scalar dissipation rates were performed 
‘stand-alone’. The so-called flamelet libraries obtained thereby were then used 
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as look-up tables and suitable interpolation carried out for non-tabulated 
profiles. The stationary laminar flamelet model (SLFM) has been successfully 
applied to study steady spray diffusion flames [98] and engines [99]. 
Extensions to these steady laminar flamelet models, capable of including the 
effects of extinction and re-ignition, have been presented in [100] as transient 
flamelet libraries, based on a phenomenological “ad-hoc approach” using 
appropriate time-scales for re-ignition for quenched flamelets. 
The representative interactive flamelet (RIF) approach was developed based on 
the methodology above, but integrates the flamelet equations ‘interactively’, i.e. 
coupled with the CFD solver and hence uses time-varying parameters. It has 
been highly successfully applied to study spray auto-ignition in constant 
pressure chambers [101], in engines [102,103,104] as well as for turbulent 
diffusion flames of hydrogen in air [105]. RIF overcomes the limitations of the 
SLFM, which implicitly assumes that the variation of the scalar dissipation rate 
is slow, for which discussions can be found in [106] and [107]. Furthermore, the 
fully coupled procedure allows for the inclusion of the transient pressure term in 
equation (3.20) which cannot be neglected in engine calculations. Using only 
one flamelet to represent the entire domain was found to be insufficient to 
accurately predict the premixed stage of the combustion and, in particular, heat 
release rates, a deficiency which poses problems in pollutant formation 
computation. Newer developments based on the Eulerian Particle Flamelet 
Model (EPFM) [97] therefore employ multiple RIFs and additionally solve an 
Eulerian transport equation to obtain the probability of finding the 
corresponding flamelet in each CFD cell. More complex situations such as those 
with pilot injection have also been treated successfully with a flamelet 
formulation with two mixture fractions [108], for which the derivation is based 
on two-scale asymptotic analysis. 
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4 Conditional moment closure 
Modelling of non-premixed systems by means of Conditional Moment Closure 
(CMC) is viewed to be among the most promising approaches for prediction of 
pollutant emissions in systems of practical interest [109]. Combustion modelling 
based on CMC has seen highly successful application to turbulent non-premixed 
flames [94,110,111,112,113,114], auto-ignition of turbulent jets [115], and 
auto-ignition of Diesel sprays [116,117,118].  

4.1 Governing equations 
The governing equations for CMC have been derived following two independent 
approaches: The one proposed by Bilger [119] is based on decomposition, 
whereas Klimenko’s [120] derivation starts from joint PDF methods; a 
comparison of the methodologies is presented in [121]. The agreement of the 
resulting equations gives credence to the approach and the underlying 
assumptions contained in both methodologies. 
CMC solves transport equations for the conditional means of reactive scalars 
and temperature. Conditional averages of species are defined as  
 
 ( ) ( ) ( ), , , ,Q t Y t tα αη ξ η= =x x x  (4.1) 
 
where η is the sample space variable for the conserved scalar. 

The operator 
 
 ( ), tξ η=xi  (4.2) 
 
denotes ensemble averaging subject to the fulfilment of the condition on the 
right of the vertical bar. 
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Following the approach outlined by [119], the conditional mean can be viewed 
as the non-fluctuating component of the decomposition of a mean species mass 
fraction 
 
 ( ) ( ) ( ), , , ,Y t Q t Y tα α αη ′′= +x x x  (4.3) 
 
By applying the following differentiations, 
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 (4.4) 

 
and substitution of the above into the Favre averaged species conservation 
equation (2.31), the following can be obtained 
 

 
2

2i Y Q
i

Q Q Qu N w e e
t x
α α α
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η
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 (4.5) 

 
Sub-models for the conditional velocities, iu η , the conditional scalar 
dissipation rate, N η , and the chemical source terms, wα η , will be discussed 
below. The terms eQ and eY denote 
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i i i i

Q Qe D D t
x x x x
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η

⎛ ⎞ ⎛ ⎞∂ ∂∂ ∂ ∂
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and 
 

 [ ],Y i
i i i

Y Y Ye u D t
t x x x

ρ ρ ρ ξ η
⎛ ⎞′′ ′′ ′′∂ ∂ ∂ ∂

= − + − =⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠
x  (4.7) 

 
for which the assumptions from [119] are followed to find closures: 

• All terms contained in eQ are inversely proportional to the Reynolds 
number, therefore eQ is not important for the high Reynolds number flows 
considered 

• Fluctuations in density and diffusivity are neglected 
• The unknown term eY is closed as 
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 (4.8) 

 
With these assumptions, equation (4.5) can be cast into the following form  
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For the conditional temperature, QT, similar procedures apply, leading to 
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 (4.10) 

 
Equations (4.9) and (4.10) display some similarity to the flamelet 
equations (3.19) and (3.20): In both cases a term for the rate of change, the 
molecular mixing and the chemical source are present; the spatial transport 
terms however appear only in the CMC equations. 
Solution of the above equations (4.9) and (4.10) will provide the mass fractions 
of all species and temperature conditional on the mixture fraction for any given 
location and time of a turbulent flow field. No assumptions are made with 
respect to the small scale structure of the flow and no restriction such as a 
separation of chemical and turbulent time-scales apply. However, as outlined 
above and discussed in more detail in [121], the derivation is based on high 
Reynolds numbers and unity Lewis numbers. A discussion on differential 
diffusion effects and its impact on modelling of the eY term can be found in 
[122,123]. 
Next the sub-models used to close the remaining quantities in the conditionals 
species and temperature equations (4.9) and (4.10) will be discussed. 
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4.2 CMC sub-models 

4.2.1 Turbulent fluxes 
The conditional turbulent fluxes for any quantity Ф are modelled with gradient 
fluxes, 
 
 j t

j

Qu D
x

η Φ∂′′ ′′Φ = −
∂

 (4.11) 

 
where the turbulent diffusivity is deduced from the mean flow field quantities 
as: 
 
 

tSc
t

tD μ
=  (4.12) 

 
This approach is arguable for similar reasons as for the unconditional 
fluctuations discussed as in chapter 2.5. 

4.2.2 Conditional velocities  

The conditional velocities are modelled based on a linear relationship, following 
standard procedures from [121]: 
 

 ( )2
t

i i
i

Du u
x
ξη η ξ

ξ
∂

= − −
∂′′

 (4.13) 

 
Alternative modelling for the conditional velocities has been proposed in [124] 
by analysing DNS data of hydrogen-air premixed flames. It was found, that both 
the linear model as well as the gradient model are capable of capturing the 
trends. In [94] comparisons of the linear and gradient model with DNS of 
decaying isotropic turbulence have been reported. For the gradient model, a 
strong influence of the type of PDF utilised on the conditional velocities was 
reported. Following the conclusions reached in [94], that in particular for 
homogeneous cases, but also for inhomogeneous cases, the linear model yields 
better agreement, only the linear model has been pursued. 
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4.2.3 Conditional density and pressure rate of change 

Pressure is assumed constant in conserved scalar space, hence the rate of change 
of pressure can be rewritten as: 
 

 1 1P P
t t
η

ρ ρ η
∂ ∂

=
∂ ∂

 (4.14) 

 
where the conditional density is computed by the ideal gas law in the following 
way: 
 

 
T

PW
Q
ηρ η =

ℜ
 (4.15) 

 
The pressure rate of change term must be retained in the conditional temperature 
equation, as it is important for engine calculations. 

4.2.4 Chemical sources 

Closure of the chemical source terms is performed at first-order, i.e. the 
conditional expectation for the chemical source term is a function only of the 
conditional means of the reactive scalars, temperature and pressure, but does not 
depend on the conditional fluctuations: 
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= −∑
 (4.16) 

 
First-order closure for auto-ignition problems has been found accurate to within 
10-20% [125,126] because the first appearance of auto-ignition sites are related 
to low values of the scalar dissipation rate, the fluctuations of which generate 
substantial conditional fluctuations of the temperature. In principle, second-
order closure should hence be employed for auto-ignition problems. Because 
complex chemistry is required for accurate prediction of auto-ignition delays 
and as emphasis is put on the spatial resolution and the physical-space transport 
of the conditional averages, the calculations for practical devices are 
computationally very costly. For these reasons, throughout this study, closure 
for the chemistry is performed at first order. 
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4.2.5 Scalar dissipation rate 

The conditional scalar dissipation rate characterises molecular mixing and is 
therefore one of the most important quantities in the CMC equations. 
Throughout this study, the Amplitude Mapping Closure model (AMC) [127] has 
been used to model the conditional scalar dissipation rate. 
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 (4.17) 

 
More recent approaches to model the scalar dissipation rate have been proposed 
by [92,128]. 

4.2.6 Two-phase related CMC modelling 

A number of ways to account for the influence of evaporating droplets on the 
variance and in the CMC equations have been proposed in the literature 
[93,98,129,130,131,132,133]. Exploratory investigations of such source terms 
in the variance equation by [134] revealed that these terms change the absolute 
value of the variance by about five percent. In [135], three different treatments 
of source terms due to evaporation in both variance and in the CMC equations 
were compared by analysing conditional mean profiles and ignition delays. 
Differences in the latter appeared to be negligible and only small differences in 
maximum scalar concentrations were reported. Therefore, in the present study 
no source terms relating to droplet evaporation have been accounted for in 
neither the CMC equations nor in the mixture fraction variance equation solved 
in the CFD code. 
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4.3 Implementation 

4.3.1 Interfacing of the CFD and CMC codes 

A full two-way coupling between the CFD solver and the CMC code has been 
implemented, which is represented graphically in Figure 4.1 below. 
 

 
Figure 4.1 – Schematic of the interfacing of the CFD and the CMC code 

 
The coupled solution procedure is carried out as follows: The CFD solver 
advances the flow field solution until injection occurs. When the first droplet 
enters the solution domain, the CMC code is initialised and from then on the 
CFD solver computes all the parameters required in the CMC code at the end of 
every CFD time-step. The CMC code then advances the solution of the 
conditional quantities for the same duration as the ‘external’ CFD time-step. A 
schematic of the procedure is given in the appendix. 
The CMC code can make use ‘internally’ of a smaller time-step if necessary, 
keeping constant the ‘CMC parameters’ from the CFD code. The mean 
quantities obtained by integration of the conditional averages with the presumed 
PDF are then returned to the CFD code which subsequently advances the next 
CFD time-step. 
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4.3.1.1 CMC spatial resolution 

The constant volume set-ups investigated are symmetrical with injection along 
the axis of symmetry. This could be exploited numerically by a two-dimensional 
(2D) formulation of both the CFD and the CMC code. As argued in [121], 
conditional quantities exhibit a much lower spatial dependence than their 
unconditional counterparts. In the 2D-CMC, the physical-space nodes are 
allocated manually, i.e. each CMC “cell” consists of up to 3 by 4 CFD cells. At 
the wall boundaries and close to the spray axis, a slightly higher resolution is 
employed; details on the respective resolutions can be found in the appendix. 
The values for the lower resolution CMC quantities are obtained by averaging 
the CFD parameters. 
The second ‘resolution’ investigated considers only one single CMC ‘node’ for 
the entire domain and can hence be viewed as a homogeneous variant, i.e. there 
exists no physical space dependence in the CMC equations. The equations are 
hence zero-dimensional (0D) in physical space but retain the conserved scalar 
space dependence. In some of the homogeneous calculations, a weighted 
averaging is performed to obtain the CMC quantities; the details of which will 
be discussed in the results.  

4.3.2 Numerical method and solvers 

4.3.2.1 CFD solver 

For the solution of the flow field, the broadly established solver STAR-CD 
[136] is employed. STAR-CD is a finite volume solver for hexa- and tetrahedral 
cells, offering a choice of RANS and LES turbulence models and which is 
capable of treating two-phase flow physics with atomisation and combustion. A 
number of user coding interfacing options allow replacement of sub-models and 
hence coupling of STAR-CD solver with other codes. 
Integration of the flow field by STAR-CD uses a time-step of the order of 
1.0E-6 s, which also denotes how often the aerodynamics (i.e. velocities, 
diffusivity, mixture fraction field, scalar dissipation rate, pressure, and pressure 
rate of change) which are sent to the CMC, are updated. The exact values for the 
time-steps are dependent on the set-up and will be discussed further in the 
results. 
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Turbulence is modelled using the RNG k-ε model with standard model 
constants. Concerning spray modelling and depending on the set-up, both the 
Huh and the Reitz-Diwakar atomisation model implemented in STAR-CD have 
been used. For the secondary break-up, the Reitz-Diwakar model is employed 
with default model constants in all cases; droplets impinging on solid walls are 
modelled with a splashing model [62]. 
Thermo-physical properties of the droplets are defined as functions of 
temperature by a user-supplied subroutine. Enthalpy in STAR-CD is solved in 
the form of the total enthalpy; hence no transport equations for the mean species 
mass fractions are required in the flow-field solver, as the species mass fractions 
are computed by the CMC. 

4.3.2.2 CMC solver 

The CMC equations are discretised by means of finite differences: The 
convection term uses an upwind scheme; for the diffusion terms in both 
conserved scalar space and physical space central differences are applied. The 
resolution in conserved scalar space is 101 nodes; these are densely clustered 
around the stoichiometric value to improve resolution locally. The most reactive 
mixture fraction ξMR, which is the mixture fraction where auto-ignition is 
expected [137] and for which a detailed discussion is given in chapter 5, is close 
to the stoichiometric value for the present chemistry at the pressure and 
temperatures considered. 
Adaptive gridding in conserved scalar space was tested for stand-alone 
‘flamelet’ computations, but its advantages were not very evident. Therefore, 
and due to the fact that locally adaptive gridding in each CMC node would 
require sophisticated interpolation schemes to enable computation of the 
conditional transport terms between neighbouring nodes, this was not further 
pursued. 
The CMC transport equations are discretised by the method of lines (MOL) in a 
large set of ordinary differential equations (ODEs). These are subsequently 
integrated with a stiff integrator VODPK [138,139,140]. VODPK is an implicit 
solver based on backward difference formulae (BDFs) and can handle very large 
systems of ODEs because it uses iterative methods for large matrix 
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computations. The time-step of the method of lines solver is determined 
internally by VODPK. 
In collaboration with Cambridge University, operator splitting approaches 
developed by De Paola and Mastorakos documented in [118] have additionally 
been followed in order to improve the computational efficiency of the code. The 
implementation separates the stiff chemical part of the system from the non-stiff 
convection-diffusion part. This allows computation of the physical space 
transport in a first step, followed by a second step solving together the reaction 
and diffusion in conserved scalar space part of the full CMC equation. The 
advantages of this method are (i) the reduced number of ODEs solved 
simultaneously and (ii) the possibility to use different solvers for each sub-step 
depending on the characteristics of the ODE system. Operator splitting has 
already seen successful implementation in CMC as is documented in 
[113,115,116,141]. For the operator splitting approach, the physical space 
transport part of the equations is solved implicitly by VODPK using non-stiff 
settings. This choice was arbitrary and predominantly motivated by 
implementation issues; as other conventional solution methods for elliptic 
convection-diffusion equations could be used alternatively. 
In [118] two different solvers were compared for the solution of the stiff part, 
i.e. reaction and diffusion in conserved scalar space. One of these used VODPK 
with the same settings as in the method of lines code. Because the solution for 
each grid point has to be recalculated ‘from scratch’ at each time-step, VODPK 
(like other BDF methods) suffers from high restart costs due to the recalculation 
of the Jacobian matrix for the very small (internal) time-steps used at the 
beginning of the time-step. An alternative ODE solver, namely CHEMEQ2, was 
recently presented in [142,143] for which the authors report very small restart 
costs. CHEMEQ2 uses a quasi-steady-state predictor-corrector method that is 
second-order accurate. It is a single point method so the restart costs should be 
small compared to VODPK, at a potential loss in accuracy. For this reason, in 
[118] the solutions with CHEMEQ2 were validated against the method of lines 
and also against the one obtained with the operator splitting approach using 
VODPK in the stiff reaction-diffusion part. The second comparison assesses the 
magnitude of the splitting error as it avoids any influence coming from the 
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choice of the stiff solver. Based on the conclusion drawn, the splitting approach 
with VODPK/CHEMEQ2 was used in the following investigations. 
The sub-system comprising reaction and conserved scalar space diffusion is very 
similar to a transient flamelet model with unity Lewis number and has also been 
used as a stand-alone solver for background calculations to compare with the 
results of the full problem. As the number of equations in the homogeneous 
CMC is considerably lower, VODPK has been used predominantly to solve 
these problems. Following ignition, considerable robustness and a significant 
reduction in computational cost could be gained by switching from VODPK to 
CHEMEQ2 without noticeably affecting the solution accuracy. 

4.3.3 Chemical mechanism 

Reaction rates are calculated with a reduced mechanism [144] based on the 
detailed n-heptane mechanism of [145] which was validated for both auto-
ignition and diffusion flames. The mechanism has a total of 59 species of which 
31 are non steady-state. The steady-state species have been selected using 
computational singular perturbation (CSP) concepts, details can be found e.g. in 
[146]. 
In the frame of this work, calculations for a transient igniting flamelet (with 
unity Lewis number and scalar dissipation rate as a function of mixture fraction 
modelled with the AMC model from equation (4.17)) were performed at 823 K 
air and 300 K fuel temperatures at 50 bars with different solvers. Over a wide 
range of scalar dissipation rates, the good agreement evident in Figure 4.2 
demonstrates that a) the reduced mechanism reproduces the behaviour of the 
detailed kinetics and b) both solvers predict practically identical ignition delays 
for the reduced mechanism. It also shows that the critical scalar dissipation rate 
above which no ignition occurs, is close to 100 s-1 for the studied pressure, fuel 
and oxidiser temperatures. This value will prove useful later on during the 
discussion of the auto-ignition results in the turbulent spray calculations. 
To ensure the mechanism’s applicability to the problems investigated, De Paola 
successfully performed a validation study documented in [118] for constant 
volume homogeneous mixture auto-ignition at three different pressures over a 
wide range of temperatures for which experimental data from a shock tube is 
available in [147].  
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Figure 4.2 – Ignition delay times for a single ‘flamelet’ at 50 bar with air temperature 
823 K and fuel temperature 300 K as a function of the peak scalar dissipation rate N0 

(used in equation (4.17)) 
 
The comparison of the computed ignition delays with the experiment in Figure 
4.3 shows very good agreement considering the broad range of conditions 
considered. 
For the highest pressure, which is close to the pressures considered in the 
present study, the mechanism slightly overemphasizes the negative temperature 
dependence regime, but shows good agreement for the temperatures considered. 
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Figure 4.3 – Auto-ignition delays for a constant-volume perfectly homogeneous reactor 
at stoichiometry. Source [118]. Experimental data from Ref. [147] 
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5 Aachen bomb 

5.1 Experimental data 
A very comprehensive set of data of auto-igniting n-heptane sprays in a high 
pressure, high temperature open reactor with laminar or turbulent background 
air has been presented in [65]. The reactor consisted of a 90 mm diameter vessel 
and the fuel was injected along the centreline in the direction of the co-flowing 
hot air. Figure 5.1 below shows a graphic representation of the geometry taken 
from [65]. 

 
Figure 5.1 – schematic representation of the geometry. Source [65] 

 
The air was pressurised at 50 bars and the temperatures ranged between 763 K 
and 823 K, details of the conditions are listed in Table 5.1. A number of 
different temperatures were investigated, with and without initial turbulence 
prior to injection. The initial turbulence was generated by a rapid motion of a 
perforated plate in the axial direction and was accompanied by laser optical 
measurements, indicating when the mean velocity had completely decayed and 
only the fluctuations remained. The simulations of the situations with 
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background turbulence employ an estimated velocity fluctuation and length-
scale for the turbulence of 2.5 m/s and 10 mm respectively, based on the 
experimental data. 
 

Fuel type n-Heptane 
Fuel temperature 300 K 
Total injected fuel 
mass 6 mg 

Injection duration 1.4 ms 
Nozzle diameter 0.2 mm 
Nozzle L/D 4 
Air pressure 50 bar 

Air temperature 
823 K, 813 K, 803 K, 
793 K, 783 K, 773 K, 
763 K 

 
Table 5.1 – Operating conditions of the Aachen bomb 

 
The ignition delays are defined based on the detection of light emission in the 
UV and visible range by means of three optical fibres and a photomultiplier as 
described in [65].  

5.2 Numerical aspects 
The Reitz-Diwakar model with standard model constants has been used for both 
the atomisation process (with a prescribed cone angle of 10 degrees) and the 
secondary break-up in the flow field solver and turbulence is modelled by the 
k-ε RNG model. The CMC solver has been used in the method of lines with 
VODPK as described in detail in chapter 4.3.2. For the analysis of the CMC 
terms following ignition, a second approach using operator splitting is 
employed. 

5.2.1 Grid resolution sensitivity analysis 

Langrangian-Eulerian simulation approaches exhibit strong sensitivity with 
respect to the mesh resolution, as has been reported e.g. in [148]. To investigate 
the grid dependence expected from the Langrangian-Eulerian spray modelling 
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used here, three different mesh resolutions were compared and a suitable 
refinement selected. As can be observed in Figure 5.2, the calculated spray tip 
penetration for the reference grid shows good agreement with the reported data 
for the case without initial turbulence. At the early stages, a slight over-
prediction is noticeable, which are most probably due to the simplified square 
injection profile. According to the experimental data, the presence of turbulence 
did not measurably affect the macroscopic spray propagation. In the simulation, 
penetration for the set-up without initial turbulence was slightly higher than for 
the one with turbulent conditions at the later stages. Such inaccuracies are 
typical for these types of calculations and are due to the spray modelling 
approach used. 
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Figure 5.2 – Comparison of predicted and measured spray penetration lengths vs. time 
after start of injection. Experimental data from Ref. [65] 

5.2.2 Boundary conditions 

5.2.2.1 Inflow 

In the CFD code velocities, temperature, density and species mass fractions are 
prescribed at the inflow boundary. The CMC code employs the mixing solution 
at this boundary for conditional species mass fractions and temperature. 

5.2.2.2 Walls 

Non-adiabatic walls with fixed temperature are used in the CFD code, which 
corresponds to an ‘artificial’ wall with an infinite heat capacity. In the CMC 
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code, the conditional (wall) temperature and species mass fractions are fixed to 
the initialised values, which is arguable, but can be justified due to the fact, that 
the spray never reaches the wall. 

5.2.2.3 Outflow 

Zero gradients and fixed pressure are used in both the CMC and CFD code. In 
the CMC code, this is achieved by setting the rate of change at the boundary to 
the value of the upstream node. As the entire field is initialised with identical 
values, the boundary will evolve identically to the neighbouring upstream cell 
resulting in a zero gradient at the outflow boundary. 

5.3 2D-CMC 

5.3.1 Numerical aspects 

The computational domain is discretised with a resolution of 18 by 15 nodes in 
the radial and axial directions respectively. These values have been selected 
based on a limited grid sensitivity analysis using one-step chemistry.  

5.3.2 Ignition delays 

Figure 5.3 shows the comparison of the computed ignition delays with the 
experimental data for the case without initial turbulence.  
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Figure 5.3 – Predicted and measured ignition delays no initial turbulence. 
Experimental data from [65] 
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The expected trend that a decreasing temperature increases the ignition delay 
time is captured well, which also gives credence to the chemical mechanism 
used. As can be seen in Figure 5.4, if turbulence is present initially in the air, a 
reduction of the ignition delay can be observed in the experiment and this trend 
is captured successfully by the simulation. 
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Figure 5.4 – Predicted and measured ignition delays with initial turbulence. 
Experimental data from [65] 

 
The simulation over-predicts the ignition delay by about 10%, which is probably 
due to the neglect of second-order terms in the chemistry term of the CMC 
equation [125]. Further potential sources for these errors are likely to lie in the 
predictions of the two-phase related quantities such as vapour phase distribution 
or local agreement of the droplet sizes and velocities with the experiment. 
However, it may be concluded that the close agreement with experimental data 
suggests that the first-order CMC method is adequate for this problem, at least in 
the context of a practical calculation. The same conclusion was reached in Ref. 
[116] where an equally good comparison with the same experimental data was 
found. 

5.3.3 Influence of turbulence 

Next, the mechanisms by which the turbulence affects the ignition delay are 
investigated. Stand-alone CMC computations for a single ‘flamelet’ at a 
constant pressure of 50 bar and 823 K have been carried out to investigate the 
influence of the scalar dissipation rate on the ignition delay and the evolution of 
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the conditional quantities (Figure 4.2). It is evident that, initially, the ignition 
delay decreases very slightly as the scalar dissipation rate increases until it 
reaches a minimum at a N0 of around 10 s-1. For values larger than 25 s-1, a 
strong increase can be observed until a scalar dissipation rate is approached, for 
which ignition no longer occurs. 
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Figure 5.5 – Evolution of conditional temperature for a ‘flamelet’ with a constant 
N0=25 s-1. Fuel and oxidiser temperatures 823 K and 300 K respectively, pressure 50 bar 

 
When examining the evolutions of the conditional temperature shown in Figure 
5.5, the following can be observed: Starting from the frozen solution, the initial 
increase in temperature and the radical build-up takes place closer to the oxidiser 
side. This observation is largely independent of the scalar dissipation rate. As 
time evolves, these radicals diffuse towards higher mixture fractions and 
ignition eventually takes place at a richer mixture fraction, denoted in [13] as the 
“most reactive mixture fraction”, ξMR, which could be richer than the 
stoichiometric value (ξst=0.062), depending on the fuel and air stream 
temperatures and the scalar dissipation rate.  
For low values of the scalar dissipation rate, little diffusion in conserved scalar 
space takes place, and hence temperature and radicals are not transported to the 
mixture fractions favourable for ignition, hence providing an explanation for 
why the ignition time slightly decreases as N0 increases from zero (Figure 4.2). 
For the higher values of the scalar dissipation rates which significantly retard 
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ignition, the most reactive mixture fraction is found to be approximately 0.1 at 
the prescribed conditions, found from examining the peak of the curve just 
before ignition in Figure 5.5. The retardation in ignition time for high scalar 
dissipation rates is explained by the fact that heat diffuses from ξMR to other 
mixture fractions. Hence it is concluded that, depending on what scalar 
dissipation rates the spray experiences relative to the critical value (which 
depends on the chemistry, the fuel and oxidiser temperatures, and the pressure), 
its auto-ignition time may be slightly faster, remain uninfluenced, or retarded 
significantly by turbulence. 
In order to explore in more detail how the presence of turbulence alters the auto-
ignition of the particular spray studied here, the evolution of the scalar 
dissipation rates at the most reactive mixture fraction for nodes located on the 
spray axis up to ignition are shown in Figure 5.6 and Figure 5.7. 
In the non-turbulent case (Figure 5.6), non-zero values of the scalar dissipation 
rates appear earlier than in the turbulent case. This is true in particular for nodes 
between 24 and 60 mm from the nozzle and is supported by the slower spray 
propagation in the presence of initial turbulence as mentioned previously. In the 
turbulent set-up (Figure 5.7), considerably lower values of the scalar dissipation 
rate are reached at the end of the rapid build-up phase for most nodes. 
In the non-turbulent case, the ignition delay of approximately 1.49 ms is longer 
than the injection duration, which ends at 1.4 ms. A rapid decay of the scalar 
dissipation rate can be seen for the two nodes closest to the injector exit 
following the end of injection. Evaporation at the early stages is very similar for 
both cases. However, differences of an order of magnitude were observed in the 
variance of the mixture fraction. This large difference leads, on the one hand, to 
much higher values for the unconditional scalar dissipation rate in the case of 
turbulence. On the other hand, a larger value of the variance strongly affects the 
shape of the presumed PDFs and hence explains the large differences in the 
conditional scalar dissipation rates. Turbulence creates initially high scalar 
dissipation rates that decay quicker with than without background turbulence.  
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Figure 5.6 – Evolution of <N|η=ξMR> for the CMC nodes on the spray axis, no initial 
turbulence 
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Figure 5.7 – Evolution of <N|η=ξMR> for the CMC nodes on the spray axis, with initial 
turbulence 

 
The nodes at which ignition occurs – at 54 and 60 mm axial position for the non-
turbulent case (Figure 5.8), and at 42 and 48 mm for the turbulent case (Figure 
5.9) – have a history of low values of the scalar dissipation rate prior to ignition, 
which is in agreement with the explanations in the previous section. 
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Figure 5.8 – Evolution of <T|η=ξMR> for the CMC nodes on the spray axis, no initial 
turbulence 
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Figure 5.9 – Evolution of <T|η=ξMR> for the CMC nodes on the spray axis, with initial 
turbulence 

 
The values for both nodes in the turbulent set-up are significantly lower than the 
ones in the non-turbulent case. It can hence be concluded that the influence of 
turbulence on ignition delay is two-fold: Firstly, the presence of initial 
turbulence leads to increased mixing which manifests itself in shorter, broader 
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distributions of the flow-field quantities and different shapes of the mixture 
fraction PDF. Secondly, turbulence causes the creation of initially higher, but 
then lower scalar dissipation rate at the most reactive mixture fraction for the 
nodes where ignition finally takes place. This results in earlier ignition. This 
explanation is fully consistent with the results and discussion in [30], where all 
ignition times from DNS with different initial turbulence intensities were 
correlated with the history of the conditional scalar dissipation rate. 
It is important to note that the scalar dissipation rates that the most-reactive fluid 
experiences before ignition are low compared to the critical value of about 10 s-1 
(from Figure 4.2, the critical N0 is about 100 s-1 and G(η)≈0.1 for ξ=ξMR=0.1), 
which suggests that the retardation of ignition due to straining in this spray is not 
very large. Whether this observation applies to Diesel engines as well is not 
clear and no generalizations can be made. However, the comparison presented 
here (i.e. to compare the conditional scalar dissipation that the most reactive 
mixture fraction actually experiences with the critical value needed to preclude 
auto-ignition) may offer an explanations as to why many different models, even 
quite simplistic, perform well for some Diesel or HCCI engines: in those 
engines, the scalar dissipation rates are probably not high enough to retard 
ignition. It is conjectured that for highly-strained sprays, such as those in 
complex and very turbulent flows or those from small injectors, the CMC model 
presented here will capture better the expected stronger turbulence-chemistry 
interactions. 

5.3.4 Influence of spatial transport terms prior to ignition 

The following investigation assesses to what extent the CMC transport terms 
affect the ignition location and delay. To this end, the 823 K with initial 
turbulence case is considered with transport terms in physical space deactivated. 
If the spatial distributions before ignition in Figure 5.10 are compared, it can be 
seen that significant differences in the Favre-averaged temperatures are present. 
Neglecting the transport terms also results in higher values for the predicted 
ignition delays: 1.88 ms vs. 1.35 ms when the full CMC equation is used. 
There is also a change in the ignition location: the full model predicts ignition at 
the spray tip, whereas it is located at the sides of the spray for the case where 
transport is neglected. Figure 5.11 and Figure 5.12 show the evolutions of the 
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conditional scalar dissipation rate and conditional temperature at ξMR, 
respectively. 
 

 
 

Figure 5.10 – Spatial distributions of mean temperature at 1.1 ms for Tair=823 K with 
initial turbulence. Left: full CMC equation used; Right: transport terms in physical 

space deactivated 

 
By comparison with Figure 5.7 and Figure 5.9, where the transport terms are 
active, it can be observed that the scalar dissipation rate is almost identical 
before ignition (as it should, since the mixing field is the same in both cases). 
However, the temperature in the case with the transport terms de-activated 
reaches a plateau. It starts to increase only when the scalar dissipation rate goes 
below the critical value. The main reason for the difference between the two 
runs is that in the absence of spatial transport, each CMC cell follows its own 
evolution determined only by the local scalar dissipation rate. For example, the 
heat generated early at the tip of the spray does not get convected with the spray 
as time evolves, which clearly misses an important physical mechanism. Such a 
model would be equivalent to a hypothetical RIF calculation with several 
flamelets allocated to ‘fixed’ regions of the domain and may provide an 
explanation why flamelet models including transport effects such as EPFM are 
so successful for engine calculations [97,149]. 
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Figure 5.11 – Evolution of <N|η=ξMR> for the CMC nodes on the spray axis, with initial 
turbulence, no spatial transport 
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Figure 5.12 – Evolution of <T|η=ξMR> for the CMC nodes on the spray axis, with initial 
turbulence, no spatial transport 

 
It is concluded that the physical space transport terms play an important if not 
indispensable role in the prediction of ignition location and time. 
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5.3.5 Ignition regions 

Figure 5.13 displays the iso-contours of temperature and shows the ignition 

locations for all six points at the time the maximum conditional temperature 

exceeds 1600 K. As no experimental data for the ignition locations was 

available no comparison could be carried out to validate the predictions.  

 
 Turbulent Non-turbulent 

783 K 

  

803 K 

  

823 K 

  
 

Figure 5.13 – Temperature distributions at the time of ignition for 783 K (upper), 803 K 

(middle) and 823 K (lower) temperatures, with (left) and without initial turbulence 

(right)  

 

Following ignition, using the method of lines it was not possible to further 

advance the solution in reasonable computational times. 



Aachen bomb   

66 

5.3.6 Analysis of spatial transport terms following auto-ignition 

The results presented so far have all been obtained by using VODPK with the 
method of lines. This approach is very accurate and robust, but also 
computationally very costly. Following ignition, it was not possible to advance 
the solution time within a practical duration. An operator splitting approach 
developed by De Paola and Mastorakos at Cambridge University, UK, and 
documented in detail in [118], allowed for a significant reduction in 
computational time. By employing this methodology, simulation results could 
be obtained also for the post-ignition stages enabling the analysis of the balance 
of the CMC terms also for the late stages. 
Figure 5.14 shows a comparison of the ignition delays for both the method of 
lines and the operator splitting approach with and without initial turbulence, 
respectively.  
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Figure 5.14 – Predicted and measured ignition delays for method of lines and operator 
splitting without (left) and with (right) initial turbulence.  

 
The two solvers predict different ignition times. This difference is due to the 
splitting errors and to the small differences predicted by the two solvers in the 
‘flamelet’ calculations of Figure 4.2. However, the fair agreement of the ignition 
delays predicted by the OS solution procedure with the ones obtained by the 
method of lines for all six validation points confirms the validity of this 
approach, although the splitting errors are not negligible. Details concerning 
splitting time-step dependence and comparisons of conditional radical mass 
fractions are documented and discussed in [118]. 
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Figure 5.15 displays the distributions of mean temperature, pressure, axial and 
radial mean velocities, and the conditional scalar dissipation rate at 
stoichiometry (<N|η=ξst>) at various times. Unfortunately, no quantitative 
experimental results are available to compare with in the flame propagation 
phase. Following ignition at the spray tip, a rapid propagation of the flame 
upstream along the stoichiometric mixture fraction can be seen until the entire 
spray is burning. The duration of this premixed combustion phase is about 0.20 
ms. The distribution of the mean axial velocity shows that, following ignition, 
the increased pressure at the ignition location and the dilatation associated with 
the heat release locally affect the flow field, leading to a high radial velocity. 
Downstream of the ignition location the axial velocity is accelerated, whereas 
upstream it can even become negative, hence assisting the flame spreading 
towards the nozzle. 
The flame propagation phase along the mixture fraction contours in the present 
spray corresponds to one part of the premixed mode of Diesel combustion. The 
relative importance of the various CMC terms during this phase is presented in 
Figure 5.16. Each of the terms in equation (4.10) is calculated for every grid 
point and for all mixture fractions and its absolute value at stoichiometry, 
normalised by the sum of these absolute values, is shown. Hence, for example, if 
the chemistry dominates (i.e. drives the unsteady term of the CMC equation), 
the normalised term will be close to unity, while if a term is negligible, the 
corresponding normalised value will be zero. 
Contours of these terms for the same times as those of Figure 5.15 show the 
following: (i) prior to ignition the chemical source term dominates, with 
diffusion in mixture fraction space being the second largest term and the 
pressure work being negligible. The physical space transport terms are small, 
but not negligible, as they are high enough to affect the ignition delay and 
location as discussed previously. The conditional scalar dissipation rate is lower 
than the critical value at the ignition location and varies significantly across the 
flow. (ii) At the time of ignition, chemistry and diffusion in conserved scalar 
space are both large, and the convection term is significant. Despite the fact that 
the conditional averages are strong functions of space, the spatial diffusion term 
is not very large. (iii) The flame propagates upstream by the combined action of  
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Figure 5.15 – Spatial distributions at 1.2 ms (upper), 1.42 ms (middle) and 1.52 ms 
(lower). From left to right: (a) mean temperature [K], (b) pressure [Pa], (c) mean radial 

velocity [m/s], (d) mean axial velocity [m/s] and (e) conditional scalar dissipation 
rate [1/s] evaluated at stoichiometry. Superimposed in white are the mean mixture 

fraction iso-lines. Source [118] 
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Figure 5.16 – Normalised source terms of the CMC temperature equation evaluated at 
the stoichiometric mixture fraction at 1.2 ms (upper), 1.42 ms (middle) and 1.52 ms 
(lower). From left to right: (a) chemical source, (b) pressure work, (c) diffusion in 
conserved scalar space, (d) physical space convection, (e) physical space diffusion. 

Superimposed in white are the mean mixture fraction iso-lines. Source [118] 
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pre-ignition reaction, i.e. the mixture there is already close to thermal run-away, 
and the convection caused by the dilatation following the initial explosion. The 
pressure work is still negligible as expected in this flow since the domain is 
open. Again, the spatial diffusion term is small, with the exception of a small 
region at the edges of the spray. (iv) Long after ignition, physical space transport 
becomes very small due to the relatively steady nature of the fully developed 
spray flow field. In addition, chemistry balances molecular diffusion, as 
expected from the structure of a non-premixed flame.  
The spatial diffusion effects during this flame propagation phase are not very 
large, which suggests that the flame spreading is not described by a conventional 
turbulent flame propagation mechanism, which would be driven by turbulent 
diffusion. Examination of equation (4.10) in the limit of a uniform 
stoichiometric mixture (i.e. a delta function of the presumed mixture fraction 
PDF at stoichiometry) shows that it becomes similar to the equation describing a 
laminar flame, but with an eddy diffusivity instead of a laminar one.  
Hence, it can be conjectured that, given that the chemistry is correctly 
represented, a solution of that equation would give a flame propagation speed of 
the order of SL(Dt/α)1/2, where SL is the laminar burning velocity at the pressure 
and temperature conditions used here, Dt the turbulent diffusivity, and α the 
thermal diffusivity. Such an estimate gives a turbulent flame speed of about 10-
20 m/s, which is about an order of magnitude lower than the rate of spreading of 
the burning region in our spray. Hence it is concluded that eddy diffusion is 
probably not the major factor in flame spreading, although it plays a role. The 
flame propagation phase of the premixed mode of the present spray involves 
flame spreading along the stoichiometric mixture fraction contour due to short-
lived but fast velocity waves that transport heat and radicals to regions that were 
not far from auto-ignition anyway. 
These observations are further substantiated by examination of the magnitude of 
the terms in the CMC temperature equation in conserved scalar space (Figure 
5.17, Figure 5.18 and Figure 5.19). These will also serve to identify the second 
part of the “premixed” mode. Before ignition (Figure 5.17), the chemistry term 
is the largest and peaks at the most reactive mixture fraction. The scalar 
dissipation rate is low enough so that diffusion in η-space is not very large. In a 
situation that shows significant retardation of auto-ignition due to straining, the 
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term corresponding to diffusion in η-space is expected to be much higher. 
Depending on the flow location, the spatial transport terms can also be 
important. 
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Figure 5.17 – Source terms in the CMC temperature equation during ignition phase: 
1.2 ms after start of injection at 0.6 mm radial and 48 mm axial position, Tair=823 K 

with initial turbulence 
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Figure 5.18 – Source terms in the CMC temperature equation during flame propagation 
phase: 1.42 ms after start of injection at 6 mm radial and 36 mm axial position, 

Tair=823 K with initial turbulence 
 

During flame propagation (Figure 5.18), it can be observed that chemistry is 
active in a range of mixture fractions, which indicate reaction zones propagating 
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across all mixture fractions to consume the partially premixed fluid. It is also 
evident that the conditional convection term is important, while the axial 
diffusion term is smaller, but of comparable magnitude to the molecular mixing. 
The radial convection and diffusion terms are small, but not negligible. 
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Figure 5.19 – Source terms in the CMC temperature equation during diffusion flame 
phase: 1.52 ms after start of injection at 2.6 mm radial and 42 mm axial position, 

Tair=823 K with initial turbulence 
 

Long after ignition (Figure 5.19), it can be observed that chemistry is almost 
perfectly balanced by molecular mixing everywhere. The structure is still not 
that of a normal non-premixed flame, with a very lean and a very rich reaction 
zone still evident long after auto-ignition. This is consistent with DNS [13] and 
corresponds to a triple-flame structure [14,149], with decreasing importance of 
the lean and rich flame branches as time evolves. This phase is the second part 
of the “premixed” mode of Diesel combustion and, as can be seen, lasts long 
after the full spray is alight. The duration of this part decreases with increasing 
scalar dissipation rate. 

5.3.7 Conclusions 

It can be concluded, that the premixed mode of Diesel combustion involves 
flame propagation across mixture fraction space by action of molecular mixing, 
flame propagation along the stoichiometric contour by action of the conditional 
convection term, chemistry proceeding independently at different parts in the 
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flow, and, in enclosed environments, pressure work. It is evident that the elliptic 
CMC equation can capture many of the expected phenomena present in Diesel 
combustion. The fact that a single model can be used for the auto-ignition mode, 
premixed mode, and diffusion mode of Diesel combustion is an important 
practical advantage over the current industrial practice of switching between 
various models.  
The magnitude of molecular mixing affects the auto-ignition delay time and also 
the duration of the premixed phase. Hence modelling of the conditional scalar 
dissipation rate is a crucial aspect for CMC. In addition, the importance of the 
physical transport terms suggests that attention should be given in validating the 
models that are used at present (i.e. equations (4.11) and (4.13)), a conclusion 
also reached by examination of the structure of a lifted flame in Ref. [114]. 
Further advances would be feasible by implementing full second-order closure 
[125,150] or double conditioning [151,152]. The former may be necessary for 
accurate predictions of ignition time in the presence of high scalar dissipation 
rates (relative to the critical value), while the latter may be necessary for a more 
accurate treatment of the flame propagation phase along the mixture fraction 
contours. 

5.4 Homogeneous CMC 
The homogeneous formulation of the CMC considers the CMC equation with no 
physical space dependence (and can therefore be considered ‘0D’). The 
equations for the conditional quantities hence reduce to a reaction-diffusion (in 
conserved scalar space) system; focus with respect to modelling lies in 
determining appropriate expressions for the scalar dissipation rate. 
The spatial dependence of the mean species mass fractions returned to the flow 
field solver stem solely from the PDF, which is computed for each CFD cell as a 
function of the mean mixture fraction and its variance. 

5.4.1 Conditional scalar dissipation rate 

For the conditional scalar dissipation rate, two approaches have been compared; 
the first uses a simple volume average of the mean scalar dissipation rate over 
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all cells containing non-zero values of this quantity, i.e. the χ  in equation (4.17) 
is computed as follows 
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From this volume averaged quantity subsequently the value of N0 is obtained by 
means of equation (4.17) which is subsequently used to prescribe the conditional 
scalar dissipation rate by means of the AMC model.  
Alternatively, the scalar dissipation rate has been modelled as a weighted 
average of the locally computed conditional scalar dissipation rates. I.e. in each 
CFD cell, a ‘local’ conditional scalar dissipation rate <N|η>IC is obtained by 
means of equation (4.17), which is subsequently volume averaged subject to 
weighting with the PDF as follows: 
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5.4.2 Ignition delays 

5.4.2.1 Volume averaged mean scalar dissipation rate 

Figure 5.20 shows a comparison of the predicted ignition delays versus the 
experimentally obtained values for various air temperatures with no background 
turbulence. Good agreement can be observed for the two higher temperatures, 
whereas for the two lower temperatures, the predictions reveal an increasing 
deviation from the mean experimental values. For the lowest temperature, the 
simulated ignition delay lies outside the experimentally observed range. 
Although experimental data is available also for even lower temperatures, 
numerical difficulties did not allow for meaningful results to be computed. 
For the same temperature range but with initial turbulence present in the 
background air, the ignition delays are shown below in Figure 5.21. The trend to 
lower ignition delays for all temperatures in the presence of background 
turbulence is correctly captured by the model. In this case, for the highest 
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temperature a slight under-prediction of the delay, while for the other 
temperatures, an increasing deviation can be observed as the temperature is 
decreased. 
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Figure 5.20 – Predicted and measured ignition delays without initial turbulence for 
volume averaged mean scalar dissipation rate. Experimental data from [65] 
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Figure 5.21 – Predicted and measured ignition delays with initial turbulence for volume 
averaged mean scalar dissipation rate. Experimental data from [65] 
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5.4.2.2 Volume averaged weighted conditional scalar dissipation rate 

As can be seen in Figure 5.22, the ignition delays show far better agreement 
against the experimental data, even for the significantly extended range of air 
temperatures with no background turbulence.  
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Figure 5.22 – Predicted and measured ignition delays without initial turbulence for 
PDF-weighted averages of the conditional dissipation rate. Experimental data from [65] 

 
In Figure 5.23 it can be observed, that the trend to lower ignition delays in the 
presence of background turbulence is again well captured, and that the ignition 
delays show quite good agreement for most of the temperatures considered. 
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Figure 5.23 – Predicted and measured ignition delays with initial turbulence for PDF-
weighted averages of the conditional dissipation rate. Experimental data from [65] 
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5.4.3 Turbulence influence 

5.4.3.1 Spatial distributions 

Figure 5.24 and Figure 5.25 compare the distribution of the mean mixture 
fraction and the variance 1.3 ms after start of injection with and without 
background initial turbulence. A significantly increased spreading of the spray 
can be observed for the case with initial turbulence and absolute values for the 
variances are higher by almost a factor of two.  
 

  
 

Figure 5.24 – Mixture fraction iso-contours at 1.30 ms after start of injection for 823 K 
setup with (left) and without (right) initial turbulence 

 
The corresponding conditional and mean temperatures are shown in Figure 5.26 
and Figure 5.27. 
 

  
 

Figure 5.25 – Mixture fraction variance iso-contours at 1.30 ms after start of injection 
for 823 K setup with (left) and without (right) initial turbulence 
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Figure 5.26 – Mean Temperature iso-contours at 1.30 ms after start of injection for 
823 K setup with (left) and without (right) initial turbulence 
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Figure 5.27 – Conditional temperatures and scalar dissipation rates at 1.30 ms after 

start of injection for 823 K setup with (left) and without (right) initial turbulence 

5.4.3.2 Scalar dissipation rate 

To investigate the influence of turbulence on the conditional properties, the 
evolution of the conditional scalar dissipation rate has been examined. For the 
homogenous case with the volume averaged mean scalar dissipation rate, it is 
sufficient to analyse the evolution of the peak conditional scalar dissipation rate 
<N|η=0.5>, i.e. the quantity N0 in equation (4.17), which is given below in 
Figure 5.28. Increasing delays in the ignition times can be expected for values of 
N0 larger than around 25 s-1 and the critical value, above which no ignition 
occurs, is close to 100 s-1 as was shown previously in Figure 4.2 and discussed 
in chapter 4.3.3. Therefore, both with and without initial turbulence, the values 
are always far from the critical value precluding auto-ignition. 
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Figure 5.28 – Evolution of <N|η=0.5> from volume averaged mean scalar dissipation 
rates 

 
These low values of the conditional scalar dissipation rates, which are attained 
earlier and reach a higher peak value in the turbulent set-up, however promote 
diffusion of radicals and heat in conserved scalar space and hence provide an 
explanation for the shorter ignition delay in the turbulent case for these 
conditions, as discussed in [117]. 
For the weighted averages, the resulting conditional scalar dissipation rate no 
longer shows a classical ‘bell shaped’ curve. Figure 5.29 displays the 
conditional scalar dissipation rates at various times for the turbulent case with 
813 K air temperature. From the shape of the curves it can be deduced, that at 
the early stages of the injection, a high number of cells which contain PDFs with 
mixture fractions in the range of up to 0.3 are present. This leads to large values 
in the denominator of equation (5.2) and hence the conditional scalar dissipation 
rates for these low values of the conserved scalar are lowered compared to the 
symmetrical, ‘bell shaped’ curve. At the later stages, and in particular after 
ignition, the weighted formulation almost attains the ‘bell shaped’ curve. 
To investigate the influence of turbulence on the scalar dissipation rate for the 
weighted averages, the conditional scalar dissipation rates at the most reactive 
mixture fraction have again been analysed. Figure 5.30 shows the evolutions of 
<N|η=ξMR> for the 823 K set-ups with and without initial turbulence. 
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Figure 5.29 – Evolution of the PDF-weighted conditional scalar dissipation rates. 813 K 
at 50 bars with initial turbulence 

 
It can be observed that the turbulent case produces earlier and higher values 
which lead to increased diffusion of heat and radicals in conserved scalar space. 
The maximum values exceed the critical scalar dissipation rate of around 10 s-1 
during the early stages of the injection and hence provide the explanation, why 
for this temperature the weighted averages show increased ignition delays 
compared to the ‘simple’ volume averaged approach. 

 

0 0.001 0.002
time [s]

0

3

6

9

12

15

<
N

|η
=

ξ M
R
>

 [1
/s

]

no initial turbulence
with initial turbulence

 
 

Figure 5.30 – Evolution of <N|η=ξMR> of the PDF-weighted conditional scalar dissipation 
rates with and without initial turbulence, 823 K at 50 bar 

 



 Aachen bomb 

  81 

5.4.4 Conclusions 

The homogeneous CMC model presented is capable of predicting the influence 
of temperature and the effect of background air turbulence on ignition delays of 
n-heptane sprays in a constant pressure open flow-through combustion chamber 
at Diesel engine relevant conditions. As no physical space transport phenomena 
are accounted for in the CMC equations, the only remaining influence, i.e. the 
scalar dissipation rate model, is analysed by comparing two different 
approaches. The formulation which employs weighting with the PDF shows 
significantly improved predictions over a simple volume average of the mean 
scalar dissipation rate. The effect of turbulence manifests itself in broader 
distributions due to increased mixing of the mixture fraction and the variance 
flow field and the absolute values of the latter are significantly increased. This 
leads to considerable differences in the mean scalar dissipation rates and also 
strongly influences the shape of the PDFs. For the model which employs 
weighting, this leads to different conditional scalar dissipation rates which in 
turn affect the ignition delays. 
The good predictions of the ignition delays over a wide range of temperature for 
both turbulent and non-turbulent initial conditions using the weighted 
formulation suggest, that with suitable averaging, the auto-ignition phase of 
Diesel spray combustion can be accurately captured with a homogeneous 
formulation of the CMC equations, and that depending on the quantity of 
interest, a reduction from higher dimensional CMC is possible. Similar 
conclusions were drawn in [113,114,153], where cross-stream weighted 
averaged and homogeneous approaches were successfully introduced to reduce 
the dimensionality of the problem for turbulent lifted flames and for turbulent 
counter-flow flames. 
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6 ETH-LAV high temperature high 
pressure closed combustion cell 

The experimental set-up installed at the aerothermochemistry and combustion 
systems laboratory at the Swiss Federal Institute of Technology is a high 
temperature constant volume combustion chamber, which can be filled with pre-
heated and pressurized gas at up to 800 K and 80 bars; peak cell pressures range 
up to 250 bars (after combustion). The diameter of the vessel is 110 mm and the 
length 40 mm. One centrally located single nozzle injector injects fuel along the 
centreline of the chamber. 
The apparatus is equipped with four to five sapphire windows allowing for 
optical access, hence enabling spray visualization up to a penetration depth of 
almost 40 mm. Figure 6.1 shows a graphic representation of the cell taken from 
[64], where extensive experimental data for evaporating and non-evaporating 
Diesel sprays has been reported. 
 

 
 

Figure 6.1 – Schematic of the LAV high pressure high temperature cell. Source [64] 
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6.1 Experimental data 
The experimental data consists on the one hand of time resolved pressure, 
emitted light and needle lift signals recorded at 0.005 ms intervals. In addition to 
these, Schlieren, Mie scattering and chemiluminescence images have been 
recorded at triggered intervals after the start of injection; the camera exposure 
time is 20 µs. 
As Diesel fuel is a blend containing various alkenes, aromatics and other 
hydrocarbons, chemical mechanisms are difficult to obtain and tend to be non-
universal. To eliminate the influence of such uncertainties, experimental data 
reported in [154] for n-heptane has been used to test the simulation results. 

6.2 Operating conditions 
The operating conditions are summarised in Table 6.1 below. Only one 
temperature has been investigated. 
 

Fuel type n-Heptane 
Injection pressure 320 bar 

Injection duration 
1.80 ms (electrical) 
1.65 ms (physical) 

Total injected fuel 
mass ~4.0 mg 

Nozzle diameter 0.15 mm 
Nozzle L/D 4 
Air pressure 80 bar 
Air temperature 776 K 
Wall temperatures ~800 K 

 
Table 6.1 – Operating conditions for the LAV high pressure high temperature cell 

 
The cell is equipped with a common rail fuel injection system; injection rates 
have been approximated by the needle lift signal, which is shown below in 
Figure 6.2. The time axis in the needle lift graph has been offset by 1.0 ms to 
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visualise the entire needle lift. Injection starts at the start of the simulation, i.e. 
the start of injection is at 0.0 ms and all times reported are relative to this value.  
Very low injection pressures have been used, to avoid ignition of the spray 
outside the observable domain and to avoid forced ignition on the hot wall. The 
increase in the total pressure due to the small quantity injected thereby is hence 
very small, but measurable. 
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Figure 6.2 – Measured needle lift and approximation of injection rate 

6.3 Numerical aspects 
The Reitz-Diwakar model with standard model constants has been used for both 
the atomisation process and the secondary break-up in the flow field solver and 
turbulence is modelled by the k-ε RNG model. No turbulence quantities have 
been prescribed at the start of the simulation as in the experiment, the injection 
of the fuel commences long enough after the cell has been filled with the 
preheated air to allow turbulence to decay. 
No grid resolution study in the CFD has been performed, as the nozzle diameter 
and the L/D ratio are comparable to the ones used in the Aachen bomb. As the 
same grid resolution is used close to the axis, the critical ratio of the injector 
diameter/cell size in the radial direction, which has been shown in [148] to be 
crucial, remains identical. 
In the CMC code, the computational domain is discretised with a resolution of 
18 by 14 nodes in the radial and axial directions respectively. In the radial 



 ETH-LAV high temperature high pressure closed combustion cell 

  85 

direction, the resolution is highly non-uniform, i.e. strongly clustered near the 
spray axis. 
For the injection rates, the elastic part of the needle deformation which can be 
seen in the very early phase of the lift has been truncated. This avoids a common 
problem related to droplet collision issues as a consequence of the low velocities 
of the first droplets entering the domain. To avoid unphysical, low values of the 
droplet injection velocities towards the needle closure, the rate has also been 
very slightly truncated at the end of the injection process. 

6.3.1 Wall boundaries 

Due to the short domain in the high pressure high temperature cell, the burning 
flame impinges on the wall boundary. The material properties for the wall 
boundary conditions in the CFD code are fixed temperature and non-adiabatic, 
hence allowing for heat flux. The wall can therefore be considered to have an 
‘infinite’ heat capacity. 
The mean heat flux at the wall boundaries in the CFD is obtained by user 
coding. The distribution thereof in conserved scalar space is modelled as 
proposed in [155]: 
 
 ( )wall wallq T Tη α η= −  (6.1) 
 
It is assumed that the heat transfer coefficient is independent of the state of 
mixing and can therefore be computed as 
 

 
( ) ( )
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wall
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η η η
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−∫
 (6.2) 

 
This conditional wall heat flux is accounted for in the CMC nodes located at the 
wall boundaries.  
Concerning the species, no convective transport is allowed in the wall normal 
direction. The conditional turbulent fluxes in the wall normal direction are also 
zero at the wall boundaries leading to zero gradients for the species as the 
gradient flux assumption is employed. Special care also needs to be taken for the 
chemical reactions and species concentrations. In the present investigation, the 
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radical concentrations have been fixed to zero to ensure flame quenching at the 
wall. In principle however, radical recombination reactions would need to be 
considered [156]. 
To assess the influence of the wall boundary modelling, a second set-up has 
been investigated, where no special treatment for the radicals has been taken 
into account. 

6.4 Results 

6.4.1 Spray penetration comparison 

To investigate the penetration of the liquid phase, comparison with the Mie 
scattering images was carried out. The liquid phase penetration for evaporating 
sprays reaches a stagnation point, an observation also reported in [64]; therefore 
only one image is shown in the left half of Figure 6.3 below. 
For the simulation, the large droplets coloured in red, which visualise the 
fragmented liquid core, are shown for the same instant in the right half of Figure 
6.3. The stagnation behaviour was correctly captured by the simulation, which is 
in agreement with findings reported in previous investigations validating the 
same flow field solver [148] against data from the same cell for Diesel sprays 
[64]. 
 

 
 

Figure 6.3 – Liquid phase penetration comparison: Measured Mie scattered light (left) 
and droplets / fuel vapour mass fraction iso-contours (right) at 1.1 ms after start of 

injection. The white circle symbolises the cell window, the straight line at the bottom the 
wall and the triangle the injector. 
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Figure 6.4 – Vapour phase penetration evolution comparison: Schlieren images (left 

columns) vs. fuel vapour iso-contours with overlaid droplets (right columns) 
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Figure 6.4 shows a comparison of single-shot Schlieren images and the 
simulated fuel mass fraction iso-contours at the same instant after the start of 
injection. The Schlieren imaging technique visualises changes in the fluid 
density. In addition to the strong changes in the spray region, significant density 
gradients due to turbulence can be observed in the surrounding air [157]. 
The penetrations of the vapour phase agree well. To achieve this agreement, the 
prescribed cone angle for the spray model of Reitz-Diwakar had to be reduced 
from 10 degrees in the Aachen bomb to 6 degrees. No other spray model related 
constants have been modified, as no experimental data for droplet velocities and 
sizes is available which would enable further calibration of the model. 

6.4.2 Ignition location 

Due to the very low injection pressure employed, ignition of the spray occurs 
roughly three quarters of the observable window downstream of the nozzle exit 
close to the wall (symbolised by the line at the bottom of the image) as is shown 
in Figure 6.5 which depicts the chemiluminescense signal at the time of ignition.  

 

 
Figure 6.5 – Ignition location comparison: Experimental Mie scattering and 

chemiluminescence signal, 2.5 ms after start of injection (left); the white circle 
symbolises the cell window, the straight line at the bottom the wall and the triangle the 
injector. Simulated OH mass fraction (middle) and temperature (right) iso-contours at 

the time of ignition, 2.4 ms after start of injection.  
 
For higher pressures, the spray penetrates further towards the wall, where 
ignition occurs outside of the experimentally observable domain. To ensure that 
ignition occurs within the visible range, simultaneously recorded signals of the 
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emitted light and pressure have been compared. The former show a strong rise 
prior to the pressure signal in the case of ignition in the observable range, 
whereas for ignition at the wall, the opposite is observed.  
The temperature and, somewhat arbitrarily, the OH radical have been considered 
as representative for assessing the ignition location in the simulation. The 
chemiluminescence signal from the experiment on the other hand contains all 
wavelengths (but from the experimental data there is reason to believe, that 
OH/CH occur virtually simultaneously with ignition). 

6.4.3 Pressure rise 

Figure 6.6 shows a comparison between the simulated pressure and the recorded 
pressure traces. For the latter, 17 measurements have been plotted to illustrate 
the variability of the experiment which have been smoothed within the cycle by 
applying a running averaging procedure over 50 points of the 0.005 ms sampling 
rate. The overall pressure increase amounts to only roughly one bar, which is 
very small against the initial pressure of 80 bar due to the small quantity of fuel 
injected, but still measurable. 
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Figure 6.6 – Simulated (with symbols) and multiple experimental pressure traces (thin 
lines) 

 
The slight decrease in the experimental pressure traces from the start of injection 
until the point of ignition stems from small losses due to leakage, as the walls of 
the cell are temperature controlled to avoid any heat losses during this phase. 
Loss of mass through crevices has not been modelled in the simulation. With 
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respect to heat losses, the values for the wall temperatures are identical to the 
initialised field values in the simulation. Therefore no pressure losses can be 
seen in the simulated pressure prior to ignition. 
For the simulated pressures, two results are shown. To assess the influence of 
flame quenching at the wall, the radicals are enforced as zero in one case. The 
second case allows radicals at the walls, both due to transport in physical space 
and local chemistry. The ignition delay without radicals at the wall is under-
predicted by roughly 100 µs (or 5%), for the case with radicals, slightly more. 
The initial phase of the combustion, which manifests itself in a small increase in 
the rate of change of the pressure shown in Figure 6.7 is due to the so-called 
‘cool flames’ as n-Heptane exhibits a two-stage ignition.  
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Figure 6.7 – Simulated rate of change of pressure for the setups with radicals set to zero 
and radicals allowed at the walls. 

 
During the ‘cool flame’ phase, a comparison of the pressures displayed in Figure 
6.6 shows that in the simulation a slight increase can be observed, whereas the 
pressure in the experiment ceases to decrease (i.e. the losses are balanced by the 
heat release). 
As the ignition delay is significantly longer than the injection duration, cf. 
Figure 6.2, a large portion of the fuel is already evaporated at the time of 
ignition. Following ignition, the availability of this fuel-air mixture leads to a 
rapid rise in pressure due to the reaction taking place in partially premixed 
mode. The slope during this phase of the pressure rise is significantly steeper 
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than most of the experimentally reported traces, in particular for the set-up 
allowing radicals. 
Due to the short domain length, a significant amount of fuel has impinged on the 
wall. The setup which captures the flame quenching at the wall, hence shows 
slower rises in the pressure trace, due to the fact that this wall-deposited fuel 
evaporates much more slowly. The overall pressure increase of roughly one bar, 
is captured quite accurately, however the case with quenching approaches this 
value far much more slowly towards the late stage of the combustion. 
The mean temperature distributions at the time of ignition and at the late stage 
for the set-up with no radicals at the walls – cf. Figure 6.8 and Figure 6.11 
below – show, that the quenching distance for the flame is quite large, in spite of 
the increased resolution in this area. Prior to ignition, the decrease in 
temperature visible in Figure 6.8 close to the wall and, to a lesser extent, near 
the nozzle exit along the spray axis, is due to droplet evaporation. 

6.4.4 Conditional quantities 

6.4.4.1 Before ignition 

In analogy to the analysis for the Aachen bomb, the conditional sources in the 
temperature equation (4.10) have been investigated to study the importance of 
the spatial transport terms also for this system. The investigation has been 
carried out with the data from the set-up with flame quenching due to radical 
suppression at the walls. 
In the right half of Figure 6.8 the iso-contours of the mean temperature field are 
plotted together with overlaid velocity vectors. The distribution only shows the 
innermost part of the simulation domain which extends roughly a factor of five 
further in the radial direction. The two locations close to the spray axis marked 
with a small red box are chosen slightly upstream of the location with the 
highest temperature and 12 mm further downstream. 
From the conditional source terms shown in the left half of Figure 6.8, it can be 
seen that depending on the location, different terms are important. The chemical 
source again constitutes the largest term and is the driving force for both 
locations. Close to the high temperature spot, the increasing temperature leads to 
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substantial axial diffusion. The axial convection terms are also important for 
both locations, as they have a comparable magnitude to the molecular mixing. 
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Figure 6.8 – Mean temperature iso-contours (right) during ignition phase: 2.1 ms after 
start of injection. Source terms in the CMC temperature equation at 0.6 mm radial and 

12 mm axial (upper left), 0.6 mm and 30 mm axial positions (lower left) 

 
The radial diffusion and convection terms are smaller, but not negligible. The 
latter of the two show, that both negative and positive values can be reached, for 
which air entrainment into the spray region (leading to negative mean velocities 
in the radial direction) and expansion of the spray further downstream (leading 
to positive radial mean velocities – which can be observed in the mean velocity 
vectors) could be responsible.  
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6.4.4.2 At the time of ignition 

Figure 6.9 shows the conditional terms for three different locations around the 
ignition point at 2.4 ms after start of the injection.  
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Figure 6.9 – Mean temperature iso-contours (right) at the time of ignition: 2.4 ms after 
start of injection. Source terms in the CMC temperature equation positions are on the 
spray axis/24 mm (upper left), 2.6 mm/27 mm (middle left) and 0.6 mm/30 mm (lower 

left) radially/axially respectively 
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For the point closest to the ignition spot (upper left graph in Figure 6.9), which 
lies on the cylinder axis 24 mm downstream of from the injector, a double peak 
in the chemical source can be observed. The magnitudes of these peaks are 
roughly one order higher than all physical space transport terms and the 
maximum values at the other two locations. Concerning the physical space 
transport, the diffusion terms are slightly larger and the axial convection term is 
almost zero. The latter is attributed to the fact, that due to the dilatation of the 
flow, the velocity due to the expansion in the upstream direction almost balances 
the velocity from the oncoming spray in this region, which can also be seen in 
the overlaid vectors of the temperature distribution plot. 
The second location investigated lies 30 mm downstream of the injector and 
0.66 mm in the radial direction from the spray axis (lower left graph in Figure 
6.9). Here, the flow is further accelerated due to the gas expansion, leading to 
large values in the axial convection term. The axial diffusion also contributes 
significantly. 
At the third location, 2.66 mm from the spray axis and 27 mm downstream from 
the nozzle exit (middle left graph in Figure 6.9), it can be observed, that, with 
respect to the physical space transport, the conditional velocity in the radial 
direction is dominant, which supports the observation of a spherical expansion 
due to dilatation around the ignition spot. Radial diffusion is also important 
although with roughly half the magnitude of the radial convection term. 
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Figure 6.10 – Source terms in the CMC temperature equation during flame propagation 
phase: 2.5 ms after start of injection at 0.6 mm radial and 27 mm axial position 
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The rate of change of the pressure reaches a maximum value of approximately 
5.0E+08 Pa/s at 2.5 ms. The contribution in the conditional temperature sources 
thereof is nevertheless smaller by several orders of magnitude compared to the 
other quantities as is shown in Figure 6.10. The location is 0.66 mm from the 
axis and 27 mm downstream of the injector. 
In all other comparisons the pressure source it is not shown to avoid further 
complication of the graphs. 

6.4.4.3 Post-ignition 

Following ignition, as is shown in Figure 6.11 below, similar behaviour as in the 
Aachen Bomb is observable. I.e. in addition to a non-premixed diffusion peak at 
stoichiometry, a rich and a lean front can be observed, which correspond to a 
triple-flame structure. 
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Figure 6.11 – Mean temperature iso-contours (right) and source terms in the CMC 

temperature equation (left) during diffusion flame phase 3.1 ms after start of injection at 
0.6 mm radial and 33 mm axial position 
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6.5 Conclusions 
Good predictions of a) the vapour phase spray penetration compared to 
Schlieren images and b) the liquid core validated against Mie scattering data 
have been obtained for auto-igniting n-heptane sprays in a closed vessel at 
Diesel engine conditions. These accurate predictions of the two-phase flow field 
quantities constitute the prerequisites for assessing the combustion model 
performance: While the ignition delays are very slightly under-predicted, the 
ignition location on the other hand is qualitatively accurately reproduced and the 
overall pressures increase due to combustion is well captured. 
In agreement with the findings for the open system, physical space transport 
phenomena have been seen to play an important role. In particular it was found, 
that physical space transport is not only important to capture the flame 
propagation phase, but that it is also non-negligible during the ignition phase. 
Due to the fact that the CMC based modelling encompasses these physical space 
transport phenomena, the ignition location could be predicted closely to the 
experimentally observed spot. 
Both the spray vapour and – following ignition – the burning flame impinge on 
the wall of the vessel. Although no detailed investigation has been carried out, 
the accurate description of the wall boundaries has been identified to play an 
important role in such circumstances, both in terms of treatment of the reactions 
and adequate resolution for the quenching distance.  
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7 Liebherr D924 heavy duty Diesel 
engine 

A number of operating conditions for which experimental data was available 
from [158] have been investigated by means of simulation with the homogenous 
CMC-based model formulation for a heavy duty Diesel engine. 

7.1 Engine data 
The engine is of a typical four-stroke turbocharged build with inter-cooled 
charge air, displacement amounts to roughly 1.6 litres per cylinder. The in-line 
four-cylinder variant, for which the data has been reported, produces a peak 
power output of 183 kW at 2,100 RPM. The cylinder head configuration is of a 
two valves per cylinder type with push-rod actuation. The common-rail fuel 
injection system consists of a suction throttled pump and an eight-nozzle 
injector (nozzle diameters 200 µm). Further details concerning both the engine 
and the fuel injection system are listed in the appendix. 

7.2 Operating conditions 
The engine is installed in both off-road building machinery and on-road 
vehicles. To comply with increasingly stringent emission legislation, on-road 
heavy duty engines need to fulfil the requirements set out in the European 
stationary cycle (ESC) test [159]. Stricter emission test cycles are coming into 
effect also for off-road applications soon [160]. 
The measurements recorded in [158] for the engine constitute a selection of the 
ESC test points. In this test, measurements are taken at 13 different loads and 
engine speeds of the ESC test and suitable weighting of these points is carried 
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out as depicted in the engine map in Figure 7.1 to represent average engine 
loading. 

 
Figure 7.1 – ESC engine test point in the engine map. Source [161] 

 
A selection of eight of these points from the ESC test cycle at 25, 50 and 
100 percent load has been investigated by means of simulation. The variations 
include engine load, injection pressure, start of injection and engine speed. The 
conditions are summarised in Table 7.1. 
 

case load 
engine 
RPM 

start of injection
[CA aTDC] 

injection 
pressure [bar] 

1 50% 1250 -4 1400 
2 25% 1250 -3 520 
3 25% 1250 -4 1400 
4 25% 1250 0 1400 
5 25% 1250 -4 1100 
6 50% 1830 -4 1400 
7 100% 1250 -4 1400 
9 100% 1250 0 1100 

 
Table 7.1 – Engine operating conditions corresponding to a selection of ESC test points 
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All points measured are with zero exhaust gas recirculation, nonetheless small 
quantities of residual gases are present in the chamber. These have not been 
modelled in the simulation, the flow is initialised as technical air with a 
prescribed swirl profile and turbulence parameters at the time of intake valve 
closure, i.e. no valve motion and intake flow has been simulated. 

7.2.1 Experimental heat release rates 

The heat release rates reported in [158] have been calculated from the measured 
pressure traces by means of a software package developed at LAV named WEG 
for which details concerning the two-zone thermodynamic model, which takes 
into account real gas properties and the effect of dissociation, the data 
smoothing procedures for the pressure traces, the computation of the wall heat 
transfer and the mass losses due to blow by can be found in [162]. 

7.3 Numerical aspects 
The homogeneous CMC formulation with the weighted conditional scalar 
dissipation rate described in detail in chapter 5.4 has been used to assess model 
performance for this system of practical interest. The methodology differs only 
slightly from the so-called Representative Interactive Flamelets (RIF) approach, 
for which excellent agreements for many engines has been reported e.g. in 
[102,103,104], hence providing a further benchmark for the model. 
Despite the fact that this type of modelling misses important physical space 
transport phenomena as discussed in the previous chapters, good agreement with 
respect to cylinder pressure and heat release rates has been found in this study as 
will be shown later, giving further credence to the methodology and the 
implementation of the combustion model. 

7.3.1 CFD solver 

Due to the eight-hole injector located in the cylinder head, it was possible to 
exploit symmetry for the computational domain.  
A multi-block unstructured hexahedral grid which makes use of the O-grid 
capabilities and local refinements of STAR-CD has been employed, for which a 
schematic close to TDC is shown in Figure 7.2. 
 



Liebherr D924 heavy duty Diesel engine   

100 

 
 

Figure 7.2 – Schematic of the computational grid close to TDC 
 

Based on recommendations in [163] the atomisation model of Huh in 
conjunction with the Reitz-Diwakar model for droplet secondary break-up have 
been employed for all engine calculations. Due to the capability of the Huh 
model to predict the spray cone angle, no testing is required to obtain the 
optimal value, for which also no experimental data is available. Droplets 
impinging on solid walls are modelled by the approach of by [62] which is 
available in STAR-CD. The thermo-physical properties of the droplets 
(viscosity, density, latent heat, cP, surface tension and saturation pressure) are 
approximated by the values of dodecane, which are prescribed as a function of 
temperature by user coding. 
Droplet sources in the gas-phase transport equations are treated implicitly and 
under-relaxation is employed following [163]. Strict tolerances are used for the 
residuals of temperature and pressure to avoid equation of state imbalances. 

7.3.2 Mesh resolution dependence 

At BDC, the mesh has a cell count of 26,945, at TDC 3,680 cells remain active. 
Thereof, 2,195 lie in the bowl region, which has a volume of roughly 
10,000 mm3. This corresponds to an average cell volume of approximately 
4.6 mm3. A preliminary resolution study with a ‘standard Eddy Break-Up’ 
(EBU) model for this mesh has been carried out which is documented in [164]. 
Nonetheless, in order to assess the influence of the spatial resolution on this 
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combustion model, a finer mesh has also been tested. This has a resolution 
roughly a factor of seven higher, i.e. 181,056 cells which almost halves the cell 
dimensions in all three dimensions. The bowl cell count for this refined mesh 
amounts to 15,936, which leads to an average cell volume in this region of only 
0.628 mm3. Figure 7.3 shows the comparisons of pressure trace and heat release 
for the 100 percent load case with 1250 RPM, 1400 bar injection pressure and 
start of injection at 4° CA bTDC. 
 

 
Figure 7.3 – Simulated and experimental pressures (left) and comparison of heat release 

rates (right) for the high and the standard resolution grid 
 
CPU times for the standard and high resolution grid from 10° CA bTDC to 
35° CA aTDC amount to 125’351 s and 343’128 s, respectively. The additional 
cost stems solely from the CFD integration as an identical ‘outer’ CFD time-step 
and the same number of CMC sub-steps has been used. 
Figure 7.4 shows a comparison of the spatial distributions of the temperature 
iso-contours for the low and the high resolution grid. The plots are at one degree 
crank-angle intervals between 6 and 11 degrees aTDC and show a strong 
dependence on the resolution. The increased spray penetration for the high 
resolution grid – which can be observed by examining the super-imposed 
droplets – leads to a flow pattern which follows the contour of the bowl in a 
clockwise motion; a behaviour which is not captured with the standard 
resolution. This flow field motion promotes the heat release rates during this 
phase as can be observed in the heat releases shown in Figure 7.3 
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Figure 7.4 – Temperature distribution iso-contours in a vertical plane through the 

cylinder axis for the standard (left) and the high resolution grid (right) 
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Investigations of information returned by the flow field solver revealed, that the 
cell size is approaching critical values for the high resolution grid, i.e. during the 
injection phase, a number of cells exceed the cut-off void fraction of 0.4 and are 
therefore reset to avoid numerical problems. An intermediate resolution could 
hence prove useful but it is believed, that convergence is unlikely to be reached 
due to two-phase related modelling issues. 

7.3.2.1 CFD integration time-step dependence 

To check for the dependence of the results on the integration time-step, the 
influence of the CFD ‘external’ time-step has been assessed for the 50 percent 
load set-up at 1250 RPM with 1400 bar injection pressure and start of injection 
at 4° CA bTDC. 
 

 
Figure 7.5 – CFD time-step dependence analysis: Pressures (left) and heat release rates 

(right) for 0.01° CA, 0.02° CA and 0.05° CA. 
 
Figure 7.5 shows the comparison of pressure traces together with the heat 
release rates near TDC for three CFD integration time-steps of 0.01, 0.02 and 
0.05° CA, which correspond to time increments of 1.33E-06 s, 2.66E-06 s and 
6.64E-06 s, respectively. From the largest time-step to the medium time-step, a 
clear difference can be observed in the simulated pressure traces, while further 
reducing the time-step shows only minor changes and the solution appears to 
converge. The slightly higher pressure for the largest time-step is due to slightly 
earlier ignition prediction and a higher peak in the premixed phase. 
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In the heat release rates ‘spikes’ at around 11° CA, 18° CA and 23° CA can be 
seen in all three set-ups, with reducing magnitude as the time-step is decreased. 
These stem from the introduction of cell layers during the piston expansion and 
are of a numerical nature. This issue is related to the CFD solver only and 
remains unsolved to date despite repeated discussion with the CFD software 
developers [165]. The positive contributions from these peaks lead to small 
differences in the cumulated heat release rates. Nevertheless, the agreement is 
good in particular for the two smaller time-steps. For all future investigations, 
for all engine speeds, the CFD integration time-step has been set to 0.01° CA. 
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Figure 7.6 – CPU time comparison for CFD time-step variation 
 
A comparison of the CPU times for the high pressure cycle, i.e. from -5° CA to 
35° CA, for all three CFD time-steps is given in Figure 7.6 above. 

7.3.2.2 Heat release rate computation 

As the CMC code returns species mass fractions and the enthalpy in the CFD 
code is solved in the form of the total enthalpy, no rate of heat release term is 
computed by the CMC code. 
The heat release for the entire domain can nonetheless be computed based on the 
first law of thermodynamics, with some uncertainties (wall heat fluxes, etc.) 
which however are common to both simulation and experiment. The details of 
the procedure are given in the appendix. 
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7.3.3 CMC 

VODPK has been used up to ignition, as in the preceding investigations this 
solver has shown to be highly accurate. Primarily with the intention to improve 
performance, i.e. time efficiency and computational cost, and to a lesser extent 
the robustness of the coupled code, following ignition the solver is changed to 
CHEMEQ2. 

7.3.3.1 CMC sub-stepping dependence 

The CMC code can be run with a smaller integration time-step compared to the 
‘external’ flow field time-step. Therefore, the influence of the number of CMC 
sub-steps has been assessed for the 50 percent load set-up at 1250 RPM with 
1400 bar injection pressure and start of injection at 4° CA bTDC. Figure 7.7 
shows the comparison of the pressure traces and heat releases for three numbers 
of CMC sub-steps, namely 2, 5 and 10. For this investigation, the external CFD 
time-step was set to 0.05° CA as for larger external steps the influence of sub-
stepping is expected to be more apparent. 
 

 
Figure 7.7 – CMC sub-stepping time-step analysis: Pressures (left) and heat release rates 

(right) for 2, 5 and 10 CMC sub-steps 
 
Despite the differences between the predicted and the experimental pressure 
traces in Figure 7.7, excellent agreement between the three numerical pressure 
traces and the heat releases is evident. Given the substantial increase in CPU 
time for higher number of CMC sub-steps as is displayed in Figure 7.8 below, 
the largest CMC sub-step has been selected for all subsequent computations. 
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Figure 7.8 – CPU time comparison for CMC sub-step variation 

7.4 Pressure traces and heat release 
The simulated pressure traces for the operating conditions listed in Table 7.1 are 
shown in the left halves of Figure 7.9 to Figure 7.16. For comparison, in 
addition to the experimental pressure traces, the ones obtained by simulation 
with a ‘simple’ eddy break-up (EBU) model from STAR-CD have been added. 
The latter have been adjusted for every operating condition to best match the 
measurements, the corresponding model constant values are listed in Table 7.2.  
 

   Injection offset [degrees CA] 
case AEBU BEBU STAR eddy break-up CMC model 

1 4.30 0.08 -4.00 -4.00 
2 8.00 4.00 -0.00 0.00 
3 1.60 0.50 -2.00 -5.00 
4 4.00 0.08 -4.80 -4.80 
5 1.60 0.25 -3.50 -3.50 
6 17.00 0.03 -3.70 -3.00 
7 16.00 0.08 0.00 -2.00 
9 12.00 0.08 0.00 -1.50 

 
Table 7.2 – STAR eddy break-up model constants from equation (3.9) and injection 
timing offsets for both the STAR eddy break-up and the CMC combustion model 
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The CMC computations on the other hand are carried out using the same 
chemical mechanism for all operating conditions and no model constants with 
respect to the chemistry require calibration. For the eddy break-up simulations, 
in many cases, the injection timing had to be slightly adjusted [164]. These 
offsets – in the direction of earlier injection – proved necessary also in the CMC 
calculations; the exact values are shown in Table 7.2. 
The CMC model is capable of reproducing with very good agreement the 
measured pressures for most conditions. In particular for the high load cases, it 
is clearly superior to the EBU model. Considering no adjustment of any model 
constants with respect to the chemistry or the influence of turbulence has been 
carried out, the CMC model can be considered predictive for the quantities 
investigated. 
Heat release rates are presented in the right halves in Figure 7.9 to Figure 7.16. 
To show in more detail the differences, scaling of the abscissa has been carried 
out and the cumulated (integrated) heat releases are displayed in the same graph. 
To avoid unnecessary complication of the graphs, no comparison is given with 
the heat releases from the STAR EBU combustion calculations. Considering the 
broad range of operating conditions, fair agreement is found for the heat releases 
and the cumulated heat releases. Generally, the early heat releases are slightly 
over-predicted, with the single exception of the set-up with low injection 
pressure. The mechanism is for n-heptane, for which the expected two-stage 
ignition can be observed in the very early heat release which is not visible in the 
experiment where Diesel was used as a fuel. 
In particular for the low load cases, with the exception of the set-up with low 
injection pressure, the magnitude of the premixed peak is in general over-
predicted, followed by a slight under-prediction up to around 20° CA aTDC; 
whereas at the late stages the heat releases are moderately over-predicted. 
Towards the end of the simulation, the cumulated heat releases rates are very 
similar. This over-prediction of the premixed peaks is in agreement with the 
expected behaviour for a homogeneous formulation of the CMC, as no ignition 
and flame propagation phase can be captured. Therefore, conversion of the large 
amount of evaporated fuel at these operating conditions occurs as soon as the 
CMC reaches ignition. 
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Concerning the medium load cases, the set-up with increased engine speed 
shows good agreement of the heat release rate: Qualitatively the ramp behaviour 
is well captured and at the late stages the heat release rate follows closely the 
measured value. For the lower engine speed, the experimentally observed dip in 
the heat release around 4° CA aTDC rate is captured. Due to the over-prediction 
of the first peak, the second peak is of lower amplitude which is the opposite 
behaviour with respect of the experiment; the subsequent heat release is 
significantly under-predicted.  
For the high load cases, a slight under-prediction of the peaks located between 
five and ten degrees aTDC can be observed, followed by an over-prediction 
between 20 and 30° CA; at the late stages the heat release rates are again 
moderately under-predicted. 

7.4.1 ‘Global’ quantities 

For the CMC combustion model, Table 7.3 lists the differences between the 
experimental values and the predictions of the maximum cylinder pressures, 
ΔPmax, the crank angle positions at which these are attained, ΔφPmax, and the 
crank angle position of the 50% fuel conversion point, Δφ50%HR. Good 
agreement can be seen for these engine relevant ‘global’ quantities at most 
operating conditions. 
 

Case ΔPmax [bar] ΔφPmax [°CA] Δφ50%HR [°CA] 
1 -2.50 1.20 -0.18 

2 -2.39 -0.95 1.41 

3 2.31 1.38 0.18 

4 0.54 1.75 -0.53 

5 -2.43 0.78 0.35 

6 2.94 -0.75 0.63 

7 3.06 0.12 -1.76 

9 0.18 0.72 -0.88 
 
Table 7.3 – Differences between experiment and prediction for cylinder peak pressures 

and crank angle positions thereof as well as crank angle positions of the 50% fuel 
conversion point 
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7.4.2 Full load 
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Figure 7.9 – Simulated and experimental pressure traces (left) and heat release rates 
(right). Case 7: 100% load, 1250 RPM, SOI -4° CA, 1400 bar injection pressure 
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Figure 7.10 – Simulated and experimental pressure traces (left) and heat release rates 
(right). Case 9: 100% load, 1250 RPM, SOI at TDC, 1100 bar injection pressure 
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7.4.3 50% load 
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Figure 7.11 – Simulated and experimental pressure traces (left) and heat release rates 
(right). Case 1:50% load, 1250 RPM, SOI -4° CA, 1400 bar injection pressure 
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Figure 7.12 – Simulated and experimental pressure traces (left) and heat release rates 
(right). Case 6: 50% load, 1830 RPM, SOI -4° CA, 1400 bar injection pressure 
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7.4.4 25% load 
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Figure 7.13 – Simulated and experimental pressure traces (left) and heat release rates 
(right). Case 4: 25% load, 1250 RPM, SOI at TDC, 1400 bar injection pressure 

 
 
 

−40 −30 −20 −10 0 10 20 30 40 50 60
crank angle [deg aTDC]

0

20

40

60

80

pr
es

su
re

 [b
ar

]

Liebherr D924
25% load, RPM=1250, SOI=−4 CA, Pinj=1400 bar

experiment
STAR EBU
0D−CMC

−40 −30 −20 −10 0 10 20 30 40 50 60
0

1e−05

2e−05

3e−05

4e−05

fu
el

 in
je

ct
io

n 
ra

te
  [

m
3 /s

]

   
−5 0 5 10 15 20 25 30 35 40

0

4

8

12

16

20

he
at

 r
el

ea
se

 r
at

e 
[%

/C
A

]

Liebherr D924
25% load, RPM=1250, SOI=−4 CA, Pinj=1400 bar

Exp.
0D−CMC

−5 5 15 25 35
crank angle [deg aTCD]

0

20

40

60

80

100

in
t. 

he
at

 r
el

ea
se

 [%
]Exp.

0D−CMC

 
 

Figure 7.14 – Simulated and experimental pressure traces (left) and heat release rates 
(right). Case 3: 25% load, 1250 RPM, SOI -4° CA, 1400 bar injection pressure 
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7.4.5 25% load (cont’d.) 
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Figure 7.15 – Simulated and experimental pressure traces (left) and heat release rates 
(right). Case 5: 25% load, 1250 RPM, SOI -4° CA, 1100 bar injection pressure 
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Figure 7.16 – Simulated and experimental pressure traces (left) and heat release rates 
(right). Case 2: 25% load, 1250 RPM, SOI -3° CA, 520 bar injection pressure 
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7.5 Conclusions 
Simulations for a heavy duty truck have been carried out successfully using the 
homogeneous formulation of the CMC combustion model with weighted 
averages for the conditional scalar dissipation rate. A broad range of operating 
conditions has been investigated, the parameters varied consisted of engine load 
and speed, injection pressure and start of injection. 
In-cylinder pressures and the associated rates of heat release are well predicted 
giving credence to the modelling approach and the implementation. The findings 
suggest that a) for certain type engine simulations homogeneous CMC can be 
employed and hence 2D-CMC may not be required and that b) a homogeneous 
formulation using only one ‘flamelet’ can be sufficient for the accurate 
prediction of these quantities provided appropriate modelling of the scalar 
dissipation rate is employed. 
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8 Conclusions 
A state of the art combustion model based on Conditional Moment Closure 
(CMC) has been interfaced with an established three-dimensional flow field 
solver. The coupled code was subsequently applied to study auto-igniting liquid 
n-heptane sprays in two different constant volume combustion chambers. The 
former consisted of an open system, for which ignition delays for a range of 
temperatures at Diesel engine conditions with and without initial turbulence in 
the background air have been reported. The model is capable of accurately 
predicting the influence of air temperature and background turbulence on the 
ignition delays. 
A second validation of the model was successfully performed with data from a 
closed high pressure high temperature cell by comparing single-shot Schlieren, 
Mie scattering and chemiluminescence images as well as a pressure signal. The 
penetration of the liquid and the vapour phase of the simulated spray agree 
favourably with the experiment. The ignition delay and location are well 
captured, and the overall pressure increase is accurately predicted. 
Pressure traces and heat release rates from a heavy-duty Diesel engine provided 
a third benchmark for the model. Very good agreement of both quantities over a 
broad range of engine operating conditions is found for this approach which no 
longer requires adjustment of arbitrary model constants as is the case for 
presently available combustion models in most flow field solvers. 
A detailed analysis of the model revealed, that the CMC model is capable of 
describing the auto-ignition phase, the premixed and the diffusion part of liquid 
spray combustion at Diesel engine relevant conditions. Combined with the 
advantage of allowing for detailed chemistry, this model presents a highly 
promising approach for accurate predictions of emissions.  
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9 Suggestions for future work 

9.1 Implementation 
The presented formulation of the CMC code is two-dimensional. For treatment 
of cases, where the spray does not enter the domain along the axis, a full three-
dimensional formulation is required. The computational cost for the 2D-CMC is 
already quite high due to a sequential formulation of the code – in spite of the 
operator splitting approaches exploited. Hence, a parallel formulation of the 
CMC code would present a valuable extension; in particular, as for larger set-
ups, the flow field solver can already make use of multiple processors. 

9.2 Modelling 
Concerning the physical models for liquid fuel sprays, modelling relating to the 
two-phase nature is believed to constitute an important field. Accurate 
modelling of the conditional enthalpy sources and of source terms to account for 
the influence of droplets on the mixture fraction variance has been proposed in 
the literature and awaits investigation. 
Wall boundaries need to be addressed both in the CFD and the CMC code. For 
the former, the law-of-the-wall is known to under-predict the wall heat fluxes. 
Furthermore, for impinging sprays, accurate modelling of the flow field at the 
boundary is required as the high velocity impinging spray has a strong influence 
on the boundary layer structure. In the CMC code, a detailed investigation 
concerning near wall resolution requirements as well as further developments 
with respect to modelling of the wall heat fluxes are of great interest. With 
respect to species, a detailed analysis concerning radical recombination reactions 
would be beneficial.  
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As far as the chemical sources in the CMC code are concerned, detailed 
investigations into second-order closure present a further challenge. 

9.3 Validation 
For further validation, in particular of the flame propagation phase, high-speed 
imaging data of a flame front tracer such as the OH radical would prove very 
useful and will allow investigations into the modelling of the physical space 
transport terms of the CMC code. 
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Nomenclature 

Symbols 
c Reaction progress variable 
cP Specific heat at constant pressure 
cV Specific heat at constant volume 
cχ Mean scalar dissipation rate model constant 
Cb1,2 Bag break-up model constants 
Cs1,2 Stripping break-up model constants 
D Diffusion coefficient 
Dd Droplet diameter 
Da Damköhler number 
F Force 
g Gravitational acceleration 
h Enthalpy 
hfg Latent heat of phase change 
I Unit dyadic 
ji Species diffusive flux 
jq Enthalpy diffusive flux 
kfk / kbk Reaction rate coefficients 
Ka Karlowitz number 
k Turbulent kinetic energy 
ℓ Length scale 
Le Lewis number 
m Mass 
n Mole number 
N Conditional scalar dissipation rate 
Nu Nusselt number 
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p Pressure 
Pr Prandtl number 
q heat transfer 
Q Conditional expectation 
R Pressure rate of strain tensor 
Re Reynolds number 
RF Fuel consumption rate (STAR eddy break-up combustion model) 
S Rate of strain tensor 
r Radius 
s Stoichiometric mass ratio 
Sc Schmidt number 
Scϕ  Turbulent Schmidt number for the favre-averaged quantity φ 
Sh Sherwood number 
t Time 
T Temperature 
T Reynolds stress flux 
U Internal energy 
V Volume 
v Velocity vector 
W Molecular weight 
We Weber number 
Y Species mass fraction 
ℜ  Universal gas constant 
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Superscripts 
~ Favre averaging 
¯ Reynolds averaging 
+ Wall units 
″ Favre-averaged and conditional fluctuation 
′ Reynolds-averaged fluctuation 

Subscripts 
α Species index 
b Backward 
bu Break-up 
d Droplet 
f Forward 
fu Fuel 
h Enthalpy index 
i Species index 
I Integral 
k Reaction index 
m Mixture 
K Kolmogorov 
MR Most reactive 
ox Oxidiser 
p Product 
s Surface 
st Stoichiometric 
t Turbulent 
T Temperature index 
v Vapour 
η Sample space 
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Greek symbols 
µ Molecular viscosity 
ε Dissipation tensor 
ε Turbulent kinetic energy dissipation rate 
λ Thermal conductivity 
ν Stoichiometric coefficients 
νT Turbulent kinematic viscosity 
ξ, η Mixture fraction 
ρ Density 
σ Surface tension 
τ Viscous stress tensor 
τ Time scale 
χ Scalar dissipation rate 
Ψ Droplet state vector 
ω Specific reaction rate 

Other symbols 
vv Dyadic product 

:∇τ v  Contraction : i
ji

j

v
dx

τ ∂
∇ =τ v  

∇  Differential operator 

η⋅  Conditional average on η 
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 Abbreviations 
0D Zero-dimensional 
2D Two-dimensional 
3D Three-dimensional 
aTDC After top dead centre 
AMC Amplitude mapping closure 
bTDC Before top dead centre 
BDF Backward difference formula 
Btu British thermal unit 
CA Crank angle 
CFD Computational fluid dynamics 
CFM Coherent flame model 
CMC Conditional moment closure 
CR Common Rail 
CSP Computational singular perturbation 
DI Direct injection 
DNS Direct numerical simulation 
EBU Eddy break up 
ECFM Extended coherent flame model 
EPFM Eulerian particle flamelet model 
ESC European stationary cycle 
ETH Eidgenössische Technische Hochschule 

Swiss Federal Institute of technology 
GDP Gross domestic product 
HCCI Homogeneous charge compression ignition 
IC Internal combustion 
kW Kilo-Watt 
LAV Laboratorium für Aerothermochemie und Verbrennungssysteme 

Aerothermochemistry and combustion systems laboratory 
LES Large eddy simulation 
LHS Left hand side 
MOL Method of lines 
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ODE Ordinary differential equation 
OS Operator splitting 
PDF Probability density function 
RANS Reynolds averaged Navier-Stokes 
RHS Right hand side 
RIF Representative interactive flamelet 
RPM Revolutions per minute 
SI Spark ignited 
SOI Start of injection 
TDC Top dead centre 
Wh Watt-hour 
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A.1 

Appendix 

Mapping of CFD cells to CMC nodes 
The CMC spatial resolution is coarser than the CFD flow field resolution, 
therefore several CFD cells are grouped together and allocated to a CMC node. 

ETH cell 
 

 
Figure A.1 – ETH cell CFD cell to CMC node allocation. Black lines denote 

CFD grid, superimposed blue lines the CMC grid 

The ETH cell uses a fine CMC grid in the inner spray region and at the floor of 
the chamber where the spray impinges on the wall. The CMC resolution 
amounts to 18 nodes radially by 16 nodes axially as depicted in Figure A.1. 
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Aachen Bomb 
Resolution for the CMC grid is enhanced in the spray region as is shown in 
Figure A.2; in the outer region, there are up to 12 CFD cells per CMC node. 
There are a total of 18 by 15 CMC nodes in the radial and axial directions 
respectively, a resolution which has been selected based on a limited sensitivity 
analysis. 
  

 
Figure A.2 – Aachen bomb CFD cell to CMC node allocation. Black lines 

denote CFD grid, superimposed blue lines the CMC grid 
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Liebherr D924 heavy duty engine 
Details concerning the engine and fuel injection system are given in Table A.1 
and Table A.2 below. 

Engine data 
 

Type 4-stroke, direct injection 
Turbocharged, intercooled 

Cylinders 4 
Bore 122 mm 
Stroke 142 mm 
Displacement 6.64 litres 
Compression ratio 17.2 
Crank radius / connecting rod 
length ratio 

0.3114 

Maximum boost pressure ratio 2.6 
Maximum power output 183 kW 
Maximum engine speed 2100 RPM 
Maximum BMEP 20 bar 
Maximum peak cylinder 
pressure 

160 bar 

Swirl (Tippelmann) 0.65 
Table A.1 – Liebherr D924 main engine data 
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Fuel injection system 
 

Injector Common Rail Technologies 
AG P2/ETH-LMB prototype 

Maximum injection pressure 1600 bar 
Nozzle diameter 8 x 200 µm 
Nozzle length / diameter ratio 5.16 
High pressure fuel pump ETH development. Maximum 

pressure 2000 bar,  suction 
throttled. 

Table A.2 – Liebherr D924 fuel injection system 

 

Computation of the heat release rate 
As the CMC code returns species mass fractions and the enthalpy in the CFD 
code is solved in the form of the total enthalpy, no rate of heat release term is 
computed by the CMC code. 
The heat release for the entire domain can however be obtained based on the 
first law of thermodynamics. I.e. from the change in internal energy, the wall 
heat losses, the pressure work term and droplet energy and mass sources, the 
rate of heat release can be deduced. The change in internal energy due to viscous 
and molecular dissipation are also known, but were neglected because their 
contributions turned out to be negligible. 
 

walls droplets
UROHR Q Q
t

Δ⎛ ⎞= − −⎜ ⎟Δ⎝ ⎠
 

 
Where the change in the internal energy is computed as 
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Hence the change in internal energy can be seen as the difference between the 
internal energy computed at the ‘new’ pressure level and the internal energy 
which would result from an isentropic relationship with the previous pressure 
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level. Mass averaged properties have been used for all the flow field quantities 
required. 

dropletsQ  denotes the droplet evaporation enthalpy source. The enthalpy transfer 

into the system through the open boundary during injection is accounted for by 
the mass source in the fuel vapour scalar and the polynomial cP used for this 
quantity. 
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Code solution schematic 
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