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Numerical studies of turbulent flames in wall-jet flows
Zeinab Pouransari
Linné FLOW Centre, KTH Mechanics, SE-100 44 Stockholm, Sweden
Abstract

The present thesis deals with the fundamental aspects of turbulent mixing
and non-premixed combustion in the wall-jet flow, which has a close resem-
blance to many industrial applications. Direct numerical simulations (DNS) of
turbulent wall-jets with isothermal and exothermic reactions are performed.
In the computational domain, fuel and oxidizer enter separately in a non-
premixed manner and the flow is compressible, fully turbulent and subsonic.
The triple “turbulence-chemistry-wall” interactions in the wall-jet flow have
been addressed first by focusing on turbulent flow effects on the isothermal
reaction, and then, by concentrating on heat-release effects on both turbulence
and flame characteristics in the exothermic reaction. In the former, the mixing
characteristics of the flow, the key statistics for combustion and the near-wall
effects in the absence of thermal effects are isolated and studied. In the lat-
ter, the main target was to identify the heat-release effects on the different
mixing scales of turbulence. Key statistics such as the scalar dissipation rates,
time scale ratios, two-point correlations, one and two-dimensional premultiplied
spectra are used to illustrate the heat release induced modifications. Finer small
mixing scales were observed in the isothermal simulations and larger vortical
structures formed after adding significant amounts of heat-release. A deeper
insight into the heat release effects on three-dimensional mixing and reaction
characteristics of the turbulent wall-jet flow has been gained by digging in dif-
ferent scales of DNS datasets. In particular, attention has been paid to the
anisotropy levels and intermittency of the flow by investigating the probability
density functions, higher order moments of velocities and reacting scalars and
anisotropy invariant maps for different reacting cases. To evaluate and isolate
the Damköhler number effects on the reaction zone structure from those of the
heat release a comparison between two DNS cases with different Damköhler
numbers but a comparable temperature-rise is performed. Furthermore, the
wall effects on the flame and flow characteristics, for instance, the wall heat
transfer; the near-wall combustion effects on the skin-friction, the isothermal
wall cooling effects on the average burning rates and the possibility of forma-
tion of the premixed mode within the non-premixed flame are addressed. The
DNS datasets are also used for a priori analysis, focused on the heat release
effects on the subgrid-scale (SGS) statistics. The findings regarding the turbu-
lence small-scale characteristics, gained through the statistical analysis of the
flow have many phenomenological parallels with those concerning the SGS sta-
tistics. Finally, a DNS of turbulent reacting wall-jet at a substantially higher
Reynolds number is performed in order to extend the applicability range for
the conclusions of the present study and figuring out the possible differences.

Descriptors: Turbulence, combustion, direct numerical simulation, wall-jet,
heat release effects, mixing scales, non-premixed flame, wall heat transfer
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Numeriska studier av turbulenta flammor i
väggstr̊aleströmning
Zeinab Pouransari
Linné FLOW Centre, KTH Mechanics, SE-100 44 Stockholm, Sweden
Sammanfattning

Denna avhandling behandlar fundamentala aspekter av turbulent bland-
ning och sk “non-premixed” förbränning (dvs där syre och bränsle fr̊an början
är separerade) i väggstr̊aleströmning, vilket har starka likheter med m̊anga
industriella tillämpningar. Direktsimulering (DNS) har genomförts av väg-
gstr̊aleströmning med isoterma s̊aväl som exoterma reaktioner. I beräknings-
domänen kommer bränsle och syre in separat och strömningen r kompressibel,
fullt turbulent och subsonisk. Den trefaldiga växelverkan mellan turbulens,
kemiska reaktioner och vägg i väggstr̊aleströmningen har behandlats, först med
fokus p̊a turbulenta strömningseffekter p̊a en isoterm reaktion och sedan, genom
att fokusera p̊a reaktionens värmeavgivningseffekter b̊ade p̊a turbulensen och
flamegenskaperna i det exoterma reaktionsfallet. I det första fallet isoleras
och studeras de viktigaste statistiska förbränningsrelaterade storheterna och
väggnära effekter i fr̊anvaro av termiska effekter. I det senare fallet var huvud-
sakliga målet att identifiera värmeutvecklingseffekter p̊a de olika turbulenta
blandningslängdskalorna. Viktiga storheter som skalärdissipationshastighet,
tidsskalekvoter, tv̊apunktskorrelationer, en- och tv̊adimensionella förmultiplicer-
ade spektra används för att illustrera modifieringar inducerade av värmeavgivn-
ingseffekter. De små blandningslängdskalorna studerades i de isoterma simu-
leringarna och större virvelstrukturer kunde identifieras i de exoterma fallen.
En djupare insikt i värmeavgivningseffekter p̊a tredimensionella blandnings-
och reaktionsegenskaper för den turbulenta väggstr̊alen har n̊atts genom att
använda DNS-data för att undersöka olika längd och tidsskalor. Speciellt har
vi analyserat anisotropiniv̊aer och intermittens genom att undersöka sanno-
likhetsfördelningar, högre ordningens moment av hastighets- och skalärfluk-
tuationer samt anisotropiinvariantomr̊aden för olika fall med kemiska reak-
tioner. För att utvärdera och isolera effekten av Damköhlertal p̊a reaktion-
szonstrukturen fr̊an de som orsakas av värmeavgivning s̊a gjordes en jäm-
förelse mellan tv̊a DNS-fall med olika Damköhlertal men med jämförbara niv̊aer
av temperaturökning. Dessutom adresserades väggeffekter p̊a flamman och
p̊a strömningskarakteristika, t.ex. värmeöverföring till väggen, effekter av
väggnära förbränning p̊a väggfriktion, de isoterma väggkylningseffekterna p̊a
genomsnittliga reaktionshastigheter och möjligheten till formering av s.k. förb-
landad förbränningsmod. DNS-databaserna användes ocks̊a för a priori analys,
fokuserad p̊a värmeavgivningseffekter p̊a “sub-grid-skale”-(SGS)-statistik. Re-
sultaten ang̊aende statistik för små turbulensskalor, som f̊atts genom statis-
tisk analys av strömningen, har många fenomenologiska paralleller med de för
SGS-statistik. Slutligen, en simulering av en väggstr̊ale med kemiska reaktioner
genomfördes med substantiellt högre Reynolds tal för att utöka det analyserade
parameteromr̊adet och för att studera möjliga Reynoldstalseffekter.
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Preface

The present thesis deals with the fundamentals of turbulent mixing and
non-premixed combustion in wall-jet configurations. An introduction to tur-
bulent combustion simulations and the turbulent wall-jet set-up is provided in
the first part. The second part contains the following six papers.

Paper 1. Z. Pouransari, G. Brethouwer and A. V. Johansson, 2011
Direct numerical simulation of an isothermal reacting turbulent wall-jet

Physics of Fluids, 23, 085104.

Paper 2. Z. Pouransari, L. Vervisch and A. V. Johansson, 2013
Heat release effects on mixing scales of turbulent reacting wall-jets: a direct

numerical simulation study

International Journal of Heat and Fluid Flow, 40, pp. 65–80.

Paper 3. Z. Pouransari, L. Bifelare and A. V. Johansson, 2015
Statistical analysis of the velocity and scalar fields in reacting turbulent wall-

jets

Physics of Fluids, 27, 025102.

Paper 4. Z. Pouransari, L. Vervisch, L. Fuchs and A. V. Johans-

son, 2015
DNS analysis of wall heat transfer and combustion regimes in a turbulent non-

premixed wall-jet flame

To be submitted.

Paper 5. Z. Pouransari, A. Rasam, L. Vervisch and A. V. Johansson,
2015
Assessment of subgrid-scale stress statistics in non-premixed turbulent wall-jet

flames

To be submitted.

Paper 6. Z. Pouransari, L. Vervisch and A. V. Johansson, 2014
Reynolds number effects on statistics and structure of an isothermal reacting

turbulent wall-jet

Flow, Turbulence & Combustion, 92, pp. 931–945.
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Part I

Introduction



CHAPTER 1

Overview

The industrial power available to mankind is still mainly provided by the chem-
ical energy stored in hydrocarbon fossil fuels. The combustion process, through
which the fuel is burned and the chemical energy is released, is of crucial im-
portance to almost every engineering process. A truly remarkable progress has
been made in the field of combustion and there have been excellent recent im-
provements both in measurements and numerical simulations of reacting flows
with detailed chemistry. However, many new combustion devices are expected
to work in previously unexplored ranges. Thus, there is a continuous need to
advance our understanding of the full burning process.

To shed light into the fine grained interactions tangled in the turbulent
reacting flows especially, in the near-wall region, perhaps only direct numerical
simulation (DNS) can be an appropriate candidate for high fidelity computa-
tions. In DNS, all the flow scales as well as the flame structure are meant to be
resolved. The exact definition of DNS in reacting flows is a subject of further
discussion, which will briefly be addressed in chapter 3.

Many combustion applications in confined domains contain regions where
mixing and reaction take place close to a wall. Thus, a better understanding of
the wall effects plays an essential role in gaining insight into the full problem.
The turbulent plane wall-jet flow has a close resemblance to a wide range of
mixing and combustion applications. In particular, the interactions of reaction
and mixing with walls are of great interest in the wall-jet configuration. A
schematic of a turbulent plane wall-jet flow is given in figure 1.1, which shows
instantaneous snapshots of temperature and streamwise velocity fields. The
structure of a developed turbulent wall-jet can formally be described as two
adjacent shear layers of different character. The small scales of turbulence are
present close to the wall, whereas larger scales exist in the outer shear region,
and this makes the turbulent wall-jet a valuable test case for reaction and
mixing applications.

In the present study, the main objective is to examine the triple inter-
actions between turbulent mixing, chemical reaction and wall effects. The
primary target is to investigate the mixing characteristics together with the
near-wall behavior of the reacting species as well as the reaction rate in the
turbulent reacting wall-jet configuration. The present study is not intended
to present a realistic chemical reaction, but is rather an exploratory study to
demonstrate the fundamental mixing and reaction characteristics by analyzing

2
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T (K)U / Uin

(a)

(b)

Figure 1.1. Snapshots of the instantaneous streamwise veloc-
ity (upper) and temperature (lower) fields for a reacting tur-
bulent plane wall-jet flow, taken from Pouransari et al. (2013).
The flow is from left to right, Uin is the jet inlet velocity and
temperatures are in Kelvin.

the key statistics for combustion, such as the probability density functions,
higher order moments of the scalar concentrations, turbulent kinetic energy
and scalar dissipation rates.

In order to do so, the investigation is started by performing DNSs of an
isothermal reacting turbulent wall-jet flow. In the first part of this study, the
flow is uncoupled from the reaction and the influence of turbulent mixing on
the reaction is studied in the absence of temperature effects. This part of our
study intentionally disregards the effects of chemical reactions on the turbulent
flow field and concentrates on the turbulent flow effects on the isothermal re-
action. The focus is on mixing properties, which gives a valuable material for
comparison to the following study, where heat-release is added.

In the second phase of this study, exothermic reactions are considered
and DNSs of turbulent reacting wall-jets including significant amounts of heat-
release are performed. The heat-release effects are indeed very important in
reacting flows in general and also in the present turbulent wall-jet set-up. More-
over, the flame-wall interactions are of crucial importance, both in the isother-
mal reaction framework and even more, in the presence of the heat-release ef-
fects, as was mentioned earlier. Thus, in this part, we have concentrated more
on the heat-release effects on the turbulent flow field and turbulence-chemistry
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interactions present in the turbulent wall-jet configuration, including the near-
wall behavior.

In the next step of this investigation, the DNS databases obtained from
various reacting wall-jet simulations are used for further investigations on dif-
ferent aspects of the triple interactions. For instance, though the general heat
release effects on the dynamics of the turbulent wall-jet flow were addressed,
we attempted to get a deeper insight into the heat release effects on the tur-
bulence structures and anisotropy levels. Similar to many other fundamental
researches, this part of the investigation may not directly have implications for
mixing and combustion applications and is of more interest in a theoretical per-
spective. However, we argue that the combined effects of strong intermittency
and strong persistency of anisotropy at the small scales in the entire computa-
tional domain of the turbulent wall-jet flow can affect mixing and ultimately
the combustion characteristics of the reacting flow.

For the next stage of the project development, the important objective
was the detailed study of the wall effects. Even though different turbulence
and combustion characteristics were addressed close to the wall, throughout
the entire project, but still paying a special attention to the wall effects seems
to be of a great value in improving our understating of the near-wall flame
characteristics in the turbulent wall-jet flow. With experiences gained from the
earlier stages of this research, new sets of DNSs are performed in a larger com-
putational domain than the preceding studies and hence, there is more room to
study the turbulence-wall and flame-wall interactions. In particular, this part
of the study focuses on the wall heat transfer, the skin friction development
and wall cooling effects on the near-wall flame characteristics.

In a further step of the project, the DNS databases are used to investigate
the heat release effects on the geometry of the subgrid-scale (SGS) quantities,
such as the stress tensor and its relative alignment with the resolved strain-rate
tensor as well as its anisotropy are investigated. Furthermore, the behavior of
the SGS dissipation of turbulent kinetic energy and enstrophy in the presence
of heat release effects is addressed. The purpose of this study is to provide
valuable information about the heat release effects on the SGS stress tensor
statistics, which is indeed important for the design of SGS models.

Finally, in order to examine whether or not the outcomes of the present
study are limited to the particular Reynolds numbers of the investigation, DNS
at a substantially higher Reynolds number is performed and the results are
compared to the previous ones and generalized to a wider range of Reynolds
numbers.

The remainder of this exposition is organized as follows. Chapter 2 pro-
vides an introduction to turbulent combustion, which includes a brief review
of turbulence, combustion and their interactions. Chapter 3 is devoted to the
simulation and modeling issues that need to be addressed for the purpose of
the present numerical investigation. The governing equations for the flow field
as well as the basic equations for the chemical reaction are exhibited. The
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fundamentals of the turbulent reacting flow simulations and different numeri-
cal approaches are introduced here. In this chapter, the turbulent combustion
simulation is addressed in a general sense with the emphasis on DNS of non-
premixed turbulent reacting flows and in particular those studies that involve
flame-wall interactions. Moreover, some basics of combustion modeling tools
are included. This part is intentionally kept brief and only those issues which
are of relevant importance for the DNS data analysis are accentuated. The
turbulent wall-jet flow is introduced in chapter 4, where different types of wall-
jet configurations are described. Besides, different scalings, which are used for
presenting the results are introduced and discussed. Some parts of the results,
both from the isothermal and exothermic reacting cases are included in this
chapter. Chapter 5 is devoted to the heat release effects on the flow and flame
structure of the reacting turbulent wall-jet flow. A summary of the papers,
presented in part II of this thesis, can be found in chapter 6 and is followed by
the concluding remarks and outlook for the future research in chapter 7.



CHAPTER 2

Introduction to turbulent combustion

2.1. Turbulence

2.1.1. Introduction to turbulent flows

Flows in nature and in engineering applications are mostly turbulent. Turbu-
lence is characterized by the presence of random and chaotic three-dimensional
vorticity fluctuations in space and time. Turbulence occurs at high Reynolds
numbers and is dissipative, meaning that if no energy is supplied, it decays
rapidly. Turbulence is one of the most complex problems in fluid mechanics,
however, this does not stop us from challenging ourselves for gaining authority
over the world around us and finding the solution to some set of equations that
govern the problem (Tennekes & Lumley 1972).

To understand the problem easier, flow visualizations are often used to
illustrate turbulent flows. Figure 2.1 shows a snapshot of the instantaneous
passive scalar field in a turbulent wall-jet flow. It exhibits the existence of a
wide range of length scales, an important characteristic of turbulent flows. To
describe these scales a mathematical theory is needed. Moreover, understand-
ing the manner in which these scales are related to each other and exchange
energy has a great significance in our perspective of turbulent flows (Davidson
2004).

From the early flow visualizations, a cascade process was proposed in which
the large eddies break down into ever smaller eddies (Richardson 1922). This
picture is indeed very close to what happens in the real world; even though it is
not yet completely clear how the energy is transferred between different scales.
There exist some reverse energy transfer from small to large scales, but the net
energy transfer is from large to small scales and the energy definitely ends up
at the dissipative scales where the viscosity dominates.

There are strong interactions between scales with an interesting energy
transfer mechanism. The size of the largest vortical structures, containing
most of the turbulence energy, is essentially limited by geometrical restrictions,
for instance, the boundary layer thickness in turbulent boundary layers. The
dissipation of turbulence energy mostly takes place at the smallest scales, which
are assumed to be independent of the flow geometry and depend only on the
viscosity and viscous dissipation. These scales are referred to as the Kolmogorov

6
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Figure 2.1. A snapshot of the instantaneous passive scalar
field in turbulent reacting wall-jet flow, from the DNS database
of Pouransari et al. (2014).

scales, see Kolmogorov (1941). The Kolmogorov length scale is defined as

η =

(
ν3

ǫ

)1/4

. (2.1)

Another practical length scale in the study of turbulence is the Taylor micro
scale (Pope 2000), that can be defined as

λ =

√
15ν

ǫ
u2
rms, (2.2)

where ǫ is the viscous dissipation rate. The Taylor micro scale λ is larger than
the Kolmogorov micro scale η that was introduced and is not a dissipation
length scale, as it is defined with the aid of the turbulence velocity.

2.1.2. Scalar turbulence

In addition to turbulent flows, the advection of a scalar, e.g. a passive sub-
stance or temperature fluctuations, by the turbulent flow is important in many
natural and engineering flows, especially in combustion systems. The scalar
concentration exhibits a complicated dynamical behavior that has many sim-
ilarities with that of the turbulent velocity field. The complex aspects of the
scalar characteristics apparently arise from the mixing process rather than the
turbulent velocity field (Shraiman & Siggia 2000), and the scalar field is mainly
decoupled from the velocity field, see figure 2.2.

Passive scalar turbulence has recently yielded to mathematical analysis,
and such progress may ultimately lead to a better understanding of the still in-
tractable problem of fluid turbulence itself. Concerning scalar and temperature
gradient fluctuations, the available data and discussions are even more diverse
and complicated than for the turbulent velocity field. Already, the behavior
of the passive scalar statistics is non-trivial and still a major field of research
(Falkovich et al. 2001).
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Figure 2.2. A snapshot of the scalar dissipation rate field
in turbulent reacting wall-jet flow, from the DNS database
of Pouransari et al. (2014).

2.1.3. Statistical tools for analysis of turbulence

Stochastical techniques and statistical analysis, which are mostly based on the
idea of averaging, are often used to study turbulent flows (Monin & Yaglom
1975; Lumley 2007).

Consider a dynamic quantity ϕ(x, t), representing e.g. a velocity compo-
nent, temperature or the chemical species concentration. Here x is the vector
denoting the spatial coordinates and t is time. The Reynolds average of ϕ, de-
noted by ϕ, can be defined as an ensemble, spatial, and/or temporal average,
depending on the problem. In turbulent flow studies, it is often convenient to
use the Reynolds decomposition as

ϕ = ϕ+ ϕ′, (2.3)

where ϕ′ is the fluctuation about the mean value. In the case of variable
density flows, alternatively density-weighted or Favre-averaged values can be
used, denoted by ϕ̃ = ρϕ/ρ, where ρ(x, t) is the fluid density. If Favre averaging
is used, ϕ is decomposed as

ϕ = ϕ̃+ ϕ′′, (2.4)

where ϕ′′ is the fluctuation about the density-weighted average and ϕ̃ denotes
the density-weighted mean.

The frequency of occurrence of a given value from a number of realizations
of a random variable can be displayed by dividing the range of possible values
into a number of bins. A histogram is illustrated and its shape depends on
the statistical distribution of the random variable, the total number of real-
izations and also the size of the bins. If the number of realizations increases
while the bin size goes to zero, the histogram goes to a limiting curve called
the probability density function (PDF) of the random variable. A complete
statistical description of a stochastic function would be provided by a PDF,
which provides a one-point statistical information about the random variable.
This random field may, for instance, be the concentration level of a chemi-
cal species. To describe the turbulent combustion processes it is necessary to
collect information about the behavior of the chemical species throughout the
entire simulation domain. From this point of view, the statistical description
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provided by the PDF is a method to zoom in on any particular interesting zone
and collect selective data, also on the subgrid-scale level that can be input to
combustion models for large eddy simulation.

The variance is defined as the second central moment of the random vari-
able,

ϕ2
rms =

˜(ϕ− ϕ̃)
2
. (2.5)

Clearly, the first and second moments are the most important quantities
for the interpretation of the turbulent flow state. However, the changing shape
of the PDFs of a variable strongly influences the corresponding higher order
moments. The normalized generalized skewness of order n is defined as

S(n)
ϕ =

(ϕ′′)(2n+1)

(ϕ′′)2
(2n+1)/2

, (2.6)

where with ϕ′′ = ϕ − ϕ̃ the fluctuation of any scalar field around its Favre-
averaged mean value is denoted.

The first non-trivial case, n = 1 is typically called the skewness of a field
and the dependency on the index (n) is dropped. Concerning a vector field,
the skewness defined in terms of any of its components would be zero in an
isotropic field. To characterize the intense non-Gaussian properties of the field,
independent of its isotropic or anisotropic content, it is useful to introduce the
generalized flatness factor of order n:

F (n)
ϕ =

(ϕ′′)(2n+2)

(ϕ′′)2
(2n+2)/2

, (2.7)

which is a proxy of the degree of departure from a purely Gaussian shape (Frisch
1995). For instance for the simplest case n = 1, in a Gaussian distribution
F (1) = 3.

2.2. Combustion

2.2.1. The oldest technology of mankind

Combustion is the oldest technology of mankind and has been the major source
of energy for more than one million years and seemingly is going to remain an
important subject as long as the human civilization exists. Combustion is an
applied science that is important in transportation, power generation, indus-
trial processes, chemical engineering and aeronautical applications. Today, the
number of combustion systems used in transportation and transformation in-
dustries is rapidly growing. People want to travel faster and at the same time
pollution and environmental problems are becoming critical issues in our soci-
eties. The negative environmental impacts of excessive fossil fuel combustion
are becoming evident. Emissions of CO2 contribute to global warming. Other
pollutants such as unburnt hydrocarbons, soot and nitrogen oxides also have
a negative impact on the environment. More rigorous regulations concern-
ing emissions are presently enforced in the automotive industry and on power
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plants to reduce emissions and their environmental impact. Thus, we need to
improve our combustion technology accordingly. To reach these goals, an im-
proved understanding of combustion and mixing processes, as well as improved
models to be used in the development of cleaner combustion applications are
needed (Williams 1985; Turns 1993; Glassman & Yetter 2008).

2.2.2. Chemical reaction

Our knowledge about the gas reactions in general and the combustion of fuels
in particular has substantially improved. There is a large body of publications
about elementary reaction mechanisms and their rate data. From a “chemist”
point of view, a simplified reaction model can consist of a hundred reactions
and more than twenty species. For instance, a mechanism for methane oxida-
tion comprises 77 reactions and 49 species. However, there are a lot of different
methods to reduce the number of independent variables in a mechanism, and
a lot of efforts have been undertaken to develop reduced mechanisms for fuel
combustion. The reduced mechanisms are very useful for numerical simula-
tion purposes, as they decrease the data storage and computational resource
requirements. Nonetheless, in the numerical simulations with fluid dynamical
aspects a single step global reaction is often used. A single-step global reaction
is only a coarse approximation of the chemistry occurring in the real life, even
for simple chemical reactions, but it allows us to study the interactions between
the heat-release and turbulence in a real three-dimensional flow. It is a very
useful methodology to gain insight into the generic characteristics and effects
of a chemical mechanism in different flow fields. Using DNS together with
the simple chemistry has been a customary approach to address combustion
problems and it has been frequently used to study different flow fields.

2.2.3. Experimental or numerical approach

Turbulent reacting flows in general and combustion systems in particular have
been tackled both numerically and experimentally. The experimental works
have advanced our understanding of the turbulent combustion systems enor-
mously in the past decades. Modern investigations of turbulent flames were
probably initiated by the theoretical and experimental study by Damköhler
(1947). Although, the recent simultaneous measurements of turbulent velocity
fields and the reacting scalar concentrations together with local temperature,
has helped us to gain a more realistic picture of the burning process. How-
ever, obtaining detailed information from high quality computations seems to
be necessary for gaining insight into the fundamentals of the physics of the
turbulence-chemistry interaction. A considerable amount of time and expen-
sive experimentation can be saved with the help of the computational analysis.
Moreover, numerical simulations statistics can be treated as an equivalent of
controlled accurate experimental datasets. An important practice is to im-
plement the state-of-the-art knowledge, gained from well designed numerical
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simulations, into the combustion models. Performing a similar task with an
experimental dataset would be much more difficult and expensive.

2.2.4. Chemical engineering or fluid mechanics viewpoint

To study turbulent reacting flows, a good knowledge of both turbulence and
combustion is necessary. In order to understand how the fluid flow affects the
chemistry one must have an excellent understanding of turbulent flows and
turbulent mixing. In addition, an equally good understanding of chemistry is
required. A brief review of the literature in these areas will quickly reveal the
complexity of the task (Fox 2003). Different approaches have been developed
for dealing with turbulent reacting flows. These differences mainly arise from
the relevant importance of different aspects. The main approaches that can
be considered are the reaction engineering approach and the fluid mechanic
approach. In the former, the focus is mainly on the chemistry and the fluid
flow effects are of much less significance (Warnatz et al. 2006). While in the
latter, the emphasis is on how the fluid flow affects the flame (Fox 2003; Cant
& Mastorakos 2007). One of the primary factors in determining the most
appropriate approach in various problems is the relative characteristic time
scale of the chemical reaction to the turbulence time scale. When the chemical
time scales are larger than the turbulence time scale, the details of the flow can
safely be ignored. Likewise, when chemical time scales are much smaller than
the turbulence time scale, the details of the chemical kinetics are assumed to
be of less importance. However, an accurate description of both the turbulent
flow and chemistry is required for obtaining a full insight of the problem. In
the present study, the second approach is used and we concentrate on how the
heat released by the reaction interacts with the turbulent flow.

2.2.5. Premixed and non-premixed regime

Studying the mechanisms involved in turbulent combustion flows has been the
objective of numerous theoretical, experimental and numerical works in the last
century. Combustion can be classified according to several criteria and one of
the most common classifications is made depending on the way the reactant
species are mixed prior to entering the combustion chamber. Consequently, the
academic universe of combustion science is divided into non-premixed and pre-
mixed combustion regimes, where in the former, fuel and oxidizer are separated
prior to burning and in the latter, they are mixed before ignition. Turbulent
premixed flames are present in spark-ignited engines and in combustion cham-
bers of power plant turbines while examples of non-premixed flames are the
diesel engines, boiler furnaces and rocket engines. In turbulent non-premixed
jet flames, when a jet fuel is injected into the air, the turbulent flow causes the
entrainment of the air into the fuel jet and subsequently the turbulent flame
length becomes independent of the jet velocity. However, one needs to be aware
of the fact that this division is more of an academic importance and a definite
border does not exist in practical situations and many fuels burn in partially
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Figure 2.3. The triple interaction between the wall, turbu-
lence and combustion.

premixed conditions. The present work deals with a non-premixed case, which
is also more widely used in industrial applications, due to safety reasons.

2.3. Turbulence-flame-wall interactions

2.3.1. The triple interactions

The combustion mechanism needs to be understood together with turbulence
for two reasons. Turbulence increases the mixing process and enhances combus-
tion, on the other hand, combustion releases heat which generates gas expansion
and buoyancy variation that influences the turbulent flow. While the mixing
process in turbulent flows is known to be associated with the local strain rate,
the details of the mixing process in turbulent flows remain to be explained more
quantitatively. Besides, the structure of the turbulent flow is not yet fully un-
derstood and the mixing prediction remains to be a challenge. The unresolved
problems in turbulence seem to become even more complicated in turbulent
combustion systems. The interaction of turbulent mixing with chemical re-
action is even less explored. Moreover, this interaction can get substantially
affected by the presence of the walls, which is the case in most combustion sys-
tems. Walls affect turbulence through a number of different mechanisms and at
the same time, the flame structure is affected by walls, see Perot & Moin (1995)
and the references therein for a review on the near-wall turbulence. Some of
these interactions are outlined in figure 2.3.
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In practice, combustion must simultaneously be safe, efficient and clean.
Thus, different interactions involved in the turbulent reacting flows need to be
understood, in order to enhance different aspects of the performance of the
combustion systems. To burn as efficient as possible, we need to mix better
and at the same time take care of the flame stability, all these are not possible
without obtaining accurate information about the turbulent flow field.

2.3.2. Wall heat transfer

The wall heat transfer and shear stress are two major important quantities of
interest in industrial flows, including combustion problems. Understanding the
heat-release effects on the wall heat transfer and skin friction coefficients in tur-
bulent reacting flows is essential for a wide variety of industrial flows, especially
combustion problems. In many combustion applications, regions exist where
mixing and reaction take place close to a wall and affect the wall quantities
leading to the unsteady wall heat transfer caused by the near-wall turbulence.
The study of wall heat transfer and possible different Reynolds analogy for-
mulations in compressible wall-bounded turbulent flows has been of interest
for decades and is still an ongoing field of research (Huang et al. 1995; Peters
2000; Pitsch 2010; Zhang et al. 2014). To achieve the optimum design of the
heat transfer equipments in general, it is important to consider that the heat
transfer mechanisms can be affected by the flow configuration parameters and
temperature ratio distribution over the target surface. In particular, to achieve
a high wall heat transfer rate in turbulent wall-jet flows, a detailed knowledge is
required not only of the wall-heat flux rates, but also of the isothermal surface
conditions. Thus, significant improvements can be achieved by modification
of the wall conditions. Moreover, understanding the dynamics of the turbu-
lence structures and the physical dynamics of the problem, in the near-wall
region, is crucial for analyzing mixing, heat transfer, drag reduction and other
phenomena, and has an impact on the overall Nusselt number.

Both turbulent and laminar wall-jet flows are widely used for various cool-
ing and heating purposes in engineering applications and several studies have
been performed to understand the underlying heat transfer mechanisms (Seidel
& Fasel 2001). According to the industrial needs, curved or plane wall-jets may
be used for various cooling applications. In particular, the turbulent wall-jet
flows have been acknowledged for their capability in achieving significant wall
heat and mass transfer rates. In the turbulent wall-jet flow, the wall heat trans-
fer is influenced by the unsteady dynamics of the velocity field and, generally,
the complex dynamics of the flow has a promotive effect on the total wall heat
transfer, compared to that of the boundary layer.



CHAPTER 3

Simulation and modeling of turbulent reacting flows

3.1. An overview of turbulent combustion simulation

Performing any kind of turbulent combustion simulation is a challenging task
for various reasons. Combustion has a strong multi-scale and non-linear na-
ture and a wide range of length and time scales are involved, which add to
the broad spectrum of turbulence scales. In addition, large numbers of species
are involved in any reacting flow, even in the simplest combustion processes,
bringing further complexity to the problem. Besides, combustion processes in
the real world situations usually occur in multiphase environments, with pres-
ence of thermal radiation and acoustic effects. Moreover, all these different
phenomena are interacting with each other and tight couplings exist between
them, see e.g. Hawkes et al. (2007). Therefore, in simulations of reacting flows,
some types of simplifications need to be done. Depending on the priorities
and important issues, these simplifications may be assumed for the flow as-
pects or for the chemistry involved. The description of the reactions, however,
almost always has to be simplified. For instance, a complete mechanism for
the simple reaction of hydrogen and oxygen gases typically involves 19 reac-
tions and 9 species (Conaire et al. 2004). Many different numerical efforts have
been undertaken to simulate turbulent combustion and numerous combustion
models have been developed and used for various applications. However, in-
dustrial combustion systems are constantly changing and the next generation
of combustion systems are likely to operate in previously unexplored regimes.
Internal combustion engines and gas turbines may burn fuel at lower tempera-
tures, higher levels of dilution and much less pollutant emissions. The reaction
process in these new environments brings up complicated challenges. Therefore,
better understanding of the fundamentals of combustion systems, in particular
“turbulence-chemistry”interaction, seems to be necessary for achieving efficient
burnings. An important practice is to implement our state-of-the-art knowl-
edge, gained from DNS studies, into the models. We can of course get a lot of
important and useful information from the direct simulations, however, learn-
ing the physics behind them in order to improve the models is not a trivial task,
see Pitsch & Trisjono (2014). An overview of rather recent research interests,
in the turbulent combustion computational and modeling community, is given
by Bilger (2000). The application of detailed chemistry and transport models
was reviewed and discussed by Hilbert et al. (2004).

14



3.2. GOVERNING EQUATIONS 15

3.2. Governing equations

In direct numerical simulation of turbulent reacting flows, the governing equa-
tions of compressible flow and transport equations for the participating species
must be solved. In the following, the governing equations of a compressible
reacting multicomponent fluid, containing n species, are presented. The nota-
tion follows Poinsot & Veynante (2005) and the derivations of the equations,
based on the conservation of mass, momentum and energy, can be found in the
reference works of Williams (1985) and Turns (1993).

3.2.1. Conservation of mass and momentum

The global mass conservation equation for compressible flows is expressed as

∂ρ

∂t
+

∂ρui

∂xi
= 0, (3.1)

where ρ is the mass density and ui is the velocity vector.

The momentum conservation equation, valid for both reacting and non-
reacting flows reads

∂ρui

∂t
+

∂ρuiuj

∂xj
= − ∂p

∂xi
+

∂τij
∂xj

+ Fi. (3.2)

Here, τij represents the viscous stress tensor and Fi represents a body force.
For a Newtonian fluid, τij is defined as

τij = µ

(
∂ui

∂xj
+

∂uj

∂xi

)
− µ

2

3

∂uk

∂xk
δij , (3.3)

where µ is the dynamic viscosity. Assuming no body forces, the momentum
equation becomes

∂ρui

∂t
+

∂ρuiuj

∂xj
= − ∂p

∂xi
+

∂

∂xj

[
−2

3
µ
∂uk

∂xk
δij + µ

(
∂ui

∂xj
+

∂uj

∂xi

)]
. (3.4)

The viscosity is determined through the Sutherland’s law

µ(T )

µj
=

(
T

Tj

)3/2
Tj + S0

T + S0
, (3.5)

where T is the local absolute temperature and the j-indices denote the jet
reference condition1. For the wall-jets, a reference temperature of S0 = 110.4K,
valid for air at moderate temperatures and pressures, is used.

3.2.2. Conservation of energy

The energy conservation equation needs the most attention since many different
forms exist. Here the governing equation for the total non-chemical energy the

1Not to be confused with the dummy index j in other equations.
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sum of the internal and kinetic energy per unit mass E = e + 1
2uiui is used,

which reads

∂ρE

∂t
+
∂ρEuj

∂xj
= ω̇T−

∂qi
∂xi

+
∂(ui(τij − pδij))

∂xj
+Q̇+ρ

n∑

k=1

θkfk,i(ui+Vk,i). (3.6)

Here, ω̇T is the heat release term due to combustion, Q̇ is the heat added
by external sources (e.g. an electric spark) and Vk,i is the xi-component of
the diffusion velocity of the kth species θk. The last term on the right hand
side describes the power produced by a volume force fk,i. The summation
convention over repeated indices is used. The heat fluxes qi are approximated
by Fourier’s law qi = −λ ∂T

∂xi
, where λ is the coefficient of thermal conductivity2.

Assuming no external forces and heat sources in the flow and using Fourier’s
law the governing equation for the total energy is simplified to

∂ρE

∂t
+

∂ρEuj

∂xj
= ω̇T +

∂

∂xj

(
λ
∂T

∂xj

)
+

∂(ui(τij − pδij))

∂xj
. (3.7)

A thermally perfect gas is assumed, and therefore the internal energy and
enthalpy are only functions of the temperature,

e = e(T ) =⇒ de = cvdT,

h = h(T ) =⇒ dh = cpdT. (3.8)

Here, cv and cp are the specific heats at constant volume and pressure, respec-
tively, which in general are functions of the temperature. If the specific heats
are also assumed constant, the system is calorically perfect and

e = cvT,

h = cpT. (3.9)

The gas is assumed to be ideal and obey the perfect gas law

p = ρRT, (3.10)

where R is the specific gas constant. Using the definition of enthalpy and the
perfect gas law, the specific heats can be expressed as

cp =
γR

γ − 1

cv =
R

γ − 1
, (3.11)

where γ = cp/cv. Using these relations, the pressure and temperature can be
written as functions of the internal energy e

p = ρRT = ρR
e

cv
= (γ − 1)ρe

T =
p

ρR
=

(γ − 1)

R
e. (3.12)

2Not to be confused with the Taylor micro scale.
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The heat diffusion can be expressed as a function of the internal energy and
the specific heat cp using (3.12) and (3.11) as

qj = −λ
∂

∂xj

(
(γ − 1)e

R

)
= −λ

∂

∂xj

(
γe

cp

)
. (3.13)

Here, constant values of cp, cv and γ are considered. The heat diffusion is often
defined in terms of the Prandtl number Pr, relating the momentum and heat
transport

Pr =
ν

λ/(ρcp)
=

µcp
λ

. (3.14)

Using this definition, the energy flux can be expressed as

qj = − γµ

Pr

∂e

∂xj
(3.15)

and the energy equation, in terms of Et = ρE, for an ideal gas becomes

∂Et

∂t
+
∂Etuj

∂xj
= ω̇T+

∂

∂xj

[
γµ

Pr

∂

∂xj

(
Et

ρ
− 1

2
uiui

)]
+
∂(ui(τij − pδij))

∂xj
. (3.16)

3.2.3. Conservation of species mass

A convenient approach for the species conservation is to utilize the species mass
fractions of the mixture defined by

θk =
mk

m
=

ρk
ρ
, (3.17)

where mk is the mass of the kth species in a given volume V and m is the total
mass in this volume. Each of the species obeys a mass transport equation of
the form

∂ρθk
∂t

+
∂

∂xi
[ρθk(ui + Vk,i)] + ω̇k = 0, (3.18)

where Vk,i θk is the diffusive flux in the ith-direction, and ω̇k is the mass reaction
rate describing the rate of creation or destruction of the species. Diffusive
fluxes are caused by a number of transport processes on the molecular level.
Accounting for all these is often computationally too expensive. The most
common approximation is to assume that the fluxes follow the Fick’s law

Vk,iθk = −Dk
∂θk
∂xi

, (3.19)

where Dk is the diffusion coefficient of species k. Using this approximation, the
species conservation equation takes the form

∂ρθk
∂t

+
∂

∂xj
(ρθkuj) =

∂

∂xj

(
ρD ∂θk

∂xj

)
+ ω̇k, (3.20)

where θk and ω̇k are the mass fractions and reaction rates of the oxidizer,
fuel and passive scalar species. An equal diffusion coefficient, Dk = D, for all
scalars is used to approximate the diffusive fluxes. The Dk coefficients are often
characterized in terms of the Lewis number, Lek = λ

ρCpDk
.
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3.2.4. Single-step irreversible chemical reaction

A single-step reaction involving N species can be described by

N∑

k=1

νrkMk −→
N∑

k=1

νpkMk, (3.21)

where Mk denotes the concentration of the kth species in moles per unit vol-
ume, νrk are the stoichiometric coefficients of the reactants and νpk are the
stoichiometric coefficients of the products. Consider a simple case where reac-
tion involves only the oxidizer species O and fuel species F that react to form
a product P which is described as

F + r O −→ (1 + r)P. (3.22)

The mass fraction θk of each species (O, F and P ) follows the governing equa-
tions described by eq. (3.20) and thus, it implies that the reaction mass rates
of the species are linearly related as

ω̇f =
1

r
ω̇o = − 1

r + 1
ω̇p . (3.23)

An Arrhenius-type reaction rate with r = 1 is assumed. The source term in
the fuel species concentration equation reads

ω̇f = − kr ρ
2 θo θf exp(−Ze/T ), (3.24)

where Ze = Ea/RTj is the Zeldovich number and kr is the reaction rate
constant. The exponential term is the Boltzmann factor, which from the kinetic
theory can be seen to give the fraction of all collisions that have a greater energy
than the activation energy. The pre-exponential factor is the collision frequency,
and can be further rewritten with the aid of the non-dimensional Damköhler
number asDa = h

Uj
krρj , where h is a characteristic length scale. The definition

of the Damköhler number will be further explained in the following section.

A further simplified reaction term can be considered, which is a function
of the density and reactant concentrations and does not depend on the tem-
perature,

ω̇f = − kr ρ
2θoθf . (3.25)

The combustion heat release term, ω̇T , in the energy equation, eq. (3.16), is
related to the species reaction rate terms by

ω̇T = −
N∑

k=1

∆h0
f,k ω̇k, (3.26)

where ∆h0
f,k is the formation enthalpy of the kth-species. Due to the linear re-

lation between the different reaction-rate terms, see eq. (3.23), ω̇T is formulated
as

ω̇T =
Ce

(γ − 1)M2
0

e0 ω̇p, (3.27)

where M0 is the inlet-based Mach number, Ce is the non-dimensional heat
release parameter and e0 is a characteristic measure of the internal energy, e.
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3.3. Key non-dimensional numbers

As observed in the previous section, several non-dimensional numbers appear
in the formulation of the governing equations. In this section, these numbers
and their relevant importance are briefly discussed.

Reynolds number

The Reynolds number Re is a dimensionless number that gives a measure of the
ratio of the inertial to viscous forces and in a general sense, gives an indication
for the strength of the turbulence. However, characteristic velocity and length
scales should be used to deduce meaningful information. In chemically reacting
flows, when a substantial amount of heat is released, the local temperature and
density of the fluid significantly vary, which result in a wide range of local
Reynolds numbers. It is common to report the cold-flow Reynolds number,
with properties of the fluid before the chemical reaction occurs. Here, the inlet
Reynolds number is defined as

Re =
Uj h

νj
, (3.28)

where h is the jet inlet height and the j index is used to denote properties at
the inlet jet center.

Mach number

The Mach number M is the speed of an object moving through the air, or
any other fluid, divided by the speed of sound in that fluid for the particular
physical conditions, including the temperature and pressure. Here, the inlet
Mach number is defined as

M =
Uj

a
, (3.29)

where a =
√
γRT . In this study, the simulations are performed in subsonic

speeds, M < 1 and the numerical values are specified for each case.

Prandtl number

The Prandtl number Pr is a dimensionless number that is the ratio of mo-
mentum diffusivity or kinematic viscosity to thermal diffusivity and is defined
as

Pr =
ν

α
=

µcp
λ

, (3.30)

where ν is the kinematic viscosity, α is the thermal diffusivity and λ is the
thermal conductivity. Note that, contrary to the Reynolds number, the Prandtl
number contains no length scale in its definition and is dependent only on the
fluid state. Prandtl number is used to relate the momentum to heat transport
properties and can be found in property tables for different fluids.
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Lewis number

The Lewis number is a dimensionless number defined as the ratio of thermal
diffusivity to mass diffusivity and can be expressed as

Lek =
λ

ρCpDk
, (3.31)

where λ is the thermal diffusivity and Dk is the mass diffusion coefficient.

Schmidt number

The Schmidt number is a dimensionless number defined as the ratio of momen-
tum diffusivity or viscosity and mass diffusivity. The Schmidt number, Sck
compares momentum and molecular diffusion of the kth species and is defined
as

Sck =
µ

ρDk
= PrLek. (3.32)

In this study, the Schmidt number is constant and equal to the Prandtl number
for all species, which implies a unity assumption of the Lewis number.

Damköhler number

The Damköhler number Da is a dimensionless number used to relate the chem-
ical reaction time scale to a representative time scale of the flow. Various defi-
nitions can be found in the literature for the Damköhler number. The general
definition of the Damköhler number is

Da =
τconv
τreact

=
h

Uj
krρj . (3.33)

The flame structure and combustion regime depend on the chemical character-
istic time, τreact. For a fast chemistry (low τreact values and high Damköhler
numbers), the flame is very thin. For larger values of the chemical time scale,
the flame thickness becomes larger and of the same order as the Kolmogorov
length scale, ηk.

Karlowitz number

The Karlowitz number is defined as the ratio of the chemical time scale to the
Kolmogorov time scale,

Ka =
τreact

τKolmogorov

. (3.34)

For premixed combustion, the interactions between the turbulence and the
chemistry can be measured by the Karlowitz number.

Zeldovich number

Activation energy of a chemical reaction is the energy that the reactants must
acquire before they can react. In practice, the activation energy is determined
experimentally, for each particular reaction. The Zeldovich number, is a non-
dimensional measure of the temperature sensitivity of the reaction rate, and
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here it is defined in terms of the jet inlet temperature, Tj as

Ze =
Ea

RTj
=

Ta

Tj
. (3.35)

Note that the Zeldovich number may be defined as the product of the tem-
perature rise α = (T∞ − T0)/T∞ and the non-dimensional activation energy
EaR/T∞, however, for the numerical values of the Zeldovich number, the defi-
nition in eq. (3.35) is used throughout this thesis.

Non-dimensional heat release parameter

The non-dimensional heat release parameter, Ce is defined as

Ce =
−H0

cp Tj
, (3.36)

where, −H0 is the heat of reaction for the overall chemical reaction.

3.4. DNS, LES or RANS simulations

There are a number of different ways to solve the governing equations and
to deal with the turbulent combustion problems numerically. The Reynolds
averaged Navier-Stokes (RANS) approach starts with ensemble averaging the
governing equations, in which the Reynolds decomposition is used. The turbu-
lence is described through the turbulent stresses and information is provided
about the averaged quantities. Large eddy simulation (LES) is an intermediate
tool for computing turbulent flows. In LES, the large scales of turbulent flow
are resolved and the small scales of the flow are modeled, using the information
obtained from the resolved field, see Popov & Pope (2014). Unlike RANS tech-
niques, LES provides a more realistic and detailed time-resolved data analysis
possibility, which gives some knowledge about different structures of turbulent
flows. See Fureby (2008), for a recent review of general LES applications in
engineering problems and Pitsch (2006) for a review on LES of turbulent react-
ing flows. Indeed, LES is a very useful tool for turbulent flow computations, in
particular, when no reaction is involved and modeling issues are restricted to
those of the small scales of turbulence. The most accurate computational tool
is the direct numerical simulation (DNS), which solves all the flow equations
without making any further assumptions, resolves all the scales from the large
integral scales down to the small Kolmogorov scales of the flow and even the
fine structures of the flame. In turbulent combustion flows, both the time and
space resolution requirements for the DNS are more restrict than what is re-
quired for the non-reacting counterpart flows. Thus, it may be very expensive
to perform a DNS of real-size problems. For instance, for a reaction with a
high Damköhler number, the flame becomes thin and therefore a much finer
grid resolution is needed. However, DNS provides detailed information about
the different mixing and reaction interactions in the turbulent flow field and
thus paves the way for development of new accurate combustion models. DNS
data are often used for the validation of combustion models, in addition to that,
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thorough fundamental insight of the various aspects of the physical problems
can be gained through the careful analysis of the data.

3.5. DNS of turbulent reactive flows

In the past three decades, DNS has become an essential tool to understand
and model turbulent combustion. DNS, numerically solves the set of equations
describing turbulent flames by resolving all chemical and flow scales (Baritaud
et al. 1996; Vervisch & Poinsot 1998). Increasing computational resources have
facilitated high-resolution simulations and also simulation of more complex phe-
nomena including that of fluid dynamics coupled with reactions using detailed
chemistry (Chen 2011; Yu et al. 2012; Krisman et al. 2014). An example is the
reacting flow simulation performed by Knaus & Pantano (2009) to study the
heat release effect in shear layers.

DNS investigations are beneficial in mixing and combustion applications,
for the fact that they provide access to the complete solution. All length and
time scales are resolved and the higher order statistics, such as correlations,
probability density functions and dissipation rates can therefore be computed
anywhere in the computational domain. Despite the enormous progress in re-
cent years in the availability of computational resources, but due to the compu-
tational restrictions, which are still present, DNS studies are mostly dedicated
to the canonical flow fields rather than the real engineering applications. How-
ever, DNS provides physical insights into the chemistry-turbulence interactions,
which in turn will help to improve the combustion models that can handle the
engineering-level calculations.

The progress in the application of DNS to study turbulent premixed and
non-premixed combustion has been reviewed by Poinsot et al. (1996) and
Vervisch & Poinsot (1998). The available literature on DNS of reacting flows
and rather recent research capabilities of DNS is reviewed by Westbrook et al.

(2005). A thorough review of DNS of reacting flow may be found in Vervisch
(2000) and also in the recent paper by Chen (2011). Here, a detailed review of
the recent DNSs of reacting flows will not be given, instead, the related arti-
cles will be mentioned in each paper, separately, when they are related to the
particular topic under discussion.

3.5.1. DNS of flame-wall interaction

Many combustion applications in confined domains contain regions where mix-
ing and reaction take place close to a wall. Thus, better understanding of the
wall effects plays an essential role in gaining insight into the full problem.

Most of DNSs of reacting flows have excluded the wall effects. In cases
with wall interactions, a closer look at the fundamental statistics seems to
be necessary. However, the numerical investigations of wall-bounded reacting
flows have often been restricted to the case of turbulent boundary layers and



3.6. COMBUSTION MODELING TOOLS 23

turbulent channel flows, see Ruetsch et al. (1995). A recent example is the work
by Gruber et al. (2010), who investigated the turbulent flame-wall interaction
in a channel flow.

These studies have produced important insights, but much more remains
to be studied in the area of wall-bounded turbulent combustion. Poinsot et al.
(1993) studied the flame-wall interactions of laminar and premixed combustion
using compressible two-dimensional DNS with a simple reaction. Bruneaux
et al. (1996) performed incompressible three-dimensional simulations of pre-
mixed combustion in a channel using a simple reaction. They found that
quenching distances decrease and maximum heat fluxes increase, in compar-
ison to those of laminar flames. Their DNS data were also used by Bruneaux
et al. (1997) to develop and evaluate a flame surface density model. Using a
complex reaction mechanism, consisting of 18 reactions involving 8 species, one-
dimensional premixed and non-premixed flame interaction with an inert wall
was simulated by Dabrieau et al. (2003). Wang & Trouvé (2006) used DNS to
study flame structure and extinction events of non-premixed flames interacting
with a cold wall. Their simulation was fully compressible, two-dimensional and
the reaction was described using a single-step model containing four species.

3.6. Combustion modeling tools

Modeling of turbulent combustion is a challenging task. In turbulent flames,
various difficulties such as strong heat-release, complex chemistry and large
ranges of time and length scales are added to the conventional complexities
present in constant-density turbulent flows. Thus, both turbulence and com-
bustion models need to be improved and this needs to be done in a meaningful
way. The new models are expected to predict much wider ranges of turbulent
combustion regimes and, of course, to be more accurate. The understanding
and prediction of the behavior of turbulent reacting flows is generally much
more difficult than for non-reacting flows. These difficulties arise for different
reasons, the most common is the compressibility effects, which make it neces-
sary to solve the conservation of energy equation beside mass and momentum
equations. Next, reacting flows in general include heat release and significant
density fluctuations and this has implications for the averaging of the governing
equations. The mean heat-release rate is one of the main quantities that needs
to be approximated in combustion modeling and is often of important prac-
tical interest. Moreover, conservation equations for chemical species must be
included. Furthermore, turbulent combustion systems involve multiple phases
which adds to the complexity of modeling issues, see Veynante & Vervisch
(2002), Riley (1998) or Vervisch & Veynante (2011) for an introduction to
combustion modeling.
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3.6.1. Premixed and non-premixed combustion modeling

Two classifications of reactions are generally used in turbulent combustion,
which simplify the problem, particularly in development and utilization of mod-
els, namely premixed and non-premixed. The two combustion modes were
briefly introduced in chapter 2. The former is the reaction between a pre-
mixed fuel and oxidant, which are locally ignited by means of a spark, a com-
mon example is the internal combustion engine. The ignition starts the flame
which propagates through the mixture and generates hot products. In the non-
premixed regime, the fuel and oxidizer are introduced separately, for example
a fuel jet, which is injected into air. Chemical reaction can occur as the fuel
and oxidant mix locally at the molecular level. Therefore, the flame can exist
where the fuel and oxidant are mixed locally and the reaction depends on the
mixing rate, at least to some extent. Finally, reactions can also occur when the
species are partially premixed. For example, in the problem of a fuel jet into
air, it is possible for the fuel and air to mix to some extent before the ignition
occurs.

If we consider a simplified one-step irreversible premixed chemical reaction,

Reactants −→ Products + Heat, (3.37)

we can describe the flame using a progress variable c, such that c = 0 in the
fresh gases and c = 1 in the fully burned ones. This progress variable may be
defined using the temperature or mass fraction

c =
T − Tu

Tb − Tu
or c =

θf − θuf

θbf − θuf
. (3.38)

Here, T , Tu and Tb are the local temperature, the unburned temperature and
the burned gases temperatures respectively; and accordingly θf , θ

u
f and θbf are

the local, unburned gases and burned gases fuel mass fractions. Assuming the
same molecular and thermal diffusivities, unity Lewis number, without heat
losses or compressibility effects, then the two definitions are equivalent and
mass and energy balance equations reduce to a single balance equation for the
progress variable,

∂ρ c

∂t
+

∂

∂xj
(ρ c uj) =

∂

∂xj

(
ρD ∂c

∂xj

)
− ω̇. (3.39)

This equation describes the displacement of the c−isosurfaces.

For the non-premixed case, we can consider an irreversible one-step chem-
ical reaction as,

F + r O −→ (1 + r)P + heat, (3.40)

where r is the stoichiometric coefficient. The mixture fraction Z is defined as

Z =
φ

θf
θf,0

− θo
θo,0

+ 1

φ+ 1
=

r θf − θo + θo,0
r θf,0 + θo,0

, (3.41)
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where θf,0 is the fuel mass fraction in the fuel stream, θo,0 is the oxidizer
mass fraction in the oxidizer stream and φ is the equivalence ratio of the non-
premixed flame

φ =
r θf,0
θo,0

. (3.42)

The mixture fraction obeys the balance equation,

∂ρZ

∂t
+

∂

∂xj
(ρZ uj) =

∂

∂xj

(
ρD ∂Z

∂xj

)
, (3.43)

which does not include a source term. An important value of Z is its stoi-
chiometric value, Zst, which is obtained when fuel and oxidizer are in the sto-
ichiometric condition, i.e. r θf = θo. Thus the stoichiometric mixture fraction
is

Zst =
θo,0

r θf,0 + θo,0
=

1

r φ+ 1
. (3.44)

3.6.2. Non-premixed combustion modeling tools

In this section, some basic tools in non-premixed combustion modeling are
briefly introduced. Though, nor the modeling in general, neither the non-
premixed combustion modeling in particular, are included directly as part of
this study, a cursory background is provided here.

The mean heat release rate is one of the main quantities of practical in-
terest that should be approximated by a turbulent combustion model. The
simplest and more direct approach is to express the chemical rate in Taylor
series as a function of species mass fractions and temperatures. To understand
the basic difficulty of applying averaging methods to reacting flows, consider
the approximately constant density, one step Arrhenius-type reaction obeying
eq. (3.40). Here, one unit of mass of fuel F combines with r units of mass of
oxidizer, O to produce (1+ r) units of mass of products, P in addition to heat,
the fuel reaction rate is approximately given as

ẇF = −kr ρ
2 θF θO e(−Ea/RT ). (3.45)

Here, kr is a rate constant, which is commonly called the pre-exponential factor
in the Arrhenius expression, T is the fluid temperature and Ea is the activation
energy of the reaction, see Riley (1998). Assuming a constant density ρ, the
conservation equation (3.39) for the fuel reads

∂θF
∂t

+
∂

∂xj
(uj θF ) =

∂

∂xj

(
D∂θF
∂xj

)
− ρ θF θO kr e

(−Ta/T ), (3.46)

where Ta = Ea/R is the activation temperature. Averaging eq. (3.46) gives

∂θF
∂t

+ uj
∂θF
∂xj

=
∂

∂xj

(
D∂θF
∂xj

)
− ∂

∂xj

(
u′
j θ

′
F

)
− ρ θF θO kr e(−Ta/T ). (3.47)
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Two unclosed terms appear after the averaging procedure, one is
(
u′
jθ

′
F

)
, which

is similar to the Reynolds shear stress term in the averaged momentum equa-
tions, and can supposedly be modeled in a similar manner. The second term,

namely ρθF θOkre(−Ta/T ), is the average of the reaction rate term, which is the
root of the essential difficulties. Often, for example in non-premixed reaction,
the flame zone is very thin. Thus, flow consists of regions of either fuel or oxi-
dizer species, with very little overlap and high segregation, i.e. θF θO ≪ θF θO.
Note that, this type of averaging approach for the cases with T ≈ const., is
used in chemical engineering problems, however, if T 6= const., one needs to ex-
pand the exponents in the form of the Taylor series. Understandably, even for
small temperature fluctuations, the modeling will become very difficult. Since
accurately modeling the higher order correlations of 1/T and the species mass
fractions is generally not feasible, other tools are used in turbulent combustion
modeling.

3.6.3. Geometrical approach: flame surface analysis

In this approach, the flame front is described as a geometrical entity. Here, the
analysis is generally linked to the assumption of a sufficiently thin flame, viewed
as an interface between fresh and burned gases in premixed combustion or as
an interface between fuel and oxidizer in non-premixed cases. Two formalisms
are usually proposed within this framework: G-field equation and flame surface
density concept.

The G-equation model proposed by Williams (1985), uses an iso-surface
method to describe the evolution of the flame front as an interface between the
unburned and burned gases. The function G is a scalar field defined such that
the flame front position is at G = G0 and that G is negative in the unburned
mixture. The instantaneous and local G-equation can be derived by considering
the instantaneous flame surface. The details of this method is not discussed
any further in the present study.

In the flame surface density description, the flame is identified as a surface
and its surface density Σ is introduced. As the flame propagates normal to
itself, the mean burning rate is directly proportional to the flame surface area.

3.6.4. Statistical approach: probability density function

Prediction of radicals, intermediate species and pollutants requires knowledge
of the flame internal structure, for the intermediate states between fresh and
burned gases in premixed flames or between fuel and oxidizer in non-premixed
flames. Despite the fact that, in the G-field equation or in the flame surface
density approaches, some statistical treatment is performed, but they are based
on the geometrical view of the flame as a thin interface. In probability density
function (PDF) methods, this assumption is relaxed and one can focus on the
statistical characteristics of the flame, throughout intermediate states of the
flame and different regions of the flow, see O’Brien (1980), Pope (1985) and
Dopazo (1994).
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Considering a non-premixed flame, where the chemistry is reduced to a
single-step reaction and the radiative heat losses are neglected, laminar com-
bustion may be parameterized with two variables, for instance, fuel mass frac-
tion, θF and mixture fraction Z. The turbulent flame is then fully described
by the joint PDF of mixture fraction and fuel mass fraction, P (θf , Z;x, t). For
such flames, it is interesting to focus on the statistical properties of the fuel
mass fraction, θf for a given value of the mixture fraction Z. According to
Vervisch & Veynante (2011), two main directions may be chosen to build nu-
merical models from PDF. One is to presume the PDF shape from the available
mean quantities and the other is to solve a balance equation for the PDF.

3.6.5. Mixture fraction approach: small scales analysis

Turbulent mixing can be used as a measure for quantifying the burning rate. In
case of a large Damköhler number, which is a common assumption in combus-
tion modeling, the reaction rate is limited by turbulent mixing and it may be
described in terms of the scalar dissipation rate. Peters (2000) defines flamelets
as “thin diffusion layers embedded in a turbulent non-reactive flow field”. This
thin region is assumed to be smaller than the Kolmogorov length scale and
therefore it is locally laminar. The flame surface is defined as an iso-surface of
the mixture fraction, Z in non-premixed combustion. In non-premixed flames,
fresh fuel and oxidizer need to be mixed at the molecular level for reaction to
take place and the flame is mainly controlled by turbulent mixing occurring
between the two gas streams. If we assume equal molecular diffusivities for
all chemical species, the mixture fraction, Z can be defined as the local mass
fraction of a conserved scalar originating in the fuel stream. In the case of
infinite rate or equilibrium chemistry, the concentrations of the various chem-
ical species can be functionally related to the mixture fraction, enabling the
average concentrations to be expressed in terms of these relationships and the
probability density of the mixture fraction. For finite-rate chemistry, theories
have been developed relating the average concentrations to the joint probability
density of Z and its dissipation rate χ. The scalar dissipation rate, χ provides
a direct measure for the decay rate of the fluctuations (Veynante & Vervisch
2002).

3.6.6. Non-premixed combustion modeling issues

In previous sections, the major important tools, which are used in turbulent
combustion modeling were briefly introduced. The three most useful quantities
for description of a turbulent flame were introduced, namely, the scalar dissi-
pation rate, the probability density functions and the flame surface density. A
schematic of the different types of modeling tools for non-premixed combustion
is presented in figure 3.13. Interestingly, all these quantities are interrelated
and the links between them have been developed. The exact relation between

3This figure is originally generated by the author for the purpose of present work, however,
it has the spirit of a similar figure in the paper by Vervisch (2000).
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Figure 3.1. Schematic of different combustion modeling approaches

the mean scalar dissipation rate, probability density function and the general-
ized flame surface density can be found in Veynante & Vervisch (2002). These
relations show that the scalar dissipation rate is a key quantity that directly
or indirectly relates different tools to each other. Thus, studying its behavior
throughout the simulation field is of prominent importance. Having access to
the full range of scales, provided by DNS data analysis, it can be focused on the
characteristics of these essential quantities everywhere in the domain, including
their near-wall behavior.

3.7. Subgrid-scale modeling in turbulent reacting flows

DNS databases are often used to evaluate subgrid-scale (SGS) models and sta-
tistics in LES using a priori analysis. Due to compressibility effects, existence
of source terms in the governing equations of the scalar species and many other
complexities, SGS modeling is more complicated in turbulent reacting flows
than in incompressible non-reacting ones.

In LES, a separation of scales is performed by filtering, for instance, the
velocity and scalar fields. The filtering in LES is commonly defined as (Leonard
1974)

φ(x, t) =

∫

D

G(x− x′)φ(x′, t)ix′, (3.48)

where φ(x, t) is the filtered quantity, φ(x, t) is the variable to be filtered, G is
the kernel of the convolution and D is the domain of integration. A differential
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form of the filter (3.48) can be obtained by a Taylor series expansion of G in
powers of the filter size as

φ(x, t) =

∞∑

k=0

1

k!
Mk

∂kφ(x, t)

∂xk
, (3.49)

where Mk are the moments of the filter kernel

Mk =

∫

D

xkG(x)dx. (3.50)

Different types of filters can be written using this formulation, for instance, the
box filter can be written in the differential form as Sagaut (2000)

φ(x, t) = φ(x, t) +
∆2

24

∂2φ(x, t)

∂x2
+

∆4

1920

∂4φ(x, t)

∂x4
. (3.51)



CHAPTER 4

Turbulent wall-jet flame

4.1. Wall-jet set-up and background

A wide range of flows have been described with the “wall-jet” terminology, all
sharing a common characteristic, that the outer part of these flows behaves
similar to a jet flow and the inner part behaves more or less like a boundary
layer flow. A wall-jet is formed, when a jet flow evolves over a flat surface in
the absence or presence of an external stream. Depending on the type of the
jet, its injection direction, the nozzle geometry and wall boundary conditions,
such as the surface temperature or roughness, many different kinds of wall-jet
flows may form. A few examples are, two-dimensional planar wall-jets, studied
by Conlon & Lichter (1995), the coflow wall-jets, Coanda wall-jets (wall-jets
on curved surfaces), investigated by Neuendorf & Wygnanski (1999), three-
dimensional wall-jets addressed by Hall & Ewing (2010) and different kinds of
impinging jets.

The turbulent wall-jet includes a number of interesting fluid mechanics
phenomena with a close resemblance to many engineering applications. Wall-
jets are widely used for boundary layer control, cooling of turbine blades, and
to enhance or reduce the convective wall heat-transfer. Impinging wall-jets
have applications in heating or annealing of metal, plastic or glass during the
manufacturing process, where this technique is used to control the processing
temperature. Wall-jets are also formed when fuel is injected into internal com-
bustion engines. Sometimes, wall-jets are injected parallel to the inner surface
of a combustion chamber to protect it from the hot products. In supersonic
aeronautical applications, wall-jet flow occurs when fuel is injected into the
boundary layer for drag reduction purposes.

The “wall-jet” flow was addressed by Glauert (1956), where the term was
initially used. Though, this was not the first work on wall-jets, but perhaps
the first one dedicated to the subject. One of the earliest known works on
wall-jets is an experimental study by Förthmann (1934), in which he extended
his research on jet flows to jets close to a surface. Since the 60’s, numerous
experimental, theoretical and also some numerical studies have been performed
on different kinds of wall-jets. A comprehensive review on the turbulent wall-
jet experiments prior to 1980 can be found in Launder & Rodi (1981), a few
of which are mentioned below. Förthmann (1934) observed the self-preserving
nature of the wall-jet, and that the boundary-layer thickness varies linearly

30
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with downstream position, x, and that the maximum velocity varies as x−1/2.
Glauert (1956) was maybe the first to divide the flow into an inner and outer
part on either side of the maximum velocity and treated the two regions sepa-
rately. In many studies, particular attention has been paid to the appropriate
similarities in different regions of the wall-jet flow and the corresponding ve-
locity and length scales. Narashima et al. (1973) suggested that the mean
flow parameters should scale with the jet momentum flux and the kinematic
viscosity. The same approach was employed by Wygnanski et al. (1992) to
remove inlet Reynolds number dependency and to determine the skin friction
from the decrease in the momentum flux; see also Zhou et al. (1996). George
et al. (2000) performed a similarity analysis of the inner and outer part of the
wall-jet without a coflow, using different experimental data of previous studies.
Parallel to the analytical works on the similarity characteristics of the wall-jet
flow, experimental work was initiated by Bradshaw & Gee (1960). They per-
formed measurements of a turbulent wall-jet and reported that the turbulent
shear stress attains a finite value at the point of maximum velocity. Eriks-
son et al. (1998) studied a wall-jet in a large water tank using Laser Doppler
Velocimetry for their measurements. A rather recent experimental study on
plane wall jets was reported by Dey et al. (2010) in which, they investigated
the effects of suction and injection from the wall.

Although experimental and theoretical studies on the wall-jet flows have
been numerous in the past, the numerical research has remained limited. Ac-
curate numerical data can indeed, strengthen conclusions on scaling and simi-
larity and also provide a closer insight into the development of the jet, includ-
ing the transitional features. However, performing a numerical simulation of
the spatially developing turbulent wall-jet flow is computationally expensive,
thus, reports on simulations of the wall-jet flow are scarce. The very early
computational studies of the plane turbulent wall-jet, using Reynolds aver-
aged Navier-Stokes (RANS) modeling, are given in the review by Launder &
Rodi (1981). Dejoan & Leschziner (2005) performed a well-resolved large eddy
simulation and compared the results with the experiments by Eriksson et al.

(1998). The results agreed well with the experiments for the velocities and
Reynolds stresses. Wernz & Fasel (1996, 1997) employed DNS to investigate
instability mechanisms in a transitional wall-jet. The breakdown of a finite-
aspect-ratio wall-jet was studied by Visbal et al. (1998). Levin et al. (2005)
studied the laminar breakdown of a wall-jet using linear stability analysis and
DNS. Gogineni et al. (1999) studied transitional two-dimensional wall-jets at
a low Reynolds number. DNSs of isothermal and non-isothermal non-reacting
turbulent wall-jet flows were performed by Ahlman et al. (2007, 2009). DNS
of isothermal and exothermic chemically reacting turbulent wall-jets were per-
formed by Pouransari et al. (2011, 2013).

A schematic of the plane turbulent wall-jet geometry is shown in figure 4.1,
where h is the jet inlet height and the x and y axes denote dimensions in the
streamwise and wall-normal directions, respectively, and the spanwise direction
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Figure 4.1. Schematic of the plane turbulent wall-jet with
coflow. Figure taken from Pouransari et al. (2015a).

is perpendicular to this plane. Here, Um is the local maximum velocity and Uc

is the coflow velocity. For the plane wall-jet with coflow, the velocity half-height
y1/2 is defined as the distance from the wall to the position where the mean

velocity is half of the maximum excess value, U(y1/2) =
1
2 (Um − Uc) + Uc

1.

The structure of a developed turbulent wall-jet can formally be described
as two adjacent shear layers of different character. The inner layer, extending
from the wall up to the maximum mean streamwise velocity, resembles a thin
boundary layer, while the outer part, positioned above the inner layer and
reaching out to the ambient flow, can be characterized as a free shear flow.
However, there are certain distinctions between the inner layer of wall-jet flows
and boundary layer flows. One difference is the intermittent nature of the
outer part of the turbulent boundary layer. Another point of difference lies
in the modification of the structure of the inner layer of the wall-jet by the
turbulence in the outer layer. Furthermore, the skin-friction coefficient of a
turbulent boundary layer varies in a different manner from that of the wall-jet.
These factors prevent a complete analogy between the inner layer of the wall-jet
and the turbulent boundary layer. Considering these restrictions, Hogg et al.

(1997) concluded that the initial streamwise momentum flux and the kinematic
viscosity are suitable parameters governing the flow evolution.

The wall-jet flow is a suitable configuration for examining the interactions
between the outer and inner structures in a turbulent boundary layer. The
interactions present in the turbulent plane wall-jet configuration are, in partic-
ular, of great interest for the reaction and mixing applications. The turbulent

1This formulation is by mistake mistyped as U(y1/2) = 1
2
(Um − Uc) in papers 1, 2, 3 and

6, but, it is correctly expressed in paper 4 and 5. However, the figures and numerical values
are correct in all papers.
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wall-jet is much more flexible and controllable than the boundary layer. Adding
an external coflow to the wall-jet setup increases the parametric flexibility even
further, for instance, changing the ratio between the free stream velocity and
the jet velocity, leads to formation of different flow fields. Understanding the
turbulence structures and physical dynamics of the problem is, however, cru-
cial for analyzing mixing, heat transfer, drag reduction and other phenomena,
which occur in turbulent wall-jet flows.

4.1.1. Scalings for compressible turbulent wall-jet

There is a general agreement that the mean velocity profile of the turbulent
wall-jet is self-similar, but the scaling parameters are controversial among dif-
ferent researchers. In this section, a brief introduction to the most commonly
used scaling parameters for compressible turbulent plane wall-jet flow is pre-
sented. Even though, the present study is not focused on the similarities in the
inner and outer regions of the wall-jet flow, the requisite search for the proper
scales have been performed and the choice of velocity and length scales for each
region is discussed.

If we hypothesize that the inner part of the wall-jet and zero-pressure-
gradient boundary layers are similar, it would be appropriate to use the same
scaling here as well. However, the interaction of large turbulence scales in
the outer layer with small scales in the inner layer substantially affects the
development of the wall-jet.

4.1.1.1. Inner layer scaling

The inner-layer scaling for the boundary layer flows was introduced by Prandtl
(1932), where appropriate inner length and velocity scales were defined as:

l =
ν

uτ
, (4.1)

u2
τ =

τw
ρ
, (4.2)

where τw = ρ ν (∂U∂y )y=0 is the wall shear stress and y is the distance from the

wall. Performing dimensional analysis in the near-wall region, assuming that
the outer effects are negligible, we can acquire universal functions, f and g, for
the velocity and Reynolds shear stress as,

U+ =
U

uτ
= f(y+), (4.3)

−uv+ =
−uv

u2
τ

= g(y+), (4.4)

where y+ = y/l. Relation (4.3) is called the law of the wall. A vast number of
experimental, analytical, and numerical investigations in wall-bounded flows,
including channel, pipe and boundary layer flows have been performed to show
that the function f(y+) has a universal form. At the wall, the no-slip condition
corresponds to f(0) = 0. A Taylor series expansion for small y+ shows that
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the linear relation U+ = y+ is a good approximation in the near-wall region.
Simulations and experimental studies of wall-bounded flows show that the linear
relation (4.3) is valid for approximately y+ < 5.

4.1.1.2. Outer layer scaling

Assuming similar characteristics to that of the plane turbulent jet in the outer
layer, the appropriate outer length and velocity scales are defined as,

l outer = y 1/2, (4.5)

U outer = Um. (4.6)

The velocity half-height, y1/2 was defined as the distance from the wall to the

position with a mean velocity of half of the excess value, U(y1/2) = 1
2 (Um −

Uc) + Uc.

The friction Reynolds number, Reτ is defined as

Reτ =
δ

l
=

uτδ

νw
=

δ

ν
1/2
w

√(
∂U

∂y

)

y=0

, (4.7)

where νw is the kinematic viscosity at the wall. When an appropriate outer
length-scale δ is used, the friction Reynolds number can be seen as an estimate
of the outer-layer to inner-layer length-scale ratio. Throughout this study, the
half-height of the jet is used as the outer length scale.

4.1.2. Semi-local scaling

To include a measure for the velocity fluctuations rather than the absolute
values of the Favre averaged fluctuation intensities, one approach is to account
for the varying mean density by using the semi-local scaling. In this scaling
the wall variables are based on the local mean density and viscosity, and their
relation to the conventional wall units are

u∗
τ =

√
τw
ρ̄

=

√
ρ̄w
ρ̄
uτ , (4.8)

l∗ =
ν̄

u∗
τ

=
ν̄

νw

√
ρ̄

ρw
l. (4.9)

The corresponding normalized wall distance becomes

y∗ =
y

l∗
. (4.10)

4.2. DNS of reacting turbulent wall-jets

4.2.1. The DNS code

The simulation code was originally provided by Prof. B. J. Boersma, and has
been used to study a turbulent round jet flow, see Boersma (2004).

The DNS code was further developed for a wall-jet configuration by Ahlman
(2007). The main changes included the implementation of boundary conditions
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of the computational domain, for instance, at the wall a no-flux condition was
prescribed. Moreover, for the simulations of isothermal and non-isothermal
turbulent wall-jets, suitable target functions for the density and energy at the
outlet were developed.

In the present study, to simulate the exothermic reacting turbulent wall-
jets, Arrhenius-type expressions for the source terms of the two additional
scalar transport equations, describing the oxidizer and fuel mass fractions, were
implemented and the energy equation was modified accordingly to account for
the combustion heat release.

4.2.2. Numerical method and parameters

The numerical method used in the simulations employs a 6th order compact
finite difference scheme and a 4th order Runge-Kutta method for the spatial and
temporal integration, respectively, of the fully compressible mass, momentum
and energy conservation equations, eqs. (3.1), (3.4) and (3.16).

The turbulent wall-jet flow contains a broad range of velocity and length
scales and for a simulation to extend to the self-similar region, a rather large
domain is required. Thus, the domain size is chosen such that it is sufficient for
the spatial development of the jet and there is enough room after transition,
for study of the turbulent wall-jet flow. The computational domain is a rectan-
gular box, the size of which in terms of inlet jet height, h, is (Lx = 35h)×(Ly =
17h)×(Lz = 7.2h) in most of the papers, where x, y and z denote the stream-
wise, wall-normal and spanwise directions, respectively. However, in papers 4
and 5, simulations in a larger box, in particular with a considerably longer axial
direction are performed, (Lx = 48h)×(Ly = 23h)×(Lz = 9.6h). The number of
grid points in each direction are chosen such that there is a fine resolution for
a well-resolved DNS in each case. In the streamwise direction, grid stretching
is chosen with a higher resolution in the transition region. For instance, in the
isothermal simulation in Pouransari et al. (2013), at the downstream position
x/h = 25, where most of the statistics shown in the following sections are taken,
the streamwise resolution is about ∆x+ ≈ 10, and the spanwise resolution is
about ∆z+ ≈ 6, expressed in wall units. In the wall-normal direction, the
grid is finer near the wall to provide sufficient resolution for resolving the inner
layer structures. For instance, twelve nodes exist in the near-wall region, below
y+ = 11. The Kolmogorov length scale grows with increase in the heat-release,
thus, when it comes to the turbulence structures, using similar grids for the
isothermal and exothermic cases means a finer resolution for the exothermic
one. This is addressed and discussed in Pouransari et al. (2015a).

The inlet based Reynolds and Mach numbers of the wall-jet flow are defined
by eqs. (3.28) and (3.29), respectively and the compressibility effects are found
to be small. Their numerical values are Re = 2000 and M = 0.5 in most
of simulations, while in paper 6, Re = 6000. For the heat fluxes, a constant
Prandtl number Pr = µcp/λ = 0.72 is used. The Schmidt number of the
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scalars, defined with eq. (3.32), is constant and equal to the Prandtl number,
Sc = 0.72.

At the wall, the no-slip condition is fulfilled for the velocity and a no-
flux condition, ( ∂θ∂y )y=0

= 0, is applied for the scalars. Periodic boundary

conditions are used in the spanwise direction. The ambient flow above the jet
has a constant coflow velocity of Uc = 0.10Uj, where Uj is the jet inlet velocity.
At the top of the domain, an inflow velocity of 0.026Uj is used to account for
the entrainment. To prevent the reflection and generation of waves, sponge
zones are implemented at the inlet and outlet boundaries.

A single-step irreversible reaction as described in eq. (3.22) is used. In
the isothermal reacting wall jet cases, a simplified reaction term is considered,
which is a function of density and reactant concentrations and does not depend
on temperature, as in eq. (3.25). In the exothermic reacting simulations, an
Arrhenius-type reaction rate, according to eq. (3.24), is considered. However,
parameters are chosen in a way that the simulations have comparable rates of
fuel consumption throughout the domain. In the isothermal cases, the reaction
is temperature independent and does not release heat. The flow is uncoupled
from the chemical reaction and the influence of the turbulent mixing on the
reaction can be studied in the absence of temperature effects. In the exother-
mic cases instead, the heat-release effects on the turbulence structures can be
examined.

The reacting scalars enter the domain separately in a non-premixed man-
ner. At the jet inlet θf,j = 1 (pure fuel), while in the coflow θo,c = 0.5 (air
enriched at 50% oxygen in mass). Here, θf,j is the fuel mass fraction in the
fuel stream (the jet flow), and θo,c is the oxidizer mass fraction in the oxi-
dizer stream (the coflow). Thus, using equation (3.42) for calculating φ, the
equivalence ratio of the non-premixed flame for the present mixture, the value
φ = θf,j/θo,c = 2 is obtained and using the succeeding relation, eq. (3.44), the
value of the stoichiometric mixture fraction is Zst = 0.33. Apart from the reac-
tants, an additional passive scalar equation, injected through the jet stream, is
solved for comparison, which also serves as a representative of the local mixture
fraction.

For details of numerical implementations, including the boundary condi-
tions, the grid generation, and also the issues concerning the high wave number
disturbances, treatment of occurrences of negative concentrations and the tran-
sition to turbulence, see the work by Ahlman (2007). However, the relevant
matters for each paper are addressed therein accordingly.

4.2.3. Development of the turbulent wall-jet flame

In this section, some of the key statistics and visualizations of the reacting
turbulent wall-jet flow are presented. Presenting some of the results for the
isothermal and exothermic reacting wall-jets has a two-fold ground, one is to
provide an introduction to the dynamics of a reacting turbulent wall-jet and
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(a)

y/h
(b)
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Figure 4.2. Instantaneous snapshots of (a) the streamwise
velocity fluctuations at a fixed xz−plane; 8 < y+ < 10; Red
and blue colors represent positive and negative fluctuations, re-
spectively, and (b) the reaction rate fields for a fixed xy−plane;
The lighter color indicates a higher reaction rate. Figure pro-
duced from the DNS data of Pouransari et al. (2014)

the other is to give a valuable material to illustrate the primary effects of the
heat release.

To provide an overview of the turbulence structures and the temperature
rise of the flow field in the turbulent wall-jet simulation, instantaneous snap-
shots of the streamwise velocity and temperature fields for one of the exothermic
cases in Pouransari et al. (2013) are visualized in figures 1.1 (a) and (b). The
flow is from left to right and is evolving in space. The streamwise velocity is
scaled with the jet inlet velocity and temperatures are given in Kelvin. Visu-
alizations of the instantaneous fields show that the jet is fully turbulent in half
of the domain.

Figure 4.2 (a) shows instantaneous fluctuations of the streamwise velocity
in the xz−plane at y+ ≈ 9 for the isothermal reacting case with the inlet based
Reynolds number of Re = 6000, presented in Pouransari et al. (2014). The
typical near-wall elongated streaky structures, similar to other turbulent wall-
bounded flows, are clearly observed in the streamwise velocity fluctuations.
Figure 4.2 (b) shows a snapshot of the instantaneous reaction rate for the
same case. The reaction starts immediately after the inlet and spreads as the
flow evolves in the downstream direction. The reaction occurs mainly in the
upper shear layer in thin sheet-like structures, however, reactions also take
place near the wall, although to a lesser extent. The flame is wrinkled, folded
and convoluted in different regions. In the near-wall region, turbulent patches
of high concentrations of oxidizer are pumped toward the wall, which result in
the formation of spots of high reaction rates close to the wall.
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Figure 4.3. Cross-stream profiles of (a) mean streamwise ve-
locity, : isothermal, : exothermic, taken
from a figure in Pouransari et al. (2015a), and (b) stream-
wise, wall-normal and spanwise velocity fluctuation intensities
using semi-local normalization. : Streamwise fluc-
tuations: isothermal, u′′

rms/u
∗
τ , : streamwise fluctua-

tions: exothermic. : wall-normal fluctuations: isother-
mal, v′′rms/u

∗
τ ; • : wall-normal fluctuations: exother-

mic. △ : spanwise fluctuations: isothermal, w′
rms/u

∗
τ ;

N : spanwise fluctuations: exothermic. Profiles are at
the downstream position x/h = 25 and taken from a figure
in Pouransari et al. (2013).

The cross-stream profiles of the mean streamwise velocity are shown in
figure 4.3 (a) for the isothermal and exothermic reacting cases, which illustrate
the resulting acceleration of the flow for the exothermic case. The increase
in the maximum excess value, i.e. (Um − Uc), is about 40% for this case at
x/h = 25, compared to the corresponding isothermal case.

The cross-stream profiles of the three components of the Favre-averaged
turbulence intensity for chemically reacting wall-jets are plotted in figure 4.3 (b)
using semi-local inner scaling. Using this scaling, it has been attempted to
account for the variation of the mean density in the wall-normal direction. See
eqs. (4.8) and (4.9) in the previous section. It can be seen from figure 4.3 (b)
that the semi-local scaling gives a reasonably good collapse in the inner region,
up to y+ = 30 − 50, for all the three intensities. This collapse is substantially
better than with the conventional inner scaling.

It is interesting to note the two-peak character of the streamwise turbulence
intensity. The magnitude of the outer peak, caused by production of turbulence
in the outer shear layer, is of about the same magnitude as the inner peak. The
wall-normal fluctuation intensity in a turbulent wall-jet has only one peak,
which is roughly the same as the magnitude of the streamwise and spanwise
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Figure 4.4. Statistics of oxidizer (blue), fuel (red) and pas-
sive (black) scalars for different cases, (a) cross-stream pro-
files and (b) fluctuation intensity of the passive and reacting
scalars; : Passive scalar isothermal; : passive
scalar exothermic; : fuel isothermal; • : fuel
exothermic. △ : oxidizer isothermal; N : oxidizer
exothermic. Profiles are at the downstream position x/h = 25
and taken from a figure in Pouransari et al. (2013).

outer peaks. The variation with the heat-release for the outer peak is rather
weak. In terms of y∗, positions of the outer maxima for all the quantities in
figure 4.3 (b) move closer to the wall with increase of the heat-release.

The cross-stream profiles of the scalar concentrations are displayed in fig-
ure 4.4 (a). This plot confirms that all non-reacting and reacting mean scalar
profiles for different cases collapse fairly well when outer scaling is used. It is
also noticeable that beyond y/y1/2 = 2, the concentrations of both the con-
served scalar and fuel species are very low, therefore, in many of the profiles,
shown later in this work, the focus is on the regions where the concentrations
are reasonably high, i.e. below y/y1/2 = 3.

Worth to notice is that, as seen in figure 4.4 (b), the fluctuation level of
the reacting scalars has started to decrease around the half-width position,
where the reaction is very intense. The peak of the scalar fluctuation intensity
increases as a result of the chemical reaction and is further intensified by the
heat-release. The increase in the fuel species fluctuation intensity is substantial
and the level is about 20%. The oxidizer fluctuation level seems to be less
sensitive to the heat-release effects. The wall-normal fluxes exhibit a similar
behavior, with increased wall-normal fuel fluxes in accordance with the heat-
release-generated increase in the fuel concentration fluctuation intensities.

As discussed briefly in chapter 2, probability density function (PDF) is a
practical tool that is often used in the study of velocity and scalar fields in
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Figure 4.5. Probability density functions of different species
at three wall-normal locations for both the isothermal and
exothermic cases, taken from Pouransari et al. (2011) and
Pouransari et al. (2013), respectively. First row: y/y1/2 = 0.5,
second row: y/y1/2 = 1.0 and third row: y/y1/2 = 1.5, where
y1/2 is the local half-height of the wall-jet in each case at down-
stream position x/h = 25. : Passive scalar isothermal;

: passive scalar exothermic; : fuel isother-
mal; • : fuel exothermic. △ : oxidizer isothermal;
N : oxidizer exothermic.

turbulent reacting flows. The shape of the scalar PDFs in the subgrid-scale
range in large eddy simulation is indeed a common input to non-premixed
combustion models that are prescribed in advance, see the works by Vervisch
et al. (1995), Cook et al. (1997) and de Bruyn-Kops et al. (1998).

Figures 4.5 (a-i) show the PDF of the three species, namely oxidizer, fuel
and passive scalar for both the isothermal and exothermic reacting cases at
x/h = 25. Statistics are taken from Pouransari et al. (2011) and Pouransari
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et al. (2013), respectively. In the fully turbulent region, the PDFs of the species
are rather similar, therefore, only one downstream position is shown.

It is interesting to compare the evolution of the fuel concentration with
that of the passive scalar simultaneously for the two cases, starting from the
wall moving further up to the jet region. As observed in figure 4.5, the PDFs
of the fuel and the passive scalar are rather similar from the wall up to the
vicinity of the half-height of the jet, y/y1/2 = 1 plane, but beyond this position
the passive scalar PDF still keeps its near-Gaussian shape while the fuel PDF
has a large peak at low concentrations showing that much of the fuel has been
consumed and deviate significantly from the Gaussian distribution and exhibit
long exponential tails in the outer shear layer, which is an indication of the
existence of high intermittency, due to the chemical reaction. The presence of
an exponential tails can be of particular importance for combustion modeling
applications (Vervisch et al. 1995; Warhaft 2000; Wall et al. 2000; Pouransari
et al. 2012). In contrast, the passive scalar exhibits a rather symmetric PDF
in most of the domain.

The qualitative shape of oxidizer PDFs are similar for the two cases. There
is one peak at the minimum concentration, which disappears around y/y1/2 = 2.
Moving away from the wall, the PDF profile are broader around y/y1/2 = 1.5
and a second peak occurs in the PDF of the oxidizer, which is close to the
maximum concentration. This implies that the probability of particles with
low concentrations coming from the wall region or caused by reaction with the
fuel and particles with high concentrations coming from outer region are both
high at this position. However, outside of the jet at about y/y1/2 = 1.5, as
seen in figure 4.5 (g), the probability of observing fluid parcels with higher
values of oxidizer fluctuations is higher for the isothermal case compared to the
exothermic case. This can be connected to the fact that the heat release has a
damping effect on the fluctuation intensity of the oxidizer in this region as seen
in figure 4.4 (b), contrary to the other two scalars. Worth to notice is that the
shape of the fuel and oxidizer PDF curves are most similar at the half-height
planes at any downstream position.



CHAPTER 5

The effects of heat release

The combustion heat release ω̇T , as it appeared in eq. (3.16), is a source term in
the energy equation due to the exothermic chemical reaction, which is related
to the species reaction rates, see eq. (3.26). Heat-release modifies the turbulent
flow field dynamics in several ways. One is its effect on the turbulence struc-
tures that can also influence the turbulent mixing. Due to their importance,
heat release effects have been the subjects of a number of different studies (Mc-
Murtry et al. 1989; Ruetsch et al. 1995; Livescu et al. 2002; Mizobuchi et al.
2005; Diez & Dahm 2007; Knaus & Pantano 2009). These studies are mainly
focused on the heat-release effects on the large-scale turbulence structures, en-
ergy exchange mechanisms and turbulence spectra. Mostly, mixing layers or
free jet flows have been the test case in these studies. Neglecting the presence
of the wall, for example in reacting turbulent shear layers, some of the previous
studies suggested that, after an appropriate scaling, the effect of heat release
on the turbulence is rather small. However, studies on the effects of the com-
bustion heat release on the small scales of turbulence are limited and need to
be further explored. Moreover, the heat release effects can also be studied on
the scalar fields that are embedded in the turbulent flow.

The present study focuses on the heat release effects in the reacting tur-
bulent wall-jet configuration, which includes the wall effects. In this flow, heat
release effects delay the transition, enlarge the fluctuation intensities of density
and pressure and also enhance the fluctuation level of the species concentra-
tions. Heat release has a damping effect on all velocity fluctuation intensities
and the Reynolds shear stress. Some of the initial heat release effects on ba-
sic statistics of the reacting turbulent wall-jet flow were already visualized in
chapter 4. In this chapter, we introduce the heat release effects on the flow and
flame structures with more details.

5.1. Heat release effects on the turbulence scales

To visualize the heat release effects on the flow dynamics, turbulent structures
are plotted using the Q-criterion. The Q-criterion, developed by Hunt, Wray
& Moin (1988), is used to extract the zone of intense vortical structures, and
is defined through

Q =
1

2
(ΩijΩij − SijSij) , (5.1)

42
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Figure 5.1. Iso-surfaces of Q-criterion with Qiso =
0.1 (Uj/h)

2 for (a) isothermal and (b) exothermic cases. Figure
is taken from Pouransari et al. (2015c).

where Sij = 0.5(∂ui/∂xj + ∂uj/∂xi) and Ωij = 0.5(∂ui/∂xj − ∂uj/∂xi) are
the symmetric and antisymmetric parts of the velocity gradient tensor, respec-
tively. Positive values of Q display regions where rotation dominates over the
straining. The iso-Q surfaces, representing the normalized second invariant of
the velocity gradient tensor are visualized in figure 5.1(a-b) for the isothermal
and exothermic cases. Comparison shows that the small-scale vortical struc-
tures, present in the isothermal reacting case, have substantially been damped
and perhaps merged to larger coherent structures in the exothermic case.

Heat release influences on turbulence scales can be illustrated by examining
the premultiplied spectra, which gives a more comprehensive insight into the
scale variation throughout the wall-normal axis, see e.g. del Álamo & Jiménez
(2003). The premultiplied spectra of the streamwise velocity fluctuations in the
spanwise direction are shown in figure 5.2 using the semi-local inner scaling, as
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Figure 5.2. Premultiplied spanwise spectra, Ez
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2, of the streamwise velocity fluctuations, isothermal

case (black, solid) and exothermic case (red, dashed), scaled in
the semi-inner scaling. The downstream position is x/h = 25
and figure is taken from Pouransari et al. (2013).

explained in eqs. (4.8) and (4.9), Ez
uu

∗ = λzΦuu/u
∗
τ
2. A corresponding wave-

length in the semi-local scaling as λ∗
z = 2π

κz
u∗
τ/ν, could not be defined, since due

to the density variation along the wall-normal axis, a different wavenumber for
each wall-normal location and therefore different wavelengths would be needed.
Thus, the local half-height of each jet has been used to demonstrate the cor-
responding wavelengths. The spectra have two peaks; the inner peak, which
corresponds to the near-wall streaks and the outer-peak, which corresponds to
the large energetic structures of the outer-layer. The figure confirms that the
inner peak location is located approximately at the same distance from the
wall for both isothermal and exothermic cases, but for the latter the peak is
shifted to somewhat larger scales. The location of the outer peak is shifted
significantly toward the inner region and to slightly larger scales, due to the
heat release effects.

There are different possible approaches to describe the heat release ef-
fects on the small scales of turbulence. One way is to examine the higher
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Figure 5.3. Anisotropy invariant maps for the SGS stress
anisotropy at downstream position x/h = 33 for the isother-
mal and exothermic cases. Line styles are as follows;
: isothermal case; : exothermic case. The circle marks
indicate values at the wall and the cross signs show the cor-
responding values at y+ = 30 for each case. Figure is taken
from Pouransari et al. (2015b).

order moments of the gradient fields, that has a rather theoretical perspective,
see Pouransari et al. (2015a). Another strategy, which has a more practical rele-
vance, is to investigate the subgrid scale (SGS) statistics instead, see Pouransari
et al. (2015b). Interestingly, the findings regarding the turbulence small-scale
characteristics, gained through the statistical analysis of the flow have many
phenomenological parallels with those concerning the SGS statistics. To char-
acterize the heat-release effects on the SGS stress anisotropy tensor, invariant
maps (Lumley & Newman 1977; Lumley 1978) are presented by cross-plotting
the second II and third III invariants of the SGS stress anisotropy tensor
aij = τij/τkk − δij/3, defined as

II = aijaij , III = aikakjaji . (5.2)

The limits in the anisotropy invariant map correspond to the two-component
turbulence state when II = 2/9+2III and axisymmetric turbulence state when
II = 3/2(4/3|III|)2/3. These limits define a triangle in the anisotropy invari-
ant map within which all the physically realizable turbulence states lie. In
the anisotropy invariant map, isotropic turbulence with zero anisotropy cor-
responds to the lower corner of the triangle. Axisymmetric turbulence corre-
sponds to the left and right edges of the triangle. At the left edge, one com-
ponent of velocity fluctuations is smaller than the other two, while at the right
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edge, one component of velocity fluctuations dominates the other two. The
latter is denoted by axisymmetric expansion and the former by axisymmetric
contraction. The upper edge of the triangle corresponds to the two-component
turbulence as in turbulence near solid walls.

The anisotropy invariant maps are given in figure 5.3. The SGS anisotropy
level increases due to the heat release effects in the entire wall-normal direction.
At the wall, the trajectory of the isothermal case starts very close to the left
branch, corresponding to the axisymmetric turbulence, whereas the starting
point for the exothermic case, lies somewhere in the two-component limit (the
upper edge). Close to the wall, around y+ = 7, a maximum occurs in profiles
of the two cases with a substantially higher value for the exothermic case than
the isothermal one. This behavior is similar to what was observed in the total
stress anisotropy map characteristics (Pouransari et al. 2015a), but is more
accentuated for the SGS stress anisotropy. Further away, at y+ = 30, the
trajectories move towards the lower part of the right edge. While the isothermal
trajectory gets very close to the lower corner of the triangle, the exothermic
one lies somewhere on the right edge. This is consistent with the fact that the
lower corner of the anisotropy invariant map represents an isotropic turbulence
energy distribution, and indeed, the flow exhibits more isotropic characteristics
for the isothermal case.

5.2. Heat release effects on the turbulent wall-jet flame

Illustrating the mixture fraction isosurface is perhaps the most classical way
to visualize the flame in a non-premixed combustion regime. In addition, the
maximum heat release is indeed concentrated in the vicinity of the stoichio-
metric condition. This is an important iso-plane in reacting flows, since this
is the plane where the fuel and oxidizer should react optimally. Thus, the
flame-turbulence interactions and heat release effects on the structure of the
flame may be assessed by visualizing the stoichiometric mixture surface. The
shape of this surface illustrates the wrinkling caused by turbulence, which can
be substantially affected by the heat release effects, caused by the chemical
reaction.

Figures 5.4(a) and (b) show the stoichiometric surfaces. Here, it can be
observed that this surface develops in the downstream position into a highly
wrinkled and deformed surface for the isothermal reacting case and the surface
area per unit length in the x−direction increases considerably. This wrinkling
is significantly damped in the exothermic case, due to the high heat release.

As was discussed in chapter 3, the scalar dissipation rate, χ = 2ρD ∂θ′′

∂xi

∂θ′′

∂xi
,

is a quantity of prominent importance in non-premixed combustion and there-
fore, it is important to understand the heat release effects on that. Often,
some of the heat release effects are attributed to the decrease of the local Rey-
nolds number, due to the chemical reaction (Pouransari et al. 2014). Here
iso-contours of the scalar dissipation rate are illustrated in figure 5.5, for two
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Figure 5.4. Stoichiometric mixture surface of (a) isothermal
and (b) exothermic cases. Figure is taken from Pouransari
et al. (2015c).

isothermal reacting cases with different Reynolds numbers. The fields are plot-
ted on a logarithmic scale to accentuate their wide dynamic range. In both
cases, long thin sheet-like structures are observed, similar to what is reported
in Hawkes et al. (2007). These figures show much finer structures in the dissi-
pation rate field of the higher Reynolds number case, indicating generation of
more small scales due to the increase in the Reynolds number. In Pouransari
et al. (2013), it was observed that the combustion heat release damp the small
scales and merge them to larger structures. Here, with the increase in the
Reynolds number, the trend is clearly the opposite and the structures become
finer.

Another important point that can be deduced from figure 5.5 is that with
the increase in the Reynolds number, the magnitude of the scalar dissipation
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Figure 5.5. Iso-contours of the logarithm of the instanta-
neous scalar dissipation rate, (a) the lower (Re = 2000) and
(b) higher (Re = 6000) Reynolds number cases. Figure is
taken from Pouransari et al. (2014).

rate seems to be reduced. However, the scalar dissipation rate has the dimen-
sion of inverse time and is a representative of the small-scale mixing. Thus,
when it decreases, the corresponding time scale increases.

Furthermore, the combustion heat release can also affect the characteris-
tics of the reacting scalars. Using conditional statistics, in particular those
conditioned on the mixture fraction, is a good way to visualize these effects.

The ramp-cliff contribution to the reactive scalar statistics in the reaction
zone is much larger than the rest of the mixture fraction field. Thus, to bet-
ter reflect the differences between the reactive scalars in the isothermal and
exothermic cases, the conditional probability density functions (PDFs) on the
mixture fraction are given in figure 5.6. Three different wall-normal positions,
in terms of the local half-height of the jet, are chosen for the two cases. Note
that the passive scalar concentration is used as the representative of the local
mixture fraction. The PDFs of the reactive scalars are conditioned on the local
mixture fraction. Around ten percent of the stoichiometric mixture fraction
value Zst = 1/(1 + φ r) = 0.33, where φ = θF,inlet/θO,inlet is the equivalence
ratio and r = νO/νF = 1 as is used in the reaction equation. It is observed that
if a narrower range is chosen for the conditioning, the PDF tails become more
damped and the corresponding peaks become sharper. It is notable that the
PDFs of the reactive scalar derivatives, as observed in figure 5.6(b) are more
skewed toward the negative side in the conditional plots than the corresponding
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Figure 5.6. Probability density functions of (a) the reacting
species and (b) the wall-normal gradient of the same scalars,
conditioned on the mixture fraction at x/h = 25 at several
wall-normal locations; black color is used for the isothermal
case and the red color for the exothermic case; Line styles are
as following: : y/y1/2 = 0.5 . : y/y1/2 = 0.75 and

: y/y1/2 = 1.0. Arrows point in the direction of decreas-
ing y/y1/2, i.e. moving closer to the wall. Figure is taken
from Pouransari et al. (2015a).

unconditional PDFs. In particular, this is observed in the reaction zone and in
the center of the flame at y/y1/2 = 1.0, which is similar to what is found in the
anisotropic ramp-cliff like structures.

5.3. Heat release effects on the wall heat transfer

The heat transfer to the wall increases with increasing thermal energy release.
The effective wall heat transfer in the chemically reacting wall-jets can be
assessed by computing the corresponding Nusselt number as

Nu =
Qw

λ∆T /y1/2
, (5.3)

where Qw = −λ
(

dT
dy

)
wall

is the instantaneous wall heat flux, y1/2 is the cor-

responding half-height of each jet and ∆T denotes a comparable temperature
difference in the average temperature profile of each chemically reacting jet at
the particular downstream position.

Since the half-height of the wall-jet is only weakly modified by the heat
release effects (Pouransari et al. 2013), the conclusions about the Nu behavior
remain the same, regardless of the choice of the outer length scale. However, the
choice of ∆T makes a meaningful difference in the resulting Nusselt numbers
for the different chemically reacting jets. We have chosen ∆T = Tm − Tw,
where Tw is the solid surface temperature, equal in all cases, and Tm is the
maximum of the mean temperature profile. It can be observed in figure 5.7
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Figure 5.7. Downstream development of the mean wall heat
flux scaled as Nusselt number. Line styles are as follows:
: exothermic case II, (Ze = 8, Ce = 38); • : exothermic
case III, (Ze = 7, Ce = 38); : exothermic case IV,
(Ze = 8, Ce = 40). Arrow points in the direction of increasing
heat release. Figure is taken from Pouransari et al. (2015c).

that the Nusselt number decreases with increasing heat release, i.e. NuII >
NuIII > NuIV . The trend is the same using other outer length scales for
computing the Nusselt number. This is due to the fact that even though the
absolute value of the heat flux is increasing, the maximum temperature in the
mean profile is also increasing for cases III and IV, which results in a reduction
of the Nusselt number. In other words, the effective heat transfer to the wall is
reduced for cases with a higher heat release, due to reduced turbulent mixing.
The turbulent kinetic energy also decreases with increasing heat release, see
Pouransari et al. (2013).

For the same exothermic cases presented in figure 5.7 and a correspond-
ing isothermal reacting case, the mean mass reaction rates are given in fig-
ures 5.8(a) and (b) at the downstream position x/h = 33. The reaction rate
is normalized by the corresponding maximum inlet value of each simulation,
ω̇inlet = Daρ2j Θo,j Θf,j exp(−Ze/Tj). The reaction mainly takes place around
the y = y1/2 plane. This is also consistent with the snapshot of the reaction
rate, shown in figure 4.2(b). Figure 5.8(a) shows that the maximum burning
rate increases with the increase of the heat release, while in the near-wall re-
gion, an opposite trend is observed. To illustrate the near-wall behavior, the
burning rate is given with the logarithmic scale in figure 5.8(b). The wall-
cooling effect of the isothermal surface results in decrease of the local burning
rate. Thus, the exothermic cases show a lower reaction rate for the near-wall
region up to y+ = 30, compared to the isothermal case. Figure 5.8(c) shows the
burning rates scaled with their maximum values. The average profiles with this
scaling retrieve a very similar shape, however, the near-wall characteristics of
the burning rates, as observed in figure 5.8(d), still accentuate the wall cooling
effect even when scaled with the maximum value.
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Figure 5.8. The mean mass reaction rate normalized in terms
of inlet values in (a) linear and (b) logarithmic scale and nor-
malized in terms of the maximum mean value in (c) linear
and (d) logarithmic scale. Profiles are at the downstream po-
sition x/h = 33 and for the scaling of the linear plots the
half-height of the jet y1/2 is used for wall-normal direction and
in the logarithmic plots y+ is used. Line styles are as follows:

: isothermal case I; : exothermic case II, (Ze = 8,
Ce = 38); • : exothermic case III, (Ze = 7, Ce = 38);

: exothermic case IV, (Ze = 8, Ce = 40). Figure is
taken from Pouransari et al. (2015c).

The flame structure depends on the different mixing and turbulence statis-
tics, but it also depends on the prescribed parameters describing the reaction
rate. Flames may possess different shapes, due to the difference in the reaction
rate parameters. For instance, the Damköhler number that appears in the reac-
tion rate formulation, can influence the reaction zone structure and the reactive
scalars (Miller et al. 1994). Therefore, conclusions about the heat release ef-
fects cannot be drawn without considering its influence. To distinguish between
the heat release and the Damköhler number effects, a comparison between two
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Figure 5.9. Probability density functions of (a) the passive
scalar and (b) reactive scalars at x/h = 25 at several wall-
normal distances; red color is used for the higher Damköhler
number case (Da = 1100) and the green color for the lower
Damköhler number case (Da = 500); Line styles are as fol-
lowing: : y/y1/2 = 0.25, : y/y1/2 = 0.5, .

: y/y1/2 = 0.75 and : y/y1/2 = 1.0. Arrows point in the
direction of decreasing y/y1/2. Figure is taken from Pouransari
et al. (2015a).

exothermic DNS cases with different Damköhler numbers, of Da = 500 and
1100, is performed. Figure 5.9 shows the PDFs of both the passive and reac-
tive scalars for these two cases. Four different wall-normal positions, in terms of
the local half-height of the jet y1/2, are considered. As expected, the turbulent
flame becomes thinner with increasing Damköhler number, however, a similar
dynamical behavior for the flame at the same wall-normal distance in terms of
y1/2 is expected. The two cases have similar characteristics at almost the entire
wall-normal direction, except in the near-wall region at y1/2 = 0.25. This is
where the Damköhler number effects are dominant and the PDF of the case
with a higher Damköhler number is more skewed toward the negative side and
obtains a higher peak value. This can also be associated with the isothermal
wall cooling effects in the near-wall region.



CHAPTER 6

Summary of the papers

Paper 1

Direct numerical simulation of an isothermal reacting turbulent wall-jet

We have performed direct numerical simulation (DNS) of a reacting turbu-
lent wall-jet. A single-step global reaction is considered in which the reaction
rate is temperature independent. In this study, thermal effects of the chemical
reaction are neglected intentionally, to exclusively concentrate on the turbulent
flow effects on the isothermal reaction. Fuel and oxidizer enter the computa-
tional domain in two separate streams. The jet flow consist of fuel and the
coflow contains the oxidizer species.

The turbulent statistics of the present DNS are validated against previous
DNS of a non-reacting turbulent wall-jet. To shed light on turbulent mixing
effects on concentration fields in the near-wall region, a detailed study of the
probability density functions (PDFs) is carried out. The comparison between
the reacting and passive scalar PDFs throughout the domain, reveals the signif-
icance of the reaction influence and the wall effects on the scalar distributions.
A detailed discussion about the scalar dissipation rate of the conserved and re-
acting scalars is included. Further, the higher order moments of the scalar con-
centrations as well as the velocities are examined. The higher order moments
of velocities exhibit a similar behavior to those of other wall-bounded flows.
Moreover, the fundamental features of the reaction rate are illustrated through
the instantaneous fields and stoichiometric mixture surface in the isothermal
reacting turbulent wall-jet. Furthermore, a comparison between the third or-
der moments of velocities with the recent experimental measurements is made,
which shows an acceptable correspondence.

Paper 2

Heat release effects on mixing scales of turbulent reacting wall-jets, a direct

numerical simulation study

This study concerns the role of heat release in chemically reacting turbulent
wall-jet flows, where DNSs of several chemically reacting turbulent wall-jets
including significant amounts of heat release are performed. The main aim
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of this investigation is to examine the heat-release effects on different scales
of turbulence. The “turbulence-chemistry” or more precisely “turbulence-heat
release” interactions are illustrated by studying the modifications of different
large and mixing scales. The influence of heat release on different turbulence
and reactants statistics is investigated.

Primarily, it is observed that heat release effects delay the transition process
in the chemically reacting cases and enlarge the fluctuation intensities of density
and pressure. Heat release also enhances the fluctuations level of the species
concentrations. However, it has a damping effect on all velocity fluctuation
intensities as well as the Reynolds shear stress. The turbulent kinetic energy
behavior in different cases is examined, using different scalings. Mixing scales
are visualized by exploring the dissipation rate of the fuel and passive scalar
concentrations. We observed much finer structures in the isothermal reacting
turbulent wall-jet and found that heat release modifies both the instantaneous
field characteristics and the mean values of the scalar dissipation rates. With
aid of vortex diagnosing tools, the stoichiometric mixture fraction surface and
the two-point correlations of velocities, heat-release consequences on different
scales are identified. Larger vortices are detected in simulations with a higher
amount of heat-release and some of the smaller structures are merged together.

Further analysis using one-dimensional and two-dimensional premultiplied
spectra of the streamwise velocity are performed, where the results indicate
a shifting in the position of the outer peak of the energy spectra. Moreover,
probability density functions of reactants are found to be affected by heat re-
lease effects. Finally, the scatter plots of the burning rate versus the inverse
of the scalar dissipation rate and also temperature fields against the mixture
fraction are studied at different locations.

Paper 3

Statistical analysis of the velocity and scalar fields in reacting turbulent wall-jets

In this paper, the DNS database of the isothermal and exothermic reacting tur-
bulent wall-jets, obtained in our previous studies are used, in order to extract
information about the heat release effects on the small-scales of turbulence. The
problem of quantifying anisotropic and non-Gaussian fluctuations is addressed
in chemically reacting turbulent wall-jet flows, with different combustion prop-
erties (isothermal and exothermic) and varying the measuring location, for
several wall distances.

Fully passive components, passive but reactive and active scalars are exam-
ined. In particular, probability density functions of different scalars are studied
to understand the heat release and chemical reaction effects on both the large
and small scale characteristics of the flow. The chemical reaction and heat-
release effects are found to be significant in different regions of the flow. In the
near wall-region, the heat release effects dominate, while in the outer region of
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the jet, the chemical reaction influences are overwhelming. By analyzing the
statistics of the scalar fields, the importance of combustion is illustrated, in
regions far from the wall, where a high intermittency is measured due to the
depletion of the fuel. Two exothermic cases with different Damköhler numbers
are examined and the comparison revealed that the Damköhler number effects
are most dominant in the near-wall region, where the wall cooling effects are
influential. In addition, with the aid of PDFs conditioned on the mixture frac-
tion, the significance of the reactive scalar characteristics in the reaction zone
is illustrated.

Moreover, the anisotropy invariant maps for the Reynolds stress tensor are
investigated to illustrate the heat release effects on the anisotropy level of the
large scales. The higher order moments of the velocity and scalar fields at
large and small scales, are employed to further characterize the anisotropies
at both large and small scales. For instance, the skewness of a vector field,
defined in terms of any of its components, is zero in an isotropic field, but
the situation is different if the gradients are considered where only the odd
moments of the transverse gradients must vanish in an isotropic ensemble,
while the longitudinal ones can be (and indeed are) different from zero also
in a purely rotational invariant case. Therefore, if the wall-normal derivatives
are considered, the skewness of the streamwise and spanwise components are
expected to be genuine measurements of the degree of anisotropy, while the
skewness of the wall-normal component itself is not, being affected by both
isotropic and anisotropic fluctuations.

Looking at the statistics of the gradients, the presence of a strong persis-
tency of anisotropy at small-scales affecting both the velocity and scalars are
highlighted, even at large distances from the wall. Intermittent non-Gaussian
fluctuations are found to be strong also for isotropic components. We argue
that the departure from isotropic characteristics in the entire domain can affect
mixing and ultimately the combustion characteristics of the reacting flow. The
combined effects of strong intermittent corrections and strong persistency of
anisotropy at small scales have implications for the development of more accu-
rate subgrid-scale (SGS) models.

Paper 4

DNS analysis of wall heat transfer and combustion regimes in a turbulent non-

premixed wall-jet flame

Understanding the heat-release effects on the wall heat transfer in turbulent
reacting flows, i.e. heat transfer with or without significant density variation,
is essential for a wide variety of industrial flows, especially combustion prob-
lems. The present study focuses on the wall heat transfer and the near-wall
reaction characteristics.
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New direct numerical simulations (DNSs) of turbulent reacting flow with
heat-release are performed in the wall-jet configuration in a larger computa-
tional domain than the preceding studies in paper 2. In particular, a longer
streamwise length is chosen, hence, there is more room for studying the wall-
turbulence and flame-wall interactions. Significant variations in the density
and temperature fields are observed and the compressibility and heat-release
effects on the density and temperature fluctuation intensities are addressed.

The heat-release effects on the skin-friction coefficients, Cf are investigated
comparing DNSs of isothermal and exothermic reacting turbulent wall-jets.
Reductions in the Cf are observed in the exothermic case, compared to the
isothermal one, and it is found that, the underlying mechanisms responsible
for the behavior of the Cf are different at different regions of the domain and
are explained accordingly.

The wall heat transfer rates are examined for the different reacting cases.
The absolute wall heat flux is increased due to the substantial temperature rise
in the flow field, however, the effective wall heat transfer, measured with the
corresponding Nusselt number, decreases with increasing heat release. Further-
more, the cold wall effects on the near-wall average burning rate are assessed.
It is found that the isothermal wall cooling effect results in an appreciable
decrease of the burning rate in the exothermic cases.

The flame structure is further analyzed using the flame index and the scat-
ter plots for the relative angle between the gradients of the fuel and oxidizer
scalar fields. Finally, the scatter plots are also used to illustrate the coupling
between the local concentration of the reactants and mixture fraction. The
scatter plots indicate that the presence of the wall increases the chances for the
development of the premixed mode.

Paper 5

Assessment of subgrid-scale stress statistics in non-premixed turbulent wall-jet

flames

Heat release effects on the small scales of turbulence can be described with
different approaches. From a theoretical perspective, the higher order mo-
ments of the gradient fields, representing the small-scale characteristics, were
studied in paper 3. In the present investigation, a more practical technique is
used. An analysis of the subgrid-scale (SGS) statistics has been carried out, to
study the heat-release effects, using direct numerical simulation (DNS) data of
a turbulent reacting wall-jet flow. Some phenomenological analogy between the
small-scale characteristics, gained through the statistical analysis of the flow,
with those concerning the SGS statistics, were expected to be found.

Two sets of DNS data are employed, one includes an isothermal reaction
and the other is an exothermic one with heat release. In particular, the proper-
ties of the SGS stress tensor, SGS dissipation of kinetic energy and enstrophy
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are investigated. The separation of scales, to obtain the SGS quantities, is
achieved by application of a box filter.

In addition, the heat release has a considerable influence on the relative
alignment of the SGS stress and resolved strain tensors. Analysis of the PDFs
of the cosine of the angle between the eigenvectors, corresponding to the largest
eigenvalue of the two tensors, shows that the alignment is increased in the buffer
layer, while it is decreased away from the wall. The important degree and
variation of the non-alignment between the SGS stress and resolved strain-rate
tensors represents an important indication of the need for SGS stress models
that are more advanced than the eddy-viscosity-based ones.

To find out the heat-release effects on the dynamics of the turbulent energy
dissipation, SGS dissipation of kinetic energy and enstrophy are evaluated using
length-scale, probability density functions (PDFs) and mean value analysis. It
is found that the mean SGS shear stress and turbulent kinetic energy are sup-
pressed by the heat release, while the SGS anisotropy is substantially increased.
Although, the topology of the resolved strain-rate tensor only marginally dif-
fers between the isothermal and exothermic cases in the near-wall wall region,
substantial differences are observed in the shear layer in the jet area, where the
compressibility effects are important and the exothermic effects are found to
promote compression states. Analysis of the eigenvectors of the resolved strain-
rate tensor shows that extension is the dominant state, in the isothermal case,
while in the exothermic case, compression state is more dominant in the jet
area of the flow. A similar test of the SGS stress tensor reveals that, contrary
to the resolved strain-rate tensor, compression state is dominant for this tensor
and the heat release promotes it.

The SGS stress anisotropy is observed to increase everywhere in the flow
with the increase of the heat release. The mean SGS dissipation was found to
increase in the near-wall region and decrease in the jet area. The PDFs show
an increased intermittency in the SGS dissipation in the buffer layer in the
exothermic case, while the opposite occurs further away from the wall. Fur-
ther analysis of the SGS dissipation shows that its length scale is substantially
affected, especially in the jet area where the heat-release effects are observed,
leading to much larger length scales in the exothermic case. Finally, the SGS
dissipation of enstrophy is studied, where the heat-release effects are found to
decrease the mean SGS enstrophy dissipation and its intermittency in the near-
wall region.

Paper 6

Reynolds number effects on statistics and structure of an isothermal reacting

turbulent wall-jet

In this study, the Reynolds number effects on statistics and structure of isother-
mal reacting turbulent wall-jets are addressed. So far, in our previous studies,
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the Reynolds number was kept constant in order to focus on other points of
interest, especially the heat release effects. The heat release effects, however,
are frequently attributed to the decrease of the local Reynolds number, due
to the chemical reaction, which needs to be further explored using a range of
Reynolds numbers.

Thus, in this study, a three-dimensional direct numerical simulation (DNS)
of an isothermal reacting turbulent wall-jet is performed at a substantially
higher Reynolds number than our previous studies. In this study, the bulk
Reynolds number of the flow, in terms of the inlet quantities, varies from Re =
2000 to Re = 6000, which results in a comparable change in friction Reynolds
numbers. The flow configurations, boundary conditions and the structure of the
flame are all similar to the isothermal non-premixed wall-jet flame, presented
in paper 1. In the higher Reynolds number simulation case, the grid resolution
employs about 180million cells and is well resolved.

Both the turbulent and flame structures become much finer at the higher
Reynolds number. The effect of decreasing the Reynolds number and adding
the combustion heat release are compared with each other and found to be sim-
ilar for some aspects of the flow. Key quantities such as the scalar dissipation
rate, reaction rates and the turbulent kinetic energy profiles are discussed thor-
oughly. The discussion is complemented by illustrating the Reynolds number
effects on the premultiplied spectra. Considering both the Taylor micro scale
and the Kolmogorov scale as well as the half-height of the wall-jet, the effects
of increasing the Reynolds number on a wide range of length scales are recog-
nized. In light of the knowledge gained from the changes in different length
and time scales, a detailed description of how the reaction would differ for the
higher Reynolds number case compared to the lower Reynolds number case is
provided.



CHAPTER 7

Concluding remarks and outlook

This study was focused on understanding the triple “flame-turbulence-wall” in-
teractions in reacting turbulent wall-jet flames, using direct numerical simula-
tion (DNS). The heat release effects on the large and small scales of turbulence
were extensively investigated for mixing and combustion applications. Larger
vortices and flame structures were detected and some of the smaller structures
are merged together in simulations with a higher amount of heat-release. Sta-
tistics of the gradients reveal the presence of a strong persistency of anisotropy
at small-scales, for both the velocity and scalars. The combined effects of the
strong intermittency and persistency of anisotropy at small scales have impli-
cations for the development of subgrid-scale (SGS) models. An analysis of the
SGS statistics has been carried out, to study the heat-release effects, using the
obtained DNS databases. Some parallels between the small-scale characteris-
tics, gained through the statistical analysis of the flow, with those concerning
the SGS statistics, are found. Moreover, the wall-jet configuration enabled
us to study different wall effects on the turbulence and flame structure. The
heat-release effects on the wall heat transfer are investigated. It is found that
the wall cooling effect results in an appreciable decrease of the burning rate in
the exothermic cases and the presence of the wall increases the chances for the
development of the premixed mode. However, more detailed information about
the flame-wall interaction may be gained by introducing a multi-step reaction
with sufficient chemistry.

A DNS of an isothermal reacting turbulent wall-jet was also performed at a
substantially higher Reynolds number than our previous studies, to seek infor-
mation about the differences of the mixing scenario in the near-wall region and
the impact on the flame structure. In light of the knowledge gained from the
Reynolds number effects on the different flow scales, a detailed description of
the differences in the reaction characteristics is provided. The higher Reynolds
number DNS database can be used to further analyze the SGS statistics in com-
pressible flows, such as the SGS scalar flux and scalar variance characteristics
to evaluate non-premixed combustion models.

Furthermore, examination of exothermic DNSs with different Damköhler
numbers revealed that the Damköhler number effects are most dominant in
the near-wall region. An appropriate next step is to perform DNSs at a wider
range of flow and reaction parameters.

59



Acknowledgments

I would like to acknowledge my supervisor Prof. Arne V. Johansson for his
supportive accompaniment, enthusiastic leadership and encouraging inspira-
tions and his guidance and generosity during my work in the past few years.
Thanks Arne, for sharing your knowledge in turbulence with me and for trust-
ing me as an independent researcher. Your always positive attitude towards
my ideas and works are greatly appreciated.

Next, I would like to thank Prof. Luc Vervisch, for being the “combustion”
advisor for me, throughout most of this work. Your quick and constructive
responses to my work and your outstanding teaching attitude are very much
appreciated. Your positive and favorable standpoint was always a great source
of encouragement for me.

I would like to thank the coauthors of the papers in this thesis. Arne
Johansson, Luc Vervisch, Luca Biferale, Laszlo Fuchs, Geert Brethouwer and
Amin Rasam. I gratefully acknowledge Prof. Luca Biferale for the fruitful
discussions we had, during his visits to KTH, while we met in conferences
elsewhere and also during several online meetings. Thanks for your time and
patience and your strong will to convey your insight about turbulence to me.
Prof. Laszlo Fuchs is specially thanked, for his comments on my work and for
being the source of combustion assurance for me inside the department.

I would also like to acknowledge my co-advisors, Dr. Geert Brethouwer
and Dr. Stefan Wallin for their helps and discussions.

This thesis has been proofread by Dr. Amin Rasam, Dr. Ramis Örlü
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Wang, Y. & Trouvé, A. 2006 Direct numerical simulation of nonpremixed flame-
wall interactions. Combust. Flame 144, 461–475.

Warhaft, Z. 2000 Passive scalars in turbulent flows. Annu. Rev. Fluid Mech. 32,
203–240.

Warnatz, J., Maas, U. & Dibble, R. W. 2006 Combustion: Physical and Chemical
Fundamentals, Modeling and Simulation, Experiments, Pollutant Formation, 4th
Edition. Springer.

Wernz, S. & Fasel, H. F. 1996 Numerical investigation of unsteady phenomena in
wall jets. AIAA paper, 96-0079 .

Wernz, S. & Fasel, H. F. 1997 Numerical investigation of forced transitional wall
jets. AIAA paper, 97-2022 .

Westbrook, C. K., Mizobuchi, Y., Poinsot, T. J., Smith, P. J. & Warnatz,

J. 2005 Computational combustion. Proc. Combust. Inst. 30, 125–157.

Williams, F. A. 1985 Combustion Theory , 2nd edn. Benjamin/Cummings.

Wygnanski, I., Katz, Y. & Horev, E. 1992 On the applicability of various scaling
laws to the turbulent wall jet. J. Fluid Mech. 234, 669–690.

Yu, R., Yu, J. & Bai, X.-S. 2012 An improved high-order scheme for DNS of low
Mach number turbulent reacting flows based on stiff chemistry solver. J. Comput.
Phys. 231, 5504–5521.

Zhang, Y., Bi, W.-T., Hussain, F. & She, Z. 2014 A generalized Reynolds analogy
for compressible wall-bounded turbulent flows. J. Fluid Mech. 739, 392–420.

Zhou, M. D., Heine, C. & Wygnanski, I. 1996 The effects of excitation on the
coherent and random motion in a plane wall jet. J. Fluid Mech. 310, 1–37.


