
ON THE APPLICABILITY OF PROGRESS VARIABLE APPROACH FOR
LARGE EDDY SIMULATION OF PREMIXED FLAMES

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES

OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

BULUT TEKGÜL

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR

THE DEGREE OF MASTER OF SCIENCE
IN

MECHANICAL ENGINEERING

OCTOBER 2017





Approval of the thesis:

ON THE APPLICABILITY OF PROGRESS VARIABLE APPROACH FOR
LARGE EDDY SIMULATION OF PREMIXED FLAMES

submitted by BULUT TEKGÜL in partial fulfillment of the requirements for the de-
gree of Master of Science in Mechanical Engineering Department, Middle East
Technical University by,

Prof. Dr. Gülbin Dural Ünver
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. M.A. Sahir Arıkan
Head of Department, Mechanical Engineering

Prof. Dr. Mehmet Haluk Aksel
Supervisor, Mechanical Engineering Department, METU

Assist. Prof. Dr. Özgür Uğraş Baran
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ABSTRACT

ON THE APPLICABILITY OF PROGRESS VARIABLE APPROACH FOR

LARGE EDDY SIMULATION OF PREMIXED FLAMES

Tekgül, Bulut

M.S., Department of Mechanical Engineering

Supervisor : Prof. Dr. Mehmet Haluk Aksel

Co-Supervisor : Assist. Prof. Dr. Özgür Uğraş Baran

October 2017, 79 pages

Combustion applications are the primary energy source and will continue to be for

the near future. Therefore, accurate modeling of combustion applications is crucial

to study and improve the processes. In this study, progress variable approach is used

with the implementation of a source term found in literature to simulate selected fully

premixed combustion applications. CFD computations and preprocessing steps were

conducted using OpenFOAM C++ library. Thermophysical values were obtained

from zero and one dimensional Cantera simulations and given as initial conditions.

Obtaining flame front positions consistent with the experimental results by modeling

the flame as a single scalar transport was intended. k-ε RANS and one-equation eddy

LES turbulence models were used. Results showed that selected source term can

be used independent from the application geometry or used two turbulence models.

Good flame front position correlations with experimental profiles were achieved.
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ÖZ

İLERLEME DEĞİŞKENİ METODUNUN ÖNKARIŞIMLI YANMAYA

BÜYÜK GİRDAP SİMÜLASYONU İLE UYGULANMASI

Tekgül, Bulut

Yüksek Lisans, Makina Mühendisliği Bölümü

Tez Yöneticisi : Prof. Dr. Mehmet Haluk Aksel

Ortak Tez Yöneticisi : Yrd. Doç. Dr. Özgür Uğraş Baran

Ekim 2017 , 79 sayfa

Yanma uygulamaları günümüzde birincil enerji kaynağıdır ve yakın gelecekte de bu

şekilde kalmaya devam edeceği öngörülmektedir. Dolayısıyla, yanma sürecinin doğru

bir şekilde modellenmesi bu uygulamaların incelenmesi ve geliştirilmesi için kritiktir.

Bu çalışmada, literatürde bulunan bir kaynak terimi kullanılarak, ilerleme değişkeni

metodu ile tamamen önkarışmış yanma işlemlerinin benzetimi amaçlanmıştır. HAD

hesaplamaları ve ön işleme adımları OpenFOAM C++ kütüphanesi kullanılarak ger-

çekleştirilmiştir. Termofiziksel değerler sıfır ve bir boyutlu Cantera benzetimlerinden

elde edilip başlangıç koşulu olarak tanımlanmıştır. Alevi tek bir skaler olarak tanım-

layarak deneysel verilerle örtüşen alev yüzey pozisyonlarının elde edilmesi amaçlan-

mıştır. Türbülans, k-ε RANS ve tek-denklem Büyük Girdap Benzetimi metodu kulla-

nılarak modellenmiştir. Sonuçlar önerilen kaynak teriminin uygulamanın geometrisi

veya uygulanan iki türbülans modelinden bağımsız olarak kullanılabileceğini göster-
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miştir. Ayrıca, deneysel verilere benzerlik gösteren alev yüzeyi profilleri elde edilmiş-

tir.

Anahtar Kelimeler: Önkarışımlı yanma, Yanma modellenmesi, İlerleme değişkeni,

Ters basamak, Büyük girdap benzeşim yöntemi
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"Don’t ever, for any reason, do anything, to anyone, for any reason, ever, no matter

what, no matter where, or who, or who you are with, or where you are going, or

where you’ve been, ever, for any reason whatsoever."

- Michael G. Scott
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CHAPTER 1

INTRODUCTION

Combustion applications have been the primary energy source from households to big

industrial applications. At present, combustion takes up about 90% of the worldwide

energy generation, which makes it an important field of study [1]. During the past,

many experimental studies were conducted to improve and increase the efficiency of

combustion applications. With the advancements in computing technologies, analysis

that could only be performed with sophisticated experimental tools twenty years ago

now can be modeled and simulated with computers. Although this does not mean

that experimental analysis has become obsolete, it can be deduced that numerical

analysis of combustion has gained importance with the scientific and computational

advancements.

1.1 LES: An Emerging Approach For Premixed Combustion

In the last twenty years, Large Eddy Simulation (LES) has become a major tool for

simulating non-reacting flows due to the increase in available computational power

[2]. This increase has enabled researchers and engineers to successfully resolve the

majority of turbulent scales, while modeling the sub-grid scales through various tur-

bulence models. The level of detail achieved by LES gives more detailed results

compared to the RANS methods. For instance, Pitsch [3] stated that LES clearly have

more advantages over than the RANS methods for resolving smallest scales in both

premixed and non-premixed turbulent combustion simulations. In addition, Mahesh

et al. [4] performed reactive LES analysis on complex geometries such as Pratt &

Whitney premixed gas turbine combustor and reported good correlation with the ex-
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perimental engine data. However, several problems still remain unresolved regarding

LES applications on reacting flows. For example, in premixed combustion applica-

tions, chemical reactions usually occur in a thin flamelet region that is smaller than

the computational grid used in LES, thus making the combustion chemistry inside

the flame hard to resolve by conventional LES methods. Studies on the experimental

and numerical analysis of laminar flames reported a thermal flame thickness of the

order 10−4 m [5–8]. Capturing the small chemical scales in such configuration would

require a filter length in the order of 10−5 to 10−6 m, which increases the already

high computational cost of LES simulations. This problem has created the need for

an accurate modeling of sub-grid scale combustion physics in order to simulate com-

bustion with less computational requirements. Therefore, different approaches for

combustion modeling have been developed.

A simpler approach divides the problem domain into completely burnt and unburnt

regions and considers the flame as a thin interface between them. In addition, chem-

ical reactions within the flame are modeled algebraically instead of solving species

transport equation for all species involved. This method is usually referred to as

flame surface density, or progress variable approach. It has proved itself to be valid

for a wide variety of premixed combustion configurations.To be able to obtain in-

formation on flame kinetics with relatively low computational cost, this thesis aims

to implement and evaluate the performance of a flame-wrinkling progress variable

approach and rate closure equation with LES modeling using the open source CFD

library OpenFOAM and the Cantera software, a tool for solving problems involving

chemical kinetics, thermodynamics and transport processes.

1.2 Motivation

For the past century, the energy need in both industry and daily usage has been ex-

ponentially increasing globally [9]. With the advances in industrial applications and

transportation technologies, combined with the increase in population, this trend is

expected to continue in the foreseeable future. Although new technologies and ap-

plications have been utilized in renewable energy field for the past several decades,

conventional energy production methods still remain as the primary source of the en-
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ergy. For example, Figure 1.1 and 1.2 show the energy sources used in Turkey’s elec-

tricity generation and the predicted energy demand for the following years [10, 11].

In Figure 1.2, the legend stands for names of different deep learning algorithms used

in the estimation calculations. It can be seen that the energy source has heavily de-

pended on coal and natural gas for the past several decades. Although increasing

efforts have been made for finding alternative clean energy solutions, some aspects of

it still remain problematic such as efficiency and the initial cost of the systems. There-

fore, conventional methods still cover the major percentage of energy generation. In

addition, studies also show that NOx and CO2 emissions caused by the combustion

processes are hazardous for human health and environment [12]. With the ongoing

global warming threat affecting the whole planet, optimization of conventional com-

bustion energy production methods has become a primary concern.

Recently, International Maritime Organization (IMO) announced new regulations for

much lower sulphur emissions from marine vessels visiting EU ports, which will take

effect starting from 2020 [13]. New regulations limiting NOx emissions in similar

manner is expected by the end of 2030. To be able to comply these new require-

ments, major engine companies are seeking new ways to reduce the gas emissions

while keeping the engine efficiency within an acceptable limit. Having strong ties to

Finnish industry companies such as Wärtsilä, VTT and many other EU companies,

Thermodynamics and Combustion Research Group in Aalto University have been

working on this problem with academic and industrial funding for some time.

3



1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Years

0

5

10

15

20

25

30

35

40

45

50

P
e

rc
e

n
ta

g
e

Coal

Liquid Fuel

Natural Gas

Hydrolics

Renewable + Waste

Figure 1.1: Electricity generation of Turkey from different resources

Figure 1.2: Estimated energy demand of Turkey for the next decade [11]

1.3 Problem Definition and Thesis Structure

Combustion occurs as a result of chemical reaction between fuel and oxidizer. All the

chemical reactions take place in a thin region called the flame, which makes conven-

tional CFD methods inefficient to capture as well as completely resolve the chemical

and flow structures in this region. The constant increase in the available computa-

tional power enables combustion modeling to be studied in more detail compared to

past. However, modeling a multi-physical phenomena such as combustion without

any models or simplifications still requires a lot of computational resources. There-

fore, different and simpler approaches have been investigated and considered to be
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used in combustion simulations of industrial applications. There are different model-

ing approaches available for combustion processes and each model has its advantage

and drawbacks. The previous literature has shown that in contrast to detailed model-

ing of combustion chemistry, progress variable approach is an inexpensive solution to

capture flame characteristics and position. Poinsot [14] stated that using more com-

plete chemical reaction descriptions and reaction species requires accurate modeling

of thermodynamics, transport coefficients, conductivity and diffusion, which typi-

cally increases computational requirements by one order. Furthermore, comparative

studies conducted by Ma et al. [15] and Duwig [16] showed that if the source term

modeling is handled properly, progress variable approach is a fast and powerful tool

for getting crucial information on premixed combustion characteristics of combustor

systems. Although progress variable gives less detailed results compared to other

approaches discussed in the next chapter, it still can be considered as a good compro-

mise since less resources are required. However, it should be noted that progress vari-

able approach requires fine-tuned case setups, well created computational grids and

numerically and empirically verified modeling terms, which makes this approach a

suitable tool to utilize for combustion simulations. Nevertheless, when it is optimized

to a specific case, the computational power required to obtain a meaningful solution is

much smaller than other methods. Hence, simplified models such as progress variable

approach gains importance.

This thesis focuses on the application of the progress variable approach to different

premixed combustion configurations. Structure of this thesis is as follows:

• Implementation of an existing source term reaction closure equation from lit-

erature to the OpenFOAM open source progress variable solver for premixed

combustion

• 2D Bunsen burner flame analysis with the RANS turbulence model and com-

parison with experimental results

• 3D LES Bunsen burner analysis to assess the performance of the model on

capturing accurate flame position and wrinkling behavior

• 3D backward facing step simulation to show the performance of the model in

the turbulent reactive flow
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Although this thesis focuses on modeling relatively simple cases compared to indus-

trial applications, it aims to lay the foundation for improved premixed combustion

modeling techniques, which would be useful in analyzing and understanding indus-

trial applications such as IC engines. Validating the performance of progress variable

approach on the selected cases may not guarantee its applicability to complex real life

situations. However, this validation in more stable regimes such as Bunsen flames

can provide information for its applicability for more complex problems. Results and

findings of this thesis will provide a background on more complex future studies on

engine combustion.
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CHAPTER 2

PREMIXED COMBUSTION MODELING OVERVIEW

In most real life combustion applications, flow characteristics are turbulent. In ad-

dition, chemical processes occur during combustion are affected from turbulent flow

behavior. Therefore, successful modeling of turbulent combustion by taking chemical

and sub-grid scale effects into consideration has to be carefully accounted for [15]. In

Section 2.1, information on different combustion process types are presented. Section

2.2 and 2.3 give information on laminar and turbulent premixed flames and differ-

ent combustion regimes based on flow characteristics. Finally, Section 2.4 provides

key concepts of premixed combustion modeling with progress variable approach and

other different methods.

2.1 Overview of Different Combustion Process Types

Combustion processes can be classified by their specific characteristics. There are

two main types of combustion processes: premixed and non-premixed combustion. In

premixed combustion, fuel and oxidizer are completely mixed on the molecular level

before the reaction starts to occur. Due to this prior mixing, the whole process occurs

faster and even more efficient in some cases. In premixed combustion control over

the process is much easier. For example, mixture can be formed in lean conditions to

avoid high temperatures, thus low levels of pollutant formation is achieved. However,

the reaction process is quite unstable since the reactants are already mixed and ready

to react. Eventually, the flame can propagate inside the fuel source and damage the

combustor system, which is defined as flashback.

In non-premixed combustion, fuel and oxidizer are separate from each other and
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mixing of the reactants occurs simultaneously with burning process. A typical ex-

ample for this type of combustion is furnaces. Despite the need for mixing during

combustion process, non-premixed combustion is much safer compared to premixed

combustion. Hence, such a combustion type could be preferred when safety of the

system is the main concern. Diesel engines and gas turbines are some applications

of non-premixed combustion. Furthermore, aircraft gas turbine engines are oper-

ated with non-premixed combustion processes, since safety is the primary concern in

aeronautical applications. Figure 2.1 presents different combustion types and real life

application examples.

Figure 2.1: Combustion systems categorized by premixedness and flow type [1]

Premixed and non-premixed combustion has different physical characteristics. There-

fore, models developed for turbulent combustion processes usually focus on only one

type of combustion process. This thesis focuses on perfectly premixed combustion,

since progress variable approach is only applicable in premixed combustion. Numer-

ical models and test cases throughout this thesis are chosen based on the premixed

combustion method properties.
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2.2 Laminar Premixed Flames

In premixed flames, fuel and oxidizer mix homogeneously prior to combustion. When

a heat source in the form of ignition is supplied, a flame is formed which propa-

gates through this mixture. Although most combustion applications occur in turbulent

regimes, it is important to investigate the laminar premixed flames first to comprehend

the thermophysics of this type of combustion independent from turbulence effects.

Figure 2.2: A schematic picture of laminar premixed flame structure [17]

In Figure 2.2, a schematic for premixed laminar flame structure is presented [17].

Three main layers are present in the laminar premixed flame. As seen in the figure,

the left side of the domain is called the preheat zone. This layer has low reaction

rates and contains unburnt fresh gases. Temperature increases to a certain limit in this

region in order to make the transition of the mixture to the next layer easier. The flame

layer (or reaction zone) is the layer with high rate of chemical reactions. In this region,

burning of fuel to products occurs and the temperature increases exponentially. The

flame progresses with a finite speed and thickness. Flame layer is what separates

burnt gases from unburnt gases in the premixed mixture. Although not mentioned in

Figure 2.2, the right side of the flame is defined as the oxidation layer. In this region,
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radicals formed at the flame layer are completely oxidized and burning process is

finalized. In addition, Figure 2.3 illustrates the transition from the unburnt state to

burnt state, which shows the inverse behavior of temperature and density through the

flame. Using the ideal gas law, it can be deduced that the pressure of the gas remains

almost constant throughout the flow.

To illustrate the regions of the laminar flame, 1D methane combustion simulations

are performed in Cantera and the resulting mass fraction plots are presented in Figure

2.4a. The reactant CH4 starts to deplete in the reaction zone, while the mass fraction

of the end product CO2 increases. Formation of intermediate species such as CH2O

can be seen as well, in the reaction layer. If the region around reaction layer is ex-

amined in more detail, it can be observed that the formation of CO2 starts before OH

formation. OH formation is an indication of high gradients in temperature, which

means that where flame rests. Therefore, region with CO2 formation with no OH

present can be defined as the preheat zone. A plot focusing on the reaction zone is

presented in Figure 2.4b.
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Figure 2.3: Change of temperature and density throughout the methane flame
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Figure 2.4: Cantera simulation for different species in stoichiometric laminar pre-
mixed methane flame

Due to the complexity in the chemical process during combustion, laminar flame

regime is the most suitable region for studying flames before moving into more com-

plex cases. In laminar region, there are no turbulent flow characteristics affecting

the flame. Therefore, thermophysical properties of combustion can be studied more

easily. Findings of this region can later be extended to turbulence driven regimes.

2.3 Premixed Turbulent Combustion Regimes

There are different approaches for simulating premixed turbulent flames. One ap-

proach proposes that the reaction zone of the flame lies on thin propagating surfaces,

which consists of laminar flamelets added to each other. This approach is named as

laminar flamelets approach [18]. According to the effect of turbulence on combus-

tion, turbulent flames can be categorized into different regimes in laminar flamelet

approach. One representation available for these different regimes is called Borghi

Diagram. An improved version of Borghi Diagram is developed by Peters [19] and

given in Figure 2.5.
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Figure 2.5: Premixed turbulent flame regime Borghi diagram [19]

In the figure, u
′
, sL, ,`F `, Re and Ka are turbulence intensity, laminar flame speed,

flame thickness, turbulent length scale, turbulent Reynolds number and Karlovitz

number, respectively. While the x-axis is the ratio of turbulent length scale to flame

thickness, y-axis of the Borghi diagram is governed by turbulence intensity to laminar

flame speed.

Karlovitz number is a dimensionless number used in turbulent combustion and equals

to the ratio of chemical time scale τc to Kolmogorov turbulent time scale τk:

Ka =
τc

τk
(2.1)

For cases where Karlovitz number is less than 1, chemical reactions dominate over

turbulent scales and turbulence cannot affect the internal structure of the flame, where

chemical reactions take place [20]. Turbulent Reynolds number is defined as:

Ret =
u
′
l

sLlF
(2.2)

Following explanations can be made for these regions of the diagram:
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• Laminar Flame Region : For Re < 1, the flame is completely laminar and tur-

bulence has no effect on the flame shape or chemistry.

• Wrinkled Flamelet Region : In this region, u′ is much smaller than sL, which

results in eddies with large enough turnover velocity to wrinkle the flame front.

Still, turbulent structures has no effect on the chemical structures inside the

flame. Laminar propagation dominates over small turbulent effects and corru-

gations within the flame structure are smoothened as the flame propagates.

• Corrugated Flamelet Region : In this regime, Re > 1 and Ka < 1. This means

although the flame structure is perturbated by turbulent eddies externally, in-

ner structure of the flames is confined inside the Kolmogorov scale eddies in

quasi-laminar state. In addition, chemical reaction zone within the flame is not

perturbated by turbulent scales.

• Thin Reaction Zone : This region is separated from corrugated flame region by

Ka = 1 condition, where flame thickness and Kolmogorov length scale are the

same. In the thin reaction zone, smallest eddies at the Kolmogorov length scale

can enter inside the reacting region in the flame structure.

• Broken Reaction Zones: In this region, small eddies can easily penetrate into

the reaction zone of the flame. This makes it impossible to use laminar flamelet

assumption when modeling turbulent flame.

2.4 Different Approaches for Modeling Turbulent Premixed Combustion

Simulating turbulent premixed flames is a challenging task due to the turbulent char-

acteristics of the flow and complexity of chemical reaction processes. Although

mass and momentum conservation equations along with turbulence modeling is suf-

ficient for solving a simple fluid flow case, additional thermodynamic relations such

as species and energy equations must be utilized for flame and combustion calcula-

tion. Combustion is a complex physical process where reactants exothermically react

with each other and form different intermediate species before forming products. In

order to capture the full physical combustion process, mass, momentum and energy

equations coupled with the equation of state should be solved together. Since com-
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bustion process involves different species, transport equation for each species should

also be added. A set of filtered equations that need to be solved during a combustion

simulation can be written as follows [16]:

∂ ρ̄

∂ t
+∇(ρ̄ ũ) = 0

∂ ρ̄ ũ
∂ t

+∇.(ρ̄ ũũ) =−∇P̄+∇.(ρ̄ ũũ−ρuu+µ∇ũ)

∂ ρ̄Ỹi

∂ t
+∇.(ρ̄ ũỸi) = ∇.(ρ̄ ũỸi−ρuYi +ρDi∇Ỹi)+ w̄i

∂ ρ̄T̃
∂ t

+∇.(ρ̄ ũT̃ ) = ∇.(ρ̄ ũT̃ −ρuT +ρDT ∇T̃ )+ w̄T

ρ̄ = (
P

RT
)

(2.3)

The equations presented above are the conservation of mass, conservation of mo-

mentum, conservation of each species mass fraction in the mixture, conservation of

energy and ideal gas equation, respectively. wi and wT terms in these equations are

reaction source terms for species and energy. The bar operation symbolizes filtering

and ~ represents the density weighted averaging.

The governing reactive flow equations constitute a set of computationally stiff equa-

tions, which are challenging to solve without some simplifications. The number of

species involved in combustion is high. In addition, source terms are making the ODE

system too stiff for obtaining numerical solution. To overcome this problem, different

modeling methods of species and source terms have been developed.

2.4.1 Detailed Chemistry Approach

The most accurate and in depth method for simulating combustion processes is direct

chemistry method. Direct chemistry method uses chemical mechanisms containing

the main and intermediate species involved in the combustion process along with their

chemical and thermodynamic properties. This method solves the time-dependent

transport equations for species involved in combustion along with mass, momentum

and energy conservation equations, which are needed for viscous compressible flows.

Chemical mechanisms, which govern the species and reactions involved in the pro-
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cess, are used to determine which intermediate species and reactions are to be taken

into account during simulation. Although there are reduced mechanisms consisting of

smaller number of species and reactions, most of the mechanisms are really detailed.

By solving these equations, information on thermodynamic and chemical state of the

system is obtained. However, even with the increased computational power avail-

able, these kind of detailed simulations of simple combustion configurations would

take days, even weeks to give results. Therefore, applying this methodology to real

systems, such as furnaces or gas turbines, would not be feasible in the foreseeable

future.

As shown in Figure 2.6, a study conducted by Masouleh et al. [21] considers 5 differ-

ent chemical mechanisms and gives comparative results on their performances with

the Cantera software through 1D simulations. Information on chemical mechanisms

used in this study can be found in Table 2.1.

Figure 2.6: Results of different reduced mechanisms on n-dodecane combustion [21]
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Table2.1: Species and reaction information of compared mechanisms

Mechanism Name Species Reactions
Sarathy [22] 2,755 17,460
Polimi Detailed [23] 451 17,848
Narayanaswamy [24] 255 1,512
Polimi Reduced [25] 130 2,323
Luo [26] 105 726

Different approaches have been implemented in order to reduce the computational

cost of combustion simulations. One of the earliest attempts was to reduce the chemi-

cal reaction to a few global reactions and simplify the intermediate formation process

between cold reactants and hot products. However, inaccuracy of this simplification

makes it harder to use this method in simulations of real life applications.

2.4.2 Flamelet-Generated Manifold Approach

Another developed method focuses on laminar flamelet approach and solves the chem-

istry side of the combustion using pre-compiled flamelet look-up tables. Since lami-

nar flamelet approach considers the multi-dimensional flames as an assembly of lam-

inar flamelets, chemical compositions of these laminar flamelets will be close to that

of 1D laminar flames. Using this idea, 1D flamelet equations are solved for differ-

ent controlling variables such as enthalpy and stored in a look-up table to be used

in run-time calculations. By replacing the specie equations with controlling vari-

ables, information of species are stored in a database. A manifold is constructed

using this chemical database containing 1D chemical reaction data. This flamelet

look-up table then can be used in 2D, even 3D calculations. This method is referred

as Flamelet-Generated Manifold (FGM) [27]. It uses chemical mechanisms such as

Gas Research Institute Mechanism (GRI-Mech), which consists of optimized chem-

ical reaction look up tables to calculate thermodynamic and chemical properties of

combustion processes [28]. These reduced mechanisms take the key intermediate

reactions into account rather than solving for every single step in the reaction. Van

Oijen and De Goey [27] first derived the flamelet equations for manifold creation

and validated the approach by comparing it with burner stabilized flame results. In
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addition, Fancello [29] simulated different laminar and turbulent combustion config-

urations using this approach and reported satisfactory results for simple fuels such as

methane. Finally, Wehrfritz et al. [30] studied the target conditions of a more com-

plex diesel surrogate n-dodecane fuel using this approach. They reported that the

manifolds formed by reduced chemical mechanisms were able to capture the Ignition

Delay Time (IDT) trends of the spray experiments correctly.

2.4.3 G-Equation

Although the detailed chemistry and FGM methods are computationally expensive,

they have proven to be suitable approaches for combustion simulations. However,

this thesis focuses on approaches confining species and energy equations into a sin-

gle scalar transport equation, hence simplifying the calculations extremely [16]. For

premixed combustion, these models are either based on progress variable approach or

G equation formulation [17]. G equation formulation assignes a scalar value greater

than zero for unburned area and less than zero for burned area. Then, a transport

equation is solved in order to determine the flame front, which lies at the G = 0 iso

surface [17,31]. Finally, the flame front is tracked by calculating the relative position

of each cell as positive or negative from the G = 0 isoline and locating the flame po-

sition. Transport equation for G, which is applicable in corrugated and thin reaction

regimes, is defined as

ρ
∂G
∂ t

+ρu ·∇G = ρsL|∇G|−ρDK|∇G| (2.4)

where t, ρ , u, κ and sL are time, density, velocity, curvature effect and laminar flame

speed respectively [32]. In Figure 2.7, schematic representation of G-Equation ap-

proach is presented.
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Figure 2.7: Schematic representation of G-Equation approach [17]

Pitsch contributed to the formulation of this approach on premixed turbulent combus-

tion applications, and also conducted validation and benchmarking studies with De

Lageneste to verify the applicability of the model [33, 34].

2.4.4 Progress Variable Approach

The main focus of this thesis is the progress variable approach. In progress variable

approach, the set of equations needed to be solved in Equation 2.3 is simplified by

defining a scalar c from normalized temperature or fuel mass fraction. By doing so,

instead of representing the flame through energy and species transport equations, it is

reduced to a single scalar transport equation as seen in Equation 2.5 [35].

c̃ =
ỸF −YFu

˜YFb−YFu

=
T̃ −Tu

Tb−Tu
(2.5)

In Equation 2.5, Y is mass fraction, T is temperature with subscripts u and b repre-

senting burned and unburned. In this approach, chemical reactions are completely

neglected and the flame behavior is reduced to a single scalar through a transport

equation. Lin [36] utilized this method for simulating both 2D and 3D turbulent
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freely propagating flames, along with 3D turbulent Bunsen flames using LES. He

observed accurate LES predictions for turbulent cases with u′/sL <6-8 region. In ad-

dition, Muppala et al. [37] used progress variable approach with RANS turbulence

model. They modeled the reaction rate term by using a fitting function for experi-

mental Bunsen flame data and obtained good results. Later, this work has extended

to LES turbulent model and proved to be valid for similar cases [38].

By using progress variable approach method, Shahbazian [39] implemented differ-

ent algebraic and transport source term models and compared their performance on

a premixed turbulent Bunsen type flame configuration. In addition, Yasari [40] suc-

cessfully simulated V-shaped and oblique turbulent lean methane-air flames using the

same approach on OpenFOAM. Furthermore, Ma et al. [15] studied the LES analysis

of the ORACLES burner [41] using different algebraic source term equations from

literature and gave a detailed error analysis of these equations.

The main idea behind the progress variable approach is to divide the domain into

burned and unburned regions. The flame front is defined as the transition region from

burned to unburned, using a scalar field. Therefore, continuity throughout the flame

surface is an important factor in order to apply this method. Thus, laminar flamelet

assumption should be valid in order to use the progress variable approach. In broken

reaction zone, laminar flamelet assumption cannot be used. As a result, applicabil-

ity of the progress variable approach is limited to laminar, wrinkled and corrugated

flamelet regimes. Nonetheless, later closure rate modeling studies revealed that it can

also be extended into thin reaction zones. In Figure 2.8, the experimental data used

in this thesis for validation of the modified OpenFOAM code is plotted in a Borghi

diagram [37]. Area inside the blue box represents the regions where laminar flamelet

assumption can be made. For reference, in a Borghi diagram Otto engine is in cor-

rugated flamelet region while gas turbines belong to thin reaction zone and Perfectly

Stirred Reactor (PSR) burners are in broken reaction zone [42].
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Figure 2.8: Flamelet regions of different experimental Bunsen flames used in the
thesis. Area inside the blue frame represents the regions where laminar flamelet as-
sumption is valid. [37].

2.4.5 Advantages of Progress Variable Approach

Although different simulation methods have been used intensively in different studies,

each has its own advantages and disadvantages. While detailed chemistry approach

gives the most detail on chemistry aspect of combustion, it requires really small grid

spacing to capture the reaction zone within the flame and solving the chemistry in

detail for each time step is computationally not feasible yet. In addition, while FGM

method gives reasonably accepted results on the chemistry aspect of the combustion

process, it is much more efficient since the chemistry is tabulated in a look-up table

instead of solved every time step. However, pre-processing the look-up tables before

the simulation is a tedious work and should be repeated if the thermophysical condi-

tions change. Therefore, performing parameter sweeps in simulation is not feasible

using FGM method, since each case would require its own unique look-up table.

As mentioned before, progress variable approach reduces chemistry and turbulence

effects to the flame into a single transport equation and a source term to be modeled

algebraically. Although progress variable approach does not provide in-depth infor-

mation about the chemical aspect of the process, relatively good information on the
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state of the process such as density, pressure and temperature fields and location of

the flame front can be obtained. Solving a single transport equation allows running

multiple cases with different thermophysical initial conditions in much short amount

of time compared to other methods. Since parameter sweeps is the key aspect on

improving existing combustor systems to meet the new emission criteria, a tool that

quickly gives basic information on the system is needed a lot. After validating that

the progress variable approach can be used in premixed combustion analysis with an

acceptable error margin, the application area can be extended into full scale engine

combustion in future.
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CHAPTER 3

METHODOLOGY

In this chapter, Section 3.1 presents governing flow equations and turbulence models

used in the simulations. Section 3.2 introduces the progress variable approach for

premixed combustion modeling as well as explains governing equations and mod-

eling techniques of this approach. Section 3.3 gives information on laminar flame

speed and modeling approach used when calculating the laminar flame speed. Fi-

nally, Section 3.4 and 3.5 describe selected problem configurations, computational

domain, boundary conditions and numerical schemes.

3.1 Governing Flow Equations

When solving fluid flow problems, governing conservation laws apply to fluid flow as

to any other mechanical system. In most cases, Partial Differential Equations (PDE)

for conservation of mass, momentum and energy need to be solved in order to simu-

late the viscous flow. The most common approach for solving these equations is the

finite volume method, which discretizes the domain into small control volumes. This

method solves governing equations in integral form for each and every control vol-

ume [43]. This thesis conducts premixed combustion simulations of different physical

phenomenon using progress variable method within OpenFOAM framework. Open-

FOAM is a C++ based open source library for CFD applications [44]. All the custom

modifications are added to the OpenFOAM framework. In addition to OpenFOAM,

Cantera is used to calculate thermodynamic aspects of simulations. Cantera is a suite

of object-oriented software tools for problems involving chemical kinetics, thermo-

dynamics, and transport processes [45]. It provides thermophysical results for 0D

23



and 1D flame configurations, which is useful in determining the initial and boundary

conditions for the CFD simulations.

In this section, conservation equations solved for simulating fluid flow are introduced

[46]. Additionally, brief information on sub-grid scale turbulence modeling is given.

3.1.1 Conservation of Mass and Momentum

Conservation of mass, also known as "continuity equation", states that time rate of

change of mass in a control volume equals to the mass flow passing through its bound-

aries. Conservation of mass can be expressed as:

∂ρ

∂ t
+∇.(ρ~V) = 0 (3.1)

where ~V is the velocity vector with x,y and z components. Regardless of the assump-

tions imposed on the flow behavior, conservation of mass is a necessary equation for

all flow simulations and should be solved.

The conservation of linear momentum equation states that the time rate for the linear

momentum change of a system equals to the sum of external forces acting on the sys-

tem. It ensures that the system follows the Newton’s second law. Linear momentum

equation is formulated as:

∂ρui

∂ t
+∇.(ρui~V) = 0 (3.2)

It should be noted that this form of momentum equation does not contain any pres-

sure effect. Pressure has to be computed separately and coupled with momentum

equations. OpenFOAM solvers solve pressure separately and couples it to momen-

tum equations.

Linear momentum equation is sufficient when solving for inviscid flows. However,

almost all real fluid flow applications are viscous. Viscous behavior results in shearing

and other stress effects, which should be taken into account by viscous effects into
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the fluid motion formulation. When viscous stresses are included in the equation of

motion by making simplifications using continuity equation, Navier-Stokes equations

for compressible flows are obtained as [47]:

∂ρ

∂ t
+

∂

∂xi
(ρui) = 0

∂

∂ t
(ρu j)+

∂

∂xi
(ρuiu j−σi j) = 0

∂E
∂ t

+
∂

∂xi
(uiE−u jσi j +qi) = 0

(3.3)

where σi j is the stress tensor, E is the energy density and qi is the heat flux. While the

first equation expresses conservation of mass, second governs conservation of mo-

mentum and the final deals with the conservation of energy. Navier-Stokes equations

are enough to govern laminar, viscous flows. However, as the flow becomes tur-

bulent, turbulent scales should also be resolved. Two different turbulence modeling

approaches have been utilized in this thesis. The first one involves the modification of

Navier-Stokes equations to calculate the mean and fluctuating velocity components by

using Reynolds decomposition method. This method divides the velocity into mean

and fluctuating components. Final form of the equations are known as Reynolds Av-

eraged Navier-Stokes (RANS) equations, where extra stress terms arise because of

the turbulent fluctuations. RANS is a robust approach used in turbulence modeling

and widely popular in the academia and industry. However, the turbulence effect

is presented in a time averaged form, hence accurately obtaining the instantaneous

profiles is problematic.

Kolmogorov’s theory explains that the large turbulent scales of the flow can be re-

solved and they depend on the geometry of the problem. However, smaller scales

are independent from the geometry and considered as universal. The other approach,

known as Large Eddy Simulation (LES) can solve large eddies using Navier-Stokes

equations and models smaller scales through a sub-grid scale (SGS) model.

Using a filtering kernel, velocity can be represented with mean and fluctuating parts

as:
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ui(x) =
∫

G(x−ξ )u(ξ )dξ

ui = ūi +u′i

(3.4)

After this, decomposed velocity (and pressure) is inserted to the set of equations in

Equation 3.3. By filtering Equation 3.3, equation for the resolved field is obtained as:

∂ui

∂ t
+u j

∂ui

∂x j
=− 1

ρ

∂ p
∂xi

+ν(
∂ 2ui

∂x2
j
)+

1
ρ

∂τi j

∂x j
(3.5)

where the term ∂τi j
∂x j

comes from non-linear advection, or turbulence.

While modeling this term, sub-grid scale turbulence models define the stress tensor

with the SGS stress:

τi j−
1
3

τkkδi j =−2µt S̄i j (3.6)

where S̄i j is the strain rate tensor and defined as:

S̄i j =
1
2
(

∂ui

∂x j
+

∂u j

∂xi
) (3.7)

After this point, calculating the sub-grid scale viscosity νt varies. In this thesis k-ε

RANS model and one-equation LES model are used, therefore k and ε needs to be

calculated from strain rate tensor [48] as:

ksgs =(Cs∆s)|S|2/C1/2
µ

εsgs =(Cs∆s)|S|3
(3.8)

where ∆s is filtering length and Cs, Cµ are model constants. Procedure in calculating

sub-grid scale parameters differs from this point. The RANS turbulence modeling

approach assumes local equilibrium while calculating the ksgs. In addition, eddy vis-

cosity νt can be defined through k and ε . If RANS is used, u′ and eddy viscosity
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νt can be calculated using the relations in Equation 3.9. Whereas one equation eddy

model, which is used in LES simulations, assumes that the ksgs is not stationary and

solves a transport equation, as presented in Equation 3.10 [49]. The eddy viscosity

is then calculated using the relation given in the equation. After νt is calculated, it is

substituted back into the equation in order to obtain the final form, given in Equation

3.11.

u′ =

√
2
3

ksgs

lx =c3/4
µ

(ksgs)
3
2

ε

νt =cµ

(ksgs)
2

ε

(3.9)

∂ (ρksgs)

∂ t
+

∂ (ρ ū jksgs)

∂x j
− ∂

∂x j
[ρ(ν +νt)

∂ksgs

∂x j
] = ρPksgs−Cε

ρ(ksgs)
3/2

∆s

Pksgs = 2νsgsSi jSi j

vt =Ck(ksgs)
1/2

∆s

∆s =V 1/3

(3.10)

∂ui

∂ t
+u j

∂ui

∂x j
=− 1

ρ

∂ p
∂xi

+(ν +νt)(
∂ 2ui

∂x2
j
) (3.11)

3.1.2 Energy Equation

The first law of thermodynamics states that the time rate for the increase of the total

stored energy within the system equals to summation of the net time rate of energy

addition by the heat transfer and the work into the system.

The set of equations required for solving compressible, viscous fluid flow can be

satisfied by the energy equation coupled with mass and momentum equations. These

equations should be also linked via ideal gas law:

p = ρRT (3.12)
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3.2 Progress Variable Approach

In premixed combustion fuel and oxidizer are mixed prior to burning, therefore it is

possible to represent the "burning state" by using a single scalar. As briefly introduced

in the previous chapter, the main idea behind the progress variable approach is to

model fully premixed combustion more inexpensively by dividing the domain into

burned and unburned regions, as seen in Figure 3.1. Afterwards, species and energy

equations replaced with a single scalar transport equation governing the flame motion,

wrinkling and propagation.

Figure 3.1: Schematic representation of progress variable approach

As presented in Equation 2.5, a progress variable "c" is introduced to represent the

normalized temperature or the fuel mass fraction and the problem domain is divided

such that the progress variable has the value "1" when the mixture is burnt and "0"

when the mixture is unburnt. After defining a scalar to represent the flame front, a

transport equation is obtained to replace species and energy equation as [16]:

∂ ρ̄ c̃
∂ t

+∇.(ρ̄ ũc̃) = ∇.(ρ̄ ũc̃−ρuc+ρDT ∇c̃)+ w̄c (3.13)

where DT is the thermal diffusivity and w̄c is source term which should be modeled to

include both the chemical and turbulence effects. Progress variable can be redefined
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as "regress variable" by simply switching the definition of it in the burnt and unburnt

regions. Although nothing changes in the formulation numerically, it is important

to present the conversion, since the OpenFOAM solver for simulations uses regress

variable approach [50]:

b = 1− c (3.14)

∂ (ρb)
∂ t

+∇.(ρ~ub)−∇.(
µt

Sct
∇b) = wc (3.15)

where the diffusion coefficient DT is replaced with the dynamic viscosity over Schmidt

number, defining the ratio of momentum and mass diffusivity. One should note that

by using the definition in Equation 3.14, the approach becomes regress variable ap-

proach. However, for the sake of consistency within this thesis, the term was kept as

progress variable approach.

Different algebraic relations are proposed for modeling the source term wc, which

governs the chemical and physical effects on the flame propagation. The source term

relation initially defined by Bray and Libby [51] as:

wc = ρuSuI0Σ (3.16)

where Su, I0 and Σ are laminar burning velocity, stretch factor of the flame and flame

surface density term respectively. Same study defines Σ term as:

Σ =
c(1− c)

Ly
(3.17)

where Ly is the crossing length scale (thickness) of the flame. This formulation in the

modeling approach ensures that the source term is only defined in the vicinity of the

flame.

Some of the most recent approaches [15, 16, 37] involve combining Σ and I0 term

together to simplify modeling even further:

wc = ρuSuΞ|∇b| (3.18)
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where Su is the laminar flame speed and Ξ is the ratio of turbulent flame speed to

the laminar flame speed, St/Su. In this approach, |∇b| term ensures that source term

defined only at the vicinity of the flame front similar to Equation 3.17. In addition,

Ξ term governs the effect of flow and chemistry to the flame and the laminar flame

speed. The main task in turbulent premixed combustion simulations using progress

variable approach is to model Ξ term accurately. Although reducing the effect of

complex physical and chemical processes to a single transport equation accelerates

the analysis process, modeling these effects with a single source term is not an easy

task. Variety of different algebraic models have been developed ranging from simple

algebraic closure relations [52, 53] to complex ones developed from fit functions for

experimental results. Ma et al. compared the performances of different algebraic

closure equations and investigated their performace [15]. An algebraic formulation

derived from the experimental data for turbulent premixed Bunsen flames gave the

best results among them. Derived by Muppala et al. [37], this relation is given as:

Ξ =
AT

A
= 1+

0.46
Le

Re0.25
t (

u′

Su
)0.3(

p
p0

)0.2 (3.19)

where Le, Ret , u′ and p0 are Lewis number (ratio of thermal diffusivity to mass diffu-

sivity), turbulent Reynolds number Ret =
u′`x
ν

(`x integral length scale and ν kinematic

viscosity), turbulent velocity fluctuations and reference pressure of 0.1 MPa, respec-

tively. The u′ and `x terms are calculated using the relations introduced in Equation

3.9.

By default, OpenFOAM solver used in simulations utilizes the algebraic relation in-

troduced in [54]:

Ξ
∗
eq = 1+0.62

√
u′

Su
Ret

Ξeq = 1+2(1−b)(Ξ∗eq−1)

(3.20)

Although Equation 3.20 is successful for capturing the flame behavior in quasi steady

cases such as Bunsen burners, simulation of the flame wrinkling phenomena in more

turbulent cases could not be achieved. Developer of the model stated that the flame
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surface instability model is very sensitive to the case setup and numerical schemes

used, thus making it difficult to get a reliable validation case [55]. Therefore, Equation

3.19 is used instead.

It should be noted that the progress variable approach makes a crude assumption

of fully burned and unburned regions divided by a continuous flame front surface,

similar to Figure 2.7. In Figure 2.8, where the Borghi diagram including the flamelet

information of experimental Bunsen flames used in the study is presented, it can

be seen that the application of the progress variable approach is only limited to the

cases where flame front can be represented by continuous laminar flamelets. In this

approach the chemistry inside the flame is only represented by a single step global

reaction. Instead of resolving the chemical scales in detail, flow effects to the flame

shape and wrinkling are modeled through Ξ term in Equation 3.18. By neglecting the

chemistry inside the flame, it is highly unlikely to get realistic results for the chemical

compositions within the reaction zone region. The main idea behind the progress

variable approach is to give information on flame front position and the effect of

flow to the flame shape and wrinkling. In order to achieve this, various modeling

techniques are used for simulating the effect of combustion. Further comments on

this approach and other alternative approaches will be discussed in Chapter 4 and 5.

3.3 Laminar Flame Speed

This thesis mainly focuses on the effect of flow and thermophysical characteristics to

the turbulent burning velocity during the combustion process. Calculating the lami-

nar flame speed closer to the actual value is important for obtaining accurate results.

Although the experimental results for different reactants show that the laminar flame

speed can be measured with a certain accuracy, there are still deviations from one ex-

perimental result to another. The same problem can be seen in the detailed chemistry

approach. Different mechanisms used in simulating the flame yields close but still

different laminar flame speed values, as illustrated in Figure 3.2 [56].
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Figure 3.2: Results of different reduced mechanisms on n-dodecane combustion

Laminar burning velocity depends on composition of the mixture, pressure and un-

burnt temperature [1]. Gülder [57] derived a correlation to estimate the laminar flame

speed of different propane, ethylene, methane and iso-octane mixtures using a fitting

function on empirical data for certain pressure and temperature ranges. Although

extended ranges still give accurate results to a certain point, initial work states that

the correlation is valid for an unburned temperature up to 600 K and around 1 atm

pressure. The full formulation of Gülder correlation is [50]:

Su =Wφ
ηexp[−ξ (φ −1.075)2](

T
T0
)α(

P
P0

)β (3.21)

where φ is the equivalence ratio, T0 and P0 are reference parameters of 300 K and 1

atm, T is unburned temperature and η , ξ , α , β are equation constants for different

reactants. Table 3.1 gives constants provided by OpenFOAM for a number of different

reactants.

Table3.1: Gülder correlation constants for different reactants

Reactant Name W η ξ α β

Methane 0.422 0.15 5.18 2 -0.5
Propane 0.446 0.12 4.95 1.77 -0.2
Iso Octane 0.4658 -0.326 4.48 1.56 -0.22

In order to re-validate the accuracy of Gülder’s correlation, a sweep for equivalence

ratio in constant pressure and temperature conditions is performed using Cantera and
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the obtained laminar flame speed results are compared with Gülder’s correlation re-

sults:
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Figure 3.3: Laminar flame speed for methane flame at T = 300 K and p = 1 atm

The results for Gülder’s correlation seems to be in an acceptable range. Therefore, it

is used in the algorithm for calculating the laminar flame speed.

3.4 Problem Configurations

Three different cases are investigated to assess the performance of the progress vari-

able approach on the OpenFOAM framework, which uses Equation 3.20 as the default

reaction closure term. Before going any further, the source code is modified to use

the rate closure equation given in Equation 3.19.

3.4.1 2D Bunsen Burner (RANS)

As a verification and validation case, 2D analysis of different Bunsen burner cases

are carried out with RANS turbulence modeling to assess the performance of Equa-

tion 3.19. These results are then compared to the experimental data from [6], which

Equation 3.19 is derived by using a fitting function on experimental data.

Investigated Bunsen flames have a burner exit with a diameter of 20 mm. To create a

grid with boundaries far away from each other and not effecting the flame shape, 2D

computational domain in the simulations is extended to 10 times the exit radius in the
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radial direction and 15 times in the height. 2D structured grid with equidistant grid

spacing is used with an approximate grid resolution of 2.5 grid/mm, thus leading to

approximately 50,000 grid points in whole domain, as seen in Figure 3.4.

Figure 3.4: Computational domain for 2D Bunsen flame analysis

Simulation parameters such as ambient pressure, velocity fluctuation at the inlet, and

the inlet velocity are taken from the experimental data in [37] and given as initial

conditions to OpenFOAM. For turbulence modeling, k-ε turbulence model is used.

Inlet values for k and ε are calculated from the given velocity fluctuation and integral

length using Equation 3.9, where cµ = 0.09 and `x is the characteristic integral length

from experimental results.

Thermophysical properties such as density, viscosity, specific heat and enthalpy are

required to perform the combustion simulations. In order to determine these parame-

ters, Cantera is used to simulate the free flame with the same initial conditions. After

the values for reactants and products are determined, results are used as initial condi-

tions for burned and unburned regions in the flow simulation. In Figure 3.5, 1D free

flame analysis for propane with φ = 0.9, Tinitial = 300 K and p = 0.5 MPa is presented.

Cantera cases can be run through Python scripts recursively, which makes it easy to

34



perform parameter sweeps when needed.
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Figure 3.5: Cantera results for φ = 0.9, Tinitial = 300 K and p = 0.5 MPa

Before the effects of flow parameters on the closure reaction term is investigated,

pressure and equivalence ratio sweeps are performed while keeping flow parameters

constant to investigate the effect of thermophysical factors to Equation 3.19. After

the validation of compatibility with different thermophysical conditions, 3 cases of

propane combustion with φ = 0.9 and p = 0.5 MPa are selected to investigate the

effect of flow parameters on the closure rate equation. Details for these cases are

given in Table 3.2.

Table3.2: Simulation parameters for T = 300 K

Fuel φ p (MPa) u′ (m/s) `x (mm) U (m/s) ρ (kg/m3 ν x 106 (m2/s) Su (m/s) Experiment ST/Su
C3H8 0.9 0.5 0.20 0.96 2.76 5.89 3.05 0.26 3.50
C3H8 0.9 0.5 0.49 1.10 2.62 5.89 3.05 0.26 4.15
C3H8 0.9 0.5 1.4 1.25 8.14 5.89 3.05 0.26 7.31

After the cold flow is simulated for approximately after 500 time steps, outlet bound-

ary of the domain is set to b = 0 and the propagation of the progress variable from

this initial condition is investigated. When the convergence is achieved, time aver-

aging is performed on the progress variable field and the results are compared to the
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experimental results in [37] and [6].

3.4.2 3D Bunsen Burner (LES)

After validating Equation 3.19 with a quasi-steady 2D case, the same problem config-

uration is extended to 3D domain to show that the same model can also be utilized for

3D LES simulations. 3D LES simulations are performed for Bunsen flames with dif-

ferent Su/U ratios to show how flame behavior changes with different flame speeds.

This case is also used to demonstrate the performance of the source term reaction

equation for capturing flame wrinkling phenomena. In addition, further information

on applicability limits of progress variable approach is obtained. Since LES turbu-

lence modeling used, turbulence parameters like u′ and eddy viscosity are obtained

from Equation 3.10.

The computational grid consists of approximately 2 million cells. As represented in

Figure 3.6, it mostly concentrates near inlet pipe and the mid plane to capture the

Bunsen flame accurately. Same numerical and boundary conditions of 2D Bunsen

flame simulations are utilized by only changing the turbulence modeling approach to

one equation eddy LES method.
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(a) Overall view

(b) Mesh near pipe exit

(c) Pipe inlet

Figure 3.6: Computational domain for 3D bunsen burner
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3.4.3 Backward Facing Step

After its applicability on LES simulations is validated, the same closure equation is

then applied to the analysis of reacting backward facing step experiment [58]. Dimen-

sions for the setup is given in Figure 3.7, where step height h is 0.0254 m. Equation

3.19 has been proved to be compatible with LES turbulence configurations as well as

RANS simulations [38], which enables the usage of one-equation eddy LES turbu-

lence model approach to model the sub-grid scale turbulence in the domain. Com-

putational domain consists of approximately 1 million cells, as represented in Figure

3.8. Grid is refined near shear layer regions and walls to ensure that y+ <1 condition

is satisfied. Cyclic boundary condition is used in the span-wise front and back walls

to create infinitely long duct effect in z direction.

Figure 3.7: Schematic of the backward facing step problem domain [53]
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(a) Overall view

(b) Channel inlet

Figure 3.8: Computational domain for backward facing step

The experimental data for Bunsen flames is available for a wide range of flow con-

ditions and 3 different type of fuels: methane, ethylene and propane. However, data

on the backward facing step case is only available for propane. Therefore, the simu-

lations are limited to propane only.

Several studies have investigated numerical simulation of backward facing step ex-

periment by making simplifications and assumptions such as utilizing wall functions,

mimicking turbulence by introducing small perturbations at the inlet rather than us-

ing a developed profile [53, 59]. Criteria for assessing the performance of Equation

3.19 should be selected adequately due to the high Reynolds number of the problem
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configuration and having available reacting flow data only for the mass fraction of

CO2 from the experiment. CO2 is the final product of the combustion and its concen-

tration highly depends on the chemical reactions inside the flame, which is not taken

into account in the progress variable approach. To be able to investigate the perfor-

mance of the model and the closure rate equation, non-reactive flow is simulated first.

Time averaged mean and fluctuating velocity statistics are then compared with the

experiments to validate the mesh, numerical models and solver configurations. After

the case is validated, reacting flow is simulated and time averaged progress variable

results are compared with CO2 concentrations, and similar trends in the profiles are

investigated. Flame wrinkling of the flame front surface is investigated in instanta-

neous profiles and compared to Schlieren images. Finally, re-circulation length of

both non-reactive and reactive flow is compared to the experimental results.

3.5 Numerical Methods and Boundary Conditions

For all cases, the governing equations are discretized on collocated grid by using fi-

nite volume approach. Second order spatial and temporal discretization schemes are

selected to ensure enhanced accuracy. In backward facing step case, to ensure numer-

ical stability, cell-limited second order schemes are used for gradient terms. Central

differencing scheme is selected for momentum equation, which ensures reduced nu-

merical diffusion and increases accuracy. In backward facing step case, in order to

create turbulent inlet flow conditions, a cross section along the inlet pipe is selected

150 mm downstream from the inlet and U and k fields are fed back to the inlet, creat-

ing an infinitely long channel to create turbulent effects easier. For each case different

boundary conditions are used. In 2D and 3D bunsen burner cases, fixed inlet velocity

is used with no-slip pipe walls. To prevent the pressure waves bouncing back into

domain, wave transmissive boundary condition for pressure is used in outlet for all

cases. To ignite the field a burned scalar region should be initialized so that flame can

progress from that initialization. For all cases, one of the boundaries set the burned

to initialize the flame. For bunsen burner cases the outlet, for backward step case the

step wall was used for this purpose. Boundary conditions are presented in Table 3.3.
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Table3.3: Boundary conditions

2D Bunsen Burner 3D Bunsen Burner 3D Backward Step

U
Fixed Inlet

No-Slip Walls
Pressure Outlet

Fixed Inlet
No-Slip Walls
Pressure Outlet

Mapped Inlet
No-Slip Walls
Pressure Outlet

p Wave Transmissive Outlet
Zero gradient elsewhere

Wave Transmissive Outlet
Zero gradient elsewhere

Wave Transmissive Outlet
Zero Gradient elsewhere

k
Fixed Inlet

Wall Function Walls
Zero Gradient Outlet

Fixed Inlet
Zero gradient elsewhere

Mapped Inlet
Zero gradient elsewhere

epsilon
Fixed Inlet

Wall Function Walls
Zero Gradient Outlet

- -

Regress variable
Fixed inlet (b = 1)

Fixed Outlet (b = 0)
Zero gradient elsewhere

Fixed inlet (b = 1)
Fixed Outlet (b = 0)

Zero gradient elsewhere

Fixed inlet (b = 1)
Fixed Step Wall (b = 0)
Zero gradient elsewhere

Other scalars Zero Gradient / Calculated Zero Gradient / Calculated Zero Gradient / Calculated
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CHAPTER 4

RESULTS

This chapter presents the results of the modified progress variable solver with Equa-

tion 3.19 in the OpenFOAM framework. After validating the closure equation in

Section 4.1 with the experimental data from [6], 3D analysis of Bunsen flame is in-

vestigated in Section 4.2. 3D Bunsen burner simulation is conducted as a demonstra-

tion step to show the applicability of Equation 3.19 on LES simulations. As a final

case, backward facing step for Re = 22,000 is investigated in Section 4.3.

4.1 2D Bunsen Burner

As a preliminary analysis, Bunsen flames are simulated by sweeping through pres-

sure and equivalence ratio to observe the effect of change in thermophysical prop-

erties. For pressure sweep, equivalence ratio was taken as constant φ = 0.9 and for

equivalence ratio sweep pressure was taken as 0.1 MPa.

Pressure sweep presented in Figure 4.1 reveals that with increasing pressure, turbulent

flame speed increases and Bunsen cone becomes smaller. Relations in Equation 3.19

and 3.21 clearly show that increasing pressure increases both laminar flame speed cal-

culated from Gülder’s correlation and the Ξ term, which results in increased turbulent

flame speed.
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(a) 0.1 MPa (b) 0.5 MPa (c) 0.7 MPa (d) 1.5 MPa

Figure 4.1: Time averaged progress variable flame shape for different pressure values

The most dominant thermodynamic property effecting the overall flame behavior is

the equivalence ratio. Sweeping through different equivalence ratio values reveals

that the turbulent flame speed is highly dependent to this parameter. Equivalence

ratio highly affects the laminar flame speed, which also results in affecting the turbu-

lent flame speed. It can be seen that flame shapes in Figure 4.2 are correlated with

the changing trend of the laminar flame speed with respect to the equivalence ratio, as

presented in Figure 3.3. Furthermore, Cantera simulations revealed that with increas-

ing equivalence ratio, kinematic viscosity decreases, which results in an increase in

Reynolds number. Increase in the Reynolds number also increases Ξ and turbulent

flame speed. However, this effect is much smaller compared to the effect of laminar

flame speed.
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(a) φ =0.5 (b) φ =0.7 (c) φ =1.0 (d) φ =1.4

Figure 4.2: Time averaged progress variable flame shape for different equivalence
ratio values

By using progress variable approach and constant enthalpy assumption in the burned

and unburned regions, all thermodynamic parameters are coupled with a scalar b,

which represents burned as 0 and unburned as 1. Examples of this coupling can be

seen later in Figure 4.16, where instantaneous progress variable, density and tem-

perature fields for backward facing step are presented. For each specific case, free

flame simulations are conducted with Cantera to determine the enthalpy, viscosity

and adiabatic temperature of the flame. These flame conditions are used as initial

conditions in the simulation. Figure 4.3 shows the variation of the temperature and

density across the flame. The data is plotted from centerline of the nozzle outlet in

the axial flow direction. These profiles clearly show that the density is higher in the

unburned region and decreases across the flame. In addition, the unburned density

value is around 5.9 kg/m3, which is consistent with the experimental values in Table

3.2 for same pressure and φ configuration.
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Figure 4.3: Change of thermodynamic values across the flame for φ = 0.9 and p = 0.5
MPa

After performing the thermophysical sweep simulations and ensuring that the rate

closure equation behaves physically as expected, comparison with the experimental

results are made to assess the accuracy of the model. Although Muppala et al. [37]

utilized the same closure rate equation and compared the findings with experimental

data, it is important to investigate the fidelity of the implementation of closure rate

equation and its compatibility with the OpenFOAM framework.

Since the effect of change in pressure and equivalence ratio is investigated and their

behavior is validated, test cases are selected with the constant pressure and the equiv-

alence ratio with other varying flow conditions, such as velocity fluctuations and the

inlet velocity. Therefore, three propane flame cases presented in Table 3.2 are used to
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validate the closure rate equation in OpenFOAM. Resulting progress variable fields

are presented in Figure 4.4. It can be seen that the flame profiles obtained by time

averaged progress variable fields are visually consistent with the averaged experiment

results.

(a) case g (b) case h (c) case i

(d) case g Experiment (e) case h Experiment (f) case i Experiment

Figure 4.4: Calculated Bunsen flame profiles with time averaged progress variable

One other parameter that should be investigated is the non-dimensional flame angle,

represented by St/Su. In Figure 4.5, a basic schematic for the flame speed - inlet

velocity balance is presented. This figure states that the turbulent flame speed that is

normal to the oblique flame front should be in balance with the inlet velocity. If the

half angle of the flame is denoted as θ , relation can be written as:

St =Usin(θ) (4.1)
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This estimation for calculating St value is a crude assumption. However, investigated

flames does not show fully steady behavior, and their shapes along with the turbulent

flame speed at the interface change instantaneously. Therefore it might be better to

determine the St value from the time averaged flame shape, rather than averaging it

through the whole experiment.

Figure 4.5: Balance diagram for steady oblique flames

θ values are calculated from the time averaged progress variable fields and observed

to be between 10 to 20 degrees. After St is obtained using θ and the inlet velocity, av-

erage non-dimensional angle St/Su is found. Calculated results and their comparison

with the experiments are presented in Table 4.1.

Table4.1: Comparison of nondimensionalized flame angles

(St/Su)current (St/Su)Kobayashi [6] (St/Su)Muppala [37]
case g 3.35 3.50 3.28
case h 4.2 4.15 4.26
case i 7.1 7.31 6.51
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The results show that Equation 3.19 is successful in estimating the turbulent flame

speed for propane flames. In addition, Bunsen flame profiles presented in Figure 4.4

show that flame front position and flame shapes are calculated correctly. The contin-

uous lines seen at the flame front region in Figure 4.4 represent the progress variable

iso-contours from b = 1 to b = 0.9. Therefore, presented flame shapes illustrate the

unburned flame region of the Bunsen flame and disregard the transition region of the

flame since chemical scales are not resolved in that region. Since the performance of

the rate closure equation is validated for propane flames, the analysis can be extended

to 3D domain.

4.2 3D Bunsen Burner

After validating Equation 3.19 with 2D Bunsen flame cases, the analysis is extended

to 3D to verify the applicability of the method in 3D simulations. To demonstrate

the performance of the model in capturing flame wrinkling phenomena, three points

are chosen in Borghi Diagram to represent three different turbulent flame regimes, as

seen in Figure 4.6. Due to the limited resources, the simulations were carried out for

only these three cases.

Figure 4.6: 3D bunsen flames on Borghi diagram
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Using the Su/U values in these points with same thermophysical properties, 3 differ-

ent cases are simulated and compared. One equation eddy LES turbulence model is

used with the constant turbulence kinetic energy at the inlet. Similar to 2D Bunsen

burner analysis, thermophysical parameters are given as initial conditions from the

Cantera simulation. Resulting fields are represented by cutplanes in Figure 4.7. In

spray flame analysis, Wehrfritz et al. [30] reported that the fuel-rich core region of

the spray would have premixed combustion characteristics. In Figure 4.7a, it can be

seen that the domain clearly has distinct burned and unburned regions near the core

of the flame, which later diffuse into each other at downstream regions. Also, it can

be seen that in low laminar flame speed configuration, the progress variable approach

successfully captures the flame blow off phenomena. Furthermore, wrinkling of the

flame interface affected from the velocity fluctuations can be clearly observed for the

first phase of the flame, which is located at the first 5 to 6 diameters length from the

nozzle exit in the streamwise direction.
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(a) Su/U = 0.003

(b) Su/U = 0.016

(c) Su/U = 0.06

Figure 4.7: Instaneous progress variable and velocity magnitude profiles for different
Su/U configurations
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If Borghi diagram presented in Figure 2.5 is examined, it can be seen that by increas-

ing the laminar flame speed, the configuration tends to become less corrugated, since

u′/SL value is decreasing. Thus, if laminar flame speed is increased, the flame front

would become less wrinkled. Figure 4.7b is obtained by increasing the laminar flame

speed while keeping the inlet velocity constant, thus Su/U ratio. It can be clearly

seen that the wrinkled profiles around the flame front became flatter. This is due to

the fact that increased burning speed dominates over the wrinkles caused by the turbu-

lent eddies in the domain. The burned region has lower density and higher kinematic

viscosity than the unburned, which causes the turbulent behavior to die out. With

reduced turbulent effects, flame becomes flatter. Schematic representation of flame

wrinkling is given in Figure 4.8. κ represents the curvature effect, which dominates

over unstretched laminar burning velocity with increasing turbulent effect. As the tur-

bulent intensity increases, flame will wrinkle more and finally corrugate. Further at

some point the continuous laminar flamelet will be broken, which would result with

broken reaction zone, where progress variable approach is not valid.

Figure 4.8: Schematic representation of flame wrinkling [60]

Finally, if laminar burning speed is increased even more, Figure 4.7c is obtained. The

Bunsen cone formed by the flame front is clearly visible. The Su value is so high that

this configuration corresponds to the laminar-wrinkled flamelet regime in the Borghi

diagram.

Karlovitz number, which is defined and introduced in Equation 2.1, can be used to

assess the flamelet regime of each case. Simplifying the relation, Karlovitz number

can be represented as the ratio of the turbulence intensity to flame speed, which cor-

responds to the y axis value of the Borghi diagram. The ratio of turbulent length scale

to flame thickness can be taken to be in the order of 10 for simplification. In addition,

cutplanes with time averaged Karlovitz number values are presented in Figure 4.9.
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(a) Su/U = 0.003

(b) Su/U = 0.016

(c) Su/U = 0.06

Figure 4.9: Time averaged Karlovitz numbers for different Su/U configurations
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Due to the 3D nature of the turbulent structures, it is easier to observe the wrinkling

behavior in 3D views of the progress variable field. Therefore, a volume rendering of

the instantaneous flame structure is presented in Figure 4.10.

Figure 4.10: Volume rendering of instantaneous flame profile

Although no change in boundary conditions is made for the 3D simulation, it is impor-

tant to note that by utilizing LES turbulence model, modeled sub-grid turbulent scales

are taken into account when calculating the Ξ. This indicates that Equation 3.19 can

be utilized for different premixed combustion configurations than the one in Bunsen

burners, and this equation does not solely applicable on simplified 2D geometries or

RANS turbulence model.

Gradient of the progress variable scalar can also be examined to get information on

the flame wrinkling phenomenon. Since the gradient will have non-zero values for

regions where transition from burned to unburned occur, it would be easier to observe

wrinkling behavior. Instantaneous gradient fields for progress variable along with

resolved turbulence intensity values are given in Figure 4.11. As seen, while cases

b and c show flat flame surface behavior due to low turbulence intensity, wrinkling

phenomenon can be clearly observed in case a, where turbulence intensity is higher

than the other two.

54



(a) Su/U = 0.003 (b) Su/U = 0.016 (c) Su/U = 0.06

Figure 4.11: Gradient of instantaneous progress variable field and instantaneous ve-
locity profiles for different Su/U configurations
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4.3 3D Backward Facing Step

After the validation of Equation 3.19 on the OpenFOAM framework with LES tur-

bulence modeling approach, backward facing step with reacting flow is selected as a

more complex and challenging case to further test the reaction closure equation per-

formance. The non-reactive cold flow (φ = 0) and the reacting propane combustion

flow (φ = 0.57) are simulated with the initial conditions of p = 1 atm, T = 300 K

and Re = 22,000. Time averaged non-reactive velocity fields are compared to the

experimental results in order to validate the numerical schemes, mesh and boundary

conditions used in the simulation. Then, reactive flow is simulated using the same

conditions and results are presented.

Figure 4.12 shows the streamwise velocity fields for the developed cold flow. The

turbulent flow structures in Figure 4.12a are obtained after the flow has passed through

the domain approximately five times. After this instantaneous field is obtained, flow is

simulated for 9-10 more passes while taking the time average of velocity field, totaling

up to an average simulation time of 1 second. Resulting time averaged velocity field is

presented in Figure 4.12b. Both instantaneous and time averaged streamwise velocity

profiles show that the flow is turbulent. The reason for the rise of turbulent structures

in the early stages of the simulation is the mapped inlet boundary condition used in the

simulation. A cross section 150 mm away from the inlet in the streamwise direction

is selected and the flow is mapped from this section back to the inlet to create an

infinitely long channel entry. With the help of this feature, breaking of the flow into

turbulence is accomplished much more easily.
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(a) Instantaneous streamwise velocity

(b) Time averaged streamwise velocity

Figure 4.12: Streamwise velocity profiles for cold flow

In order to validate the flow field obtained from cold flow simulations, time averaged

mean and fluctuating (root mean squared) velocity profiles for different cross sec-

tions are plotted and presented in Figures 4.13 and 4.14, respectively. Experimental

and simulation data obtained from Weller [53] and Pitz & Daily [58] are used as a

reference to compare the results. For normalizing the velocity, the inlet velocity u0

= 13.3 m/s is used. Results obtained from the simulation are consistent with the ex-

perimental and simulation data, which validates the suitability of the computational

grid, numerical schemes and boundary conditions used in the simulation. The de-

viations from the experimental data are expected, since the reference data was only

available in the normalized form, amplifying the deviation visually. This discrepancy

can be seen more clearly in Figure 4.14. However, the maximum deviation from the

experimental results is around 5%, which is within an acceptable range.
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Figure 4.13: Time averaged profiles for streamwise velocity component at different
cross sections for non-reacting flow
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Figure 4.14: Time averaged profiles for streamwise velocity fluctuations at different
cross sections for non-reacting flow

In the next step, reactive flow simulations are carried out. The non-reactive developed

flow profiles are used as initial flow conditions and the reaction is initiated into the

fully developed flow. Thermophysical properties are obtained from 1D Cantera sim-

ulations and given as initial conditions. In order to optimize the ignition process, the

progress variable field is initialized by setting the step wall below the nozzle outlet to

0 and the field is developed from this boundary, as seen in Figure 4.15 [59].
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Figure 4.15: Instantaneous progress variable profiles for t = 0 to t = 0.5 s

Table4.2: Cantera initial conditions for p = 1 atm φ = 0.57

Temperature (K) Density (kg/m3) Kinematic Viscosity (m2/s)
Unburned 293 1.23 1.78e-05

Burned 1644.85 0.21 5.83e-05

As mentioned in the previous chapter, thermophysical properties are coupled with the

progress variable field. The burned and unburned values of density and temperature

are assigned to those regions directly from the ideal gas equation and Cantera initial

conditions, which are listed in Table 4.2. The thermophysical properties of the flame

region where progress variable is between 0 and 1 is linearly interpolated using burned
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and unburned values. Since these values most likely do not show linear behavior

inside a real flame, this approximation is one major drawback for the accuracy of

progress variable approach. Instantaneous profiles of density and temperature with

the corresponding progress variable field is given in Figure 4.16. As can be seen in

the figure, density and temperature are perfectly correlated with the progress variable

field and inside the physical range of the case.

(a) Progress variable

(b) Density

(c) Temperature

Figure 4.16: Thermodynamic parameters and progress variable fields

In the experiment, instantaneous profiles for the reactive flow is captured using Schlieren

images, as seen in Figure 4.17 [53]. Comparing this image with the fully developed

instantaneous profile in Figure 4.15 shows that the flame layer looks like a Kelvin-
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Helmholtz instability profile rather than a straight line. This confirms that the ap-

proach is successful for modeling flame wrinkling.

Figure 4.17: Schlieren photograph of the reactive flow [53]

After the flow is completely developed, time averaged progress variable field is ob-

tained by collecting the data for an extra 0.5 seconds as seen in Figure 4.18. In

addition, gradient of the time averaged progress variable field is represented in Figure

4.19. From the change rate of progress variable it can be observed that flame is defined

in a thin region between burned and unburned regions as expected. Post-processing

analysis revealed that the thickness of the flame is around 5 mm and average filter

size inside is around 1 mm, which are too coarse for obtaining inner flame structures.

Figure 4.18: Time averaged progress variable field

Figure 4.19: Gradient of time averaged progress variable field

Obtained time averaged field is also spatially averaged in the spanwise direction and
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the resulting progress variable field is compared to the experimental results by using

different cross sectional profiles in Figure 4.20. The experimental data used to com-

pare with the progress variable is the normalized mass fraction of CO2 at different

cross sections. CO2 emission is a chemically dominated phenomena and strongly de-

pends on the chemical reactions inside the flame region. Therefore, the progress vari-

able field is not consistent with the actual CO2 mass fraction data inside the reaction

zone. This inconsistency occurs since in progress variable approach, the chemical

structures within the flame is completely ignored and parameters are linearly inter-

polated using burned and unburned properties. As a result, although the progress

variable field fails to match the CO2 emission results in the flame region, it captures

the location of the flame in the domain. For example, in Figure 4.20b, the starting

point of progress variable transition at 1 occurs around the position where CO2 emis-

sion starts. This clearly indicates that while the proposed method can not resolve the

region inside the flame, the boundaries of different regions of the premixed flame is

captured by the progress variable.
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Figure 4.20: Time averaged profiles for progress variable values at different cross
sections for reacting flow
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One other feature of both reactive and non-reactive flows that can be investigated

to validate the accuracy of the results is the reattachment (or re-circulation) length.

Reattachment length is defined as the distance from the step wall to the position where

flow reattaches to the wall [61]. Reattachment length can be found by plotting the wall

shear stress and locating the position with the sign change. It can also be visually

determined by examining streamline profiles of the flow field. Reattachment lengths

measured from streamlines in Figures 4.21 and 4.22 are presented in Table 4.3 along

with the experimental and simulation results for comparison. The experimental data

is accurate in ±0.5h interval, which makes the results within the acceptable range.

Figure 4.21: Streamlines for cold flow

Figure 4.22: Streamlines for reactive flow

Table4.3: Reattachment lengths for experiment and current simulation (Re = 22,000)

Non-Reactive x/h Reactive x/h
LES [59] 6.8 4.4
Experiment [58] 7.0 4.5
Current Results 7.08 4.7

4.3.1 Resolution of the Case in LES Modeling

The main idea behind LES turbulence model is to resolve the flow field as detailed

as possible. Although generated results show good correlation with the experiments,

determining the quantity of the resolved flow field is also important. Therefore, two
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different parameters are calculated throughout the computational domain to further

validate the results.

Two parameters important in assessing the quality of the LES simulation are inte-

gral length scale and Kolmogorov length scale. Integral length scale is a parameter

describing the size of the large-eddy containing eddies in turbulent flows. Using tur-

bulence parameters, it can be described as:

`= k3/2/ε (4.2)

For capturing the small scales, ratio of cubic root of the cell volume to this value

should be less than around 0.08 [62]. In addition, one other parameter for assessing

the LES performance is the Kolmogorov length scale, which is defined as:

η = (ν3/ε)1/4 (4.3)

For DNS applications, ratio of cubic root of the cell volume to the Kolmogorov length

scale should be around 1 to 3. For LES applications, this value should be less than

10 [63].

In the light of this information, following two conditions should be satisfied by the

computational simulation to successfully capture the small scale turbulence:

A1/3

k3/2/ε
< 0.08

A1/3

(ν3/ε)1/4 < 10

(4.4)
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Figure 4.23: Kolmogorov and integral length scale contours

For the backward facing step simulation, contour plots of these quantities are given in

Figure 4.23. The results show that, although the condition for the Kolmogorov length

scale is satisfied, cell size to integral length scale ratio is above the desired threshold.

Although this affects the amount of resolved eddies in the simulation, behavior of the

flame front is not heavily affected since the reaction region where chemistry takes

place is already filtered out by the computational grid. Having a coarse mesh would

result with a thickened flame but the behavior of that flame front will not be affected.

65



4.4 Discussion

Both Bunsen burner and backward facing step cases show that the progress variable

approach using the rate closure term in Equation 3.19 is successful in capturing flow

and thermophysical characteristics of each case. Although small deviations are seen

from the experimental data, considering both the numerical deviations arise from

CFD side such as round-off errors, numerical diffusivity, turbulence modeling and

the typical error margins in any experiment, it is safe to say that the results are quite

satisfactory within the acceptable range.

Firstly, results of performed Cantera simulations for free flames conform experimen-

tal results of reactive flows. This is a crucial step, since these results are directly given

as initial conditions for burned and unburned regions explicitly. As chemical reac-

tions are not resolved when using the progress variable approach, getting the initial

conditions by simplified Cantera analysis with detailed chemistry approach is quite

important. In all simulations, thermophysical properties of the burned and unburned

regions are consistent with the available experimental data.

2D Bunsen burner simulations after implementing Equation 3.19 reveal that if ap-

propriate rate modeling is used, the approach is successful for capturing the flame

position and thermophysical properties for both burned and unburned regions. Pre-

liminary analysis performed by sweeping the pressure and equivalence ratios while

keeping all other parameters constant shows that the model reacts to change in the

thermophysical properties as it is expected. While the increased pressure results in

higher turbulent flame speed and smaller Bunsen cone, change in the equivalence ra-

tio directly affects the laminar flame speed. In addition, it also causes change in the

flame cone is correlated with the laminar flame speed - equivalence ratio relation,

presented in Figure 3.3. It is important that the turbulent flame speed is sensitive

to the changes in thermophysical properties during the simulations, considering that

chemistry and thermodynamics are not resolved by the proposed approach. This pre-

liminary analysis ensures that although explicitly defined, thermophysical aspect of

the combustion process is still taken into account.

Three propane flames that are simulated and compared with the experimental data
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using normalized flame angles show that the time averaged progress variable fields are

quite consistent with the experimental Bunsen flames. Since Equation 3.19 is derived

by fitting a function into experimental Bunsen flame, correlation in results is expected.

Some approximations are made for defining burned and unburned regions properly,

since the flame region is not infinitely thin due to numerical dissipation in the scalar

transport equation. The reason for this dissipation comes from the discretization and

numerical schemes used for increased stability. Although the approach states that the

burned region is represented by the value 0, b value ranging from 1-0.9 is selected for

unburned representation, thus assuming a region is burned when b is smaller than 0.9.

By using this assumption, flame shapes are compared in Figure 4.4. The obtained

flame shapes fits to the results gathered from the experimental setup.

3D analysis of the selected Bunsen flame can be considered as an intermediate step

linking this analysis of the backward step to the 2D Bunsen burner validation cases.

Simulations performed with different Su show that according to the position of the

case in the Borghi diagram, different premixed flame characteristics can be observed.

While more turbulent configurations would result with wrinkled flames and blow-off

phenomena, increasing the laminar flame speed enables the flame to dominate over

turbulent effects and flatten out the wrinkles. By increasing this sufficiently so that

the process is in laminar flamelet region, steady profiles such as Bunsen cone can be

obtained.

Cold flow analysis results for the backward facing step are consistent with experi-

mental results and give insight about the complexity of the case. The high Reynolds

number of the case requires highly resolved shear layer region, which needs high

resolution near the walls. Although average y+<1 condition is satisfied for all wall

boundaries, refining the mesh near shear layer regions may result in more correlated

results with the experiment. Furthermore, wall functions for turbulence parameters

can be utilized to enhance the accuracy. Results presented in Figure 4.13 and 4.14

show that the accuracy is good enough even with current configuration.

During the course of running the simulations, different initialization approaches for

the reactive case were investigated. By default, OpenFOAM uses ignition approach

by setting a certain region defined by the user to burned gradually over the prescribed
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time. However, pressure waves and high velocity gradients arise when this method

is not optimized properly. This is a tedious work, since every single case requires

a specific ignition initial condition by trial and error. To prevent that, setting one of

the relevant boundaries to burned condition and the progress of the flame from that

boundary by convection is preferred.

When assessing the performance of the approach in the backward facing step, differ-

ent parameters are used. Firstly, the instantaneous progress variable fields obtained

from the spanwise centerline surface shows that the flame wrinkling phenomena is

captured properly by the proposed approach. Comparing the instantaneous profiles

with Schlieren photograph of the reactive flow in Figure 4.17 also shows a general

similarity in flow behavior and flame wrinkling positions. Considering the computa-

tional cost of modeling the combustion flame using a detailed chemistry approach, ob-

taining the wrinkling behavior by solving only a single scalar transport equation can

be considered as an achievement for extending this modeling approach to industrial

combustion problems. Furthermore, solving a reactive case with such high Reynolds

number and turbulent behavior using detailed chemistry is almost impossible with the

current computational power available for industrial or academic applications.

Time averaged progress variable profiles for different cross sections of the backward

facing step and normalized CO2 mass fraction results show strong correlations as

seen in Figure 4.20. As mentioned in the previous chapter, progress variable method

utilizes a global one step chemistry approach which only accounts for fully burned

and unburned states of the combustion.
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CHAPTER 5

CONCLUSION

5.1 Summary and Overview

In this thesis, accuracy of the progress variable approach for simulating premixed

combustion process was investigated. The source term, which includes the effect

of the chemistry and flow onto the flame shape, was modeled using model equation

from literature and implemented into the OpenFOAM framework. Different features

of OpenFOAM and Cantera were used for pre-processing and simulation steps. Post-

processing is performed in ParaView, an open source, multi-platform data analysis

and visualization tool [64].

After the implementation of the new source term relation to OpenFOAM, the per-

formance of the new solver was validated through 2D Bunsen burner simulations.

Different Bunsen burner flames were simulated to show the sensitivity of the solver

to changes in the thermophysical and flow properties. Obtained flame shape profiles

and non-dimensionalized flame angles were compared with the experimental flame

results to prove that both the approach and the implemented source term relation are

successful in capturing premixed combustion process. With validating the perfor-

mance by both visual inspection of the flame shapes and the non-dimensionalized

flame angles, simulations were extended into 3D. A 3D computational grid for the

same burner with same inlet geometry and boundary conditions was constructed, and

the performance of the source term relation in simulations with LES turbulence mod-

eling was verified. Ability of the solver in capturing stretching and wrinkling effects

was validated.

Since a quasi-steady application such as Bunsen burner was not sufficient to verify
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the applicability of the model completely, reactive backward facing step flow with

Reynolds number of 22,000 was also simulated to validate the closure rate equation

for turbulent flows. In non-reactive flow analysis, averaged fields of mean and fluc-

tuating velocity showed good agreement with the experimental results. In reactive

case the approach managed to get a good result about the position of the flame front

inside the domain. It also managed to capture the wrinkling behavior of the flame

layer during the process.

5.2 Review of the Thesis Objectives

In Chapter 1, objectives for the thesis were set. These objectives are presented below

again to comment on how well they were accomplished throughout the thesis.

1. Implementation of an existing source term reaction closure equation from liter-

ature to the OpenFOAM progress variable solver

• For modeling chemical and turbulent effects onto the flame, a source term

equation derived from the experimental Bunsen flame data was imple-

mented to the OpenFOAM framework. Information on both new equation

and default OpenFOAM equation was given. By implementing this al-

gebraic source term definition into OpenFOAM framework, an improved

version of the progress variable solver made available for the OpenFOAM

user community.

2. 2D Bunsen burner flame analysis with the RANS turbulence model and com-

parison with experimental results

• Preliminary analysis performed with different pressure and equivalence

ratio configurations proved that the model behaves as expected to the

changes in the thermophysical or ambient properties.

• Both flame shape and non-dimensionalized flame angle results of the sim-

ulations were consistent with the experimental profiles.

3. Extension of the 2D RANS Bunsen burner analysis to 3D LES simulations and

verifying the applicability of the source term in LES
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• 3D analysis of the Bunsen flame gave similar results with the 2D config-

uration.

• Calculation of turbulence properties from the LES model validated the

applicability of the model to LES simulations.

• The method managed to capture flame stretching and wrinkling effects in

the wrinkled and corrugated regions properly.

4. 3D backward facing step simulation to show the performance of the model in

the turbulent reactive flow

• Simulation of a non-reactive flow showed good correlation with the ex-

perimental results. Both time averaged mean streamwise velocity and

streamwise velocity fluctuations fit the experimental profiles nicely, thus

validating the used mesh, numerical schemes and boundary conditions.

• Reactive profiles obtained by the time averaged progress variable field

managed to capture the flame front position in the domain. By the nature

of the approach, no information was obtained on the mass fractions of

chemical species involved in combustion.

As mentioned before, the progress variable approach requires well defined simulation

cases with appropriate physical and numerical properties. Although the objectives set

at the beginning of the thesis were mostly satisfied, there is still room for improvement

and corrections. A table giving the information on achieved goals along with some

pitfalls and suggestions is given in Figure 5.1.

5.3 Future Work

In addition to the work performed throughout this thesis, more studies can be con-

ducted to further investigate and improve the premixed combustion simulations. Some

key points are summarized below.

• Although average y+<1 is satisfied for backward facing step, computational

grid can be refined more to resolve smaller turbulent scales, which in turn in-

creases the accuracy of the solution.
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• Schemes with limiter characteristics and numerical dissipation are used for

progress variable parameters to enhance the stability. By trying out different

computational grids and numerical schemes, less dissipative schemes can be

used to resolve the flame and better estimation for its position.

• Since progress variable assumes one step global reaction, the chemistry inside

the flame is completely ignored. This can be improved by introducing small

mechanisms (3-7 steps) to the solver in order to partially resolve the chemistry

inside the reaction zone.

• Other approaches such as Direct Chemistry Method or FGM method can be

utilized in the same simulation cases to compare their performance with the

progress variable approach.

• Other premixed combustion applications with available reference data can be

simulated to further verify the solver and its benchmark abilities.

• Instead of using constant enthalpy approach, thermodynamic polynomials and

Sutherland formulation can be used to calculate the enthalpy and kinematic vis-

cosity in the simulations. Although the chemistry will still remain unresolved,

this approach might give more accurate detail inside the reaction zone.
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