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As global energy demands rise and concerns over fossil fuel emissions

intensify, there is an urgent need to develop sustainable alternatives. Extensive

research is being conducted to optimize hydrogen combustion. Key combustion

properties, such as laminar flame speed and Markstein number, play crucial

roles in characterizing premixed flames. These parameters influence flame

stability, speed, and response to perturbations. While these properties can be

determined experimentally, such measurements are often costly and subject to

uncertainties. Numerical simulations, therefore, provide a valuable approach

to studying these characteristics more efficiently.

In this work, a computational framework is developed to model cylindri-

cally expanding laminar flames under constant pressure. This method avoids

common instabilities encountered in ignition simulations. After validating the

model against existing literature, the framework is applied to unity Lewis num-

ber mixtures of hydrogen and oxygen diluted with helium. These mixtures are

vi



studied at varying dilution levels, equivalence ratios, and pressures to under-

stand their behavior in conditions relevant to the Von Kármán Combustion

Chamber (VKCC), where the focus is on understanding the dynamics of tur-

bulent flame fronts. The Markstein number is a critical parameter in assessing

flame stability as it reflects the balance between diffusive and advective trans-

port at the flame front. For all selected mixtures, the study found positive

Markstein numbers, indicating stable behavior. Notably, as the equivalence

ratio increases from 0.65 to 0.95, as the laminar flame speed and Markstein

number increases.
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Chapter 1

Introduction

1.1 Background and motivation

As the world grapples with the urgency of reducing carbon emissions,

the development and adoption of carbon-free fuels have become a critical focus

in energy production. Hydrogen, with its potential to serve as a clean fuel, of-

fers a promising pathway toward decarbonizing sectors traditionally reliant on

fossil fuels. Hydrogen combustion produces only water as a byproduct, making

it an ideal candidate for sustainable energy production without harmful carbon

emissions. Current advancements in burner technology aim to optimize effi-

ciency and reliability of hydrogen/ammonia combustion, demonstrating that

hydrogen/ammonia can support the energy needs of society at scale.

Hydrogen’s role in future energy systems is reinforced by the Interna-

tional Energy Agency’s Global Hydrogen Review 2023 [12], which highlights

hydrogen as central to achieving net-zero emissions and securing global energy

supplies. Efforts to improve hydrogen-based combustion systems are instru-

mental in driving the energy industry towards adopting hydrogen as a viable

fuel source and meeting the increasing demand for sustainable energy solu-

tions.
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The main motivation of this work rests in a distinct project aiming

to investigate turbulent interface dynamics, which is significant for turbulent

combustion as these interfaces impact the overall fuel burn rate. Various com-

bustion regimes are influenced by how reactive fronts evolve, are formed and

destroyed. Prior computational studies by Kulkarni et al. [17, 18, 16] analyzed

the behavior of such interfaces in isotropic turbulence, establishing a basis for

experimental research on turbulent interfaces within confined geometries, such

as in a von Kármán Combustion Chamber (VKCC).

VKCC is a combustion device specifically designed to generate a stable

turbulent shear flow generated by counter-rotating impellers. In the work by

Vinod et al. [31], a turbulent von Kármán swirling flow is generated within

a closed cylindrical chamber bounded by two counter-rotating disks. These

disks, fitted with 16 curved blades, function as centrifugal pumps, drawing

fluid in along the centerline and expelling it radially to create intense mixing.

The disks have a radius of 0.925 times the cylinder’s inner radius, and the

spacing between them is 1.8 times this radius. This setup mirrors a widely-

used experimental design for studying swirling flow dynamics. More geometry

details are available in the supplementary material of [31].

In the VKCC, the goal is to create interfaces observable by imaging

and laser diagnostics, such as particle image velocimetry (PIV) and planar

laser-induced fluorescence (PLIF). In order to achieve this goal, low heat-

release, premixed reactive mixtures were chosen to create stable interfaces

without significant density variations, ensuring visibility, minimal thermod-
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iffusive instability, and avoiding significant increase in pressure brought by

combustion in a closed vessel. The Lewis number (Le), defined as the ratio of

thermal diffusivity (α) to mass diffusivity (D), represents the relative rates of

heat and mass diffusion. When Le = 1, both thermal and mass diffusivities

are equal, leading to symmetric flame propagation. However, when Le ̸= 1,

mass and temperature diffuse at different rates, introducing additional physi-

cal processes that significantly impact flame propagation. One of them is the

thermodiffusive instability (Markstein 1964; Sivashinksy 1977), which occurs

due to imbalance between mass and thermal diffusion rates. In this work, the

choice of unity Lewis number is justified by the objective to focus on solely

on geometry-related stretch effects alone. The selected fuel/oxidizer mixtures

selected described in section 1.11, are lean H2/O2 mixtures with unity Lewis

number, achieved through high helium dilution.

The overarching goal of this work is to develop a framework for cal-

culating the laminar flame speed and the Markstein number. Although the

ultimate focus of this work is on turbulent combustion, the study of laminar

flames is essential because they provide a fundamental reference for under-

standing flame dynamics in more complex turbulent environments.

Laminar flame speed serves as a key parameter in many turbulence

models and is often used to define the flamelet regime of turbulent combus-

tion. Similarly, the Markstein number characterizes the sensitivity of the flame

to stretch and curvature, which are critical factors in turbulent flame propaga-

tion. Therefore, an accurate understanding of these laminar flame properties is

3



necessary to establish a baseline for analyzing and predicting turbulent flame

behavior. The following sections will explore the theory and relationships

central to these parameters.

1.2 Laminar flame

A laminar flame is a type of flame in which the flow of the reacting

gases is smooth and orderly, and the fluid flow is not in the turbulent regime.

In the laminar regime, the premixed flame front propagates in a uniform and

predictable manner, typically described by well-defined equations [22]. Key

characteristics of a laminar flame include:

� Flame front propagation: The flame front generally propagates at

a well-defined speed relative to the unburnt gas, known as the laminar

flame speed. However, under certain conditions such as stretch, curva-

ture, or instabilities, laminar flames may exhibit unsteady behavior.

� Thin reaction zone: The region where reactions occur is very thin,

with sharp gradients in temperature and species concentrations between

the burnt and unburnt gases.

� Predictable structure: In the absence of turbulence, the flame struc-

ture remains relatively smooth, and spatial distributions of velocity, tem-

perature, and species concentrations are easier to predict and analyze

compared to turbulent flames.

4



1.3 Definitions

The definitions of key metrics that describe premixed laminar flames

are discussed here.

The laminar flame speed is defined as the speed of unburnt mixture

normal to the flame surface relative to the local flow velocity [19]. It is denoted

by SL.

The flame thickness (δL) is a measure of the extent of a premixed

flame. One of the most widely adopted definitions considers the gradient of

the temperature distribution across the flame (along the normal to the flame

sheet) ∂T/∂x as well as the unburnt (Tu) and burnt (Tb) gas temperatures [6]:

δL =
Tb − Tu(
∂T
∂x

)
max

. (1.1)

A schematic representation of Eq. 1.1 is shown in Fig. 1.1. The flame thickness

as defined above is also known as the “thermal thickness” of the flame.

The flame time is a characteristic time defined as the ratio of flame

thickness to laminar flame speed

τL =
δL
SL

. (1.2)

The flame time represents the time taken by a premixed flame to move a

distance equal to the flame thickness.

The density ratio σ is the ratio of the densities of unburnt (ρu) to burnt

(ρb) gases,

σ =
ρu
ρb

. (1.3)
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Figure 1.1: Spatial distribution of the temperature across a laminar premixed
flame.

All laminar flames have a density ratio σ > 1.

1.4 Detailed structure

In this section we present an overview structure of an unstretched pre-

mixed laminar flame. An premixed hydrogen/air mixture with equivalence

ratio ϕ = 0.5 at standard temperature and pressure i.e. T = 298 K and

p = 1 atm is chosen. The results presented are obtained using the Premixed

package in Cantera [7]. A detailed mechanism by Burke et al. [2] is used in

the analysis, and more details on this mechanism are discussed in Section 1.10.

Fig. 1.2 illustrates the spatial distribution of temperature and gradient of tem-

perature across the flame. Typically, the temperature starts from the unburnt

gas, rises sharply in the flame front, and then reaches the adiabatic flame

temperature in the burnt gas zone. The preheat zone shows relatively low

temperatures as the unburnt mixture is heated by conduction from the flame

6
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Figure 1.2: Temperature (T ) and gradient of temperature (dT/dx) along the
flame (x) for H2/air premixed mixture with equivalence ratio ϕ = 0.5 at 300
K and 1 atm.

front. The reaction zone exhibits a steep temperature rise, which marks the

combustion process where heat is released due to chemical reactions. In the

post-flame zone, the temperature remains relatively constant, representing hot

burnt gases. The gradient of temperature along the flame profile (dT/dx) rep-

resents how rapidly the temperature changes spatially. The gradient is highest

in the reaction zone, indicating rapid heat release and energy transfer in this

region. Mole fractions of major species (H2, O2, N2, and H2O) and heat release

rate (HRR) along the flame are shown in Fig. 1.3. Mole fractions of minor

species, mainly radicals (OH, H, O, and HO2) and HRR along the flame are
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Figure 1.3: Mole fraction (X) of major species and HRR along the flame (x)
for H2/air mixture with equivalence ratio ϕ = 0.5 at 300 K and 1 atm.

shown in Fig. 1.4, In the active reaction zone (i.e. at locations between 6 and 9

mm) the rapid rise in HO2 mole fraction occurs slightly before the other species

in the early stages of the reaction zone. However, HO2 levels decline quickly

after peaking, indicating that HO2 plays a crucial but transient role during the

early stages of the combustion process. Following the initial HO2 formation,

the production of H radicals dominates. The peak in H mole fraction coincides

with the peak heat release rate, highlighting that H radical formation through

chain branching is closely associated with the energy release in the flame. As

the H radicals react with O2, they lead to the generation of OH and O radicals

through chain propagation reactions. The presence of OH and O marks the
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Figure 1.4: Mole fraction (X) of minor species and HRR along the flame (x)
for H2/air mixture with with equivalence ratio ϕ = 0.5 at 300 K and 1 atm.

establishment of the flame’s propagation mechanism, where the reaction rate

and energy release are sustained. The HRR curve peaks sharply around the

same location where H, OH, and O radicals are at their maximum concentra-

tions, demonstrating that the heat released is directly related to these highly

reactive species. Beyond 9 mm, the concentrations of these radicals diminish,

and the HRR also declines, indicating that reactions are no longer contributing

to the increase in temperature across the flame.
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Figure 1.5: Schematic diagram of a) planar flame b) stretched laminar flame.

1.5 Stretched laminar flames

In Section 1.2, we presented the characteristics of a planar or un-

stretched laminar premixed flame, which represents the simplest mode of flame

propagation. In such a configuration, the flame front is flat, and there are no

external influences or geometrical variations on the flame surface affecting

flame propagation. The flame moves at a constant speed (relative to the fluid)

into the reactants, which is determined primarily by the thermodynamic prop-

erties of the reactants and products, as well as the chemical kinetics governing

the combustion process. However, in practical combustion scenarios, flames

are rarely flat. Instead, they are often subjected to stretch due to flow non-

uniformities and flame curvature, leading to what is known as a stretched lam-

inar flame. A comparison between stretched and unstretched laminar flames is

shown in Fig. 1.5. Some basic definitions and mathematical models employed

in the description of stretched laminar flames are discussed next.
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1.5.1 Flame speed

Before defining the flame speed, a formal definition of the flame surface

is required.

The flame surface corresponds to an iso-surface of the progress variable

based on the temperature. In some studies the progress variable is based

on the concentration of species. Let us consider a point on the flame surface,

T (x, t) = T ∗. At any location on this surface, the local gradient of temperature

T defines the normal of the flame front as [26]

n = − ∇T

|∇T | , (1.4)

where n points into the unburnt reactants as shown in Fig. 1.6. The flame

speed (FS) is defined as the velocity component normal to the flame front,

which can be written as [26]:

Sa = w · n. (1.5)

The flame speed is usually constant on the flame front if the flame is not

thinned or thickened by the flow.

The flame displacement speed (FDS), Sd, as defined by Giannakopoulos

et al. [6] as “The speed at which a iso-surface moves relative to the flow of

reactants in the direction normal to the surface itself.”, which can be written

as [6]

Sd = Sa − v · n, (1.6)

11



Figure 1.6: Schematic of quantities relevant to the definition of the flame
speed [26].

where v is the local gas velocity.

1.5.2 Flame stretch

The flame stretch formulation is generalized by applying the transport

theorem to a surface moving with an arbitrary velocity. A surface A(t) is

moving in space with an arbitrary velocity w, and its normal vector is n.

Using the transport theorem, the stretch rate K, as derived by Candel et

al. [3]

K =
1

δA

d(δA)

dt
= −nn : ∇v +∇ · v + SL∇ · n. (1.7)

The stretch formulation has concluded with three terms, the first term

is normal element of the strain rate tensor, the second term is volumetric

expansion of the fluid, and the last term is the curvature effects.
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Figure 1.7: Schlieren image of a spherical expanding flame for H2/air mixtures
at equivalence ratio ϕ = 1, T = 298 K, and p = 1 atm [11].

1.6 Spherical and cylindrical expanding flames

Expanding flames can take different geometrical forms based on the

symmetry of the system:

� Spherical Expanding Flames: These flames propagate uniformly out-

ward in all directions from a central ignition point, forming a spherical

shape. Fig. 1.7 shows a schlieren image of a spherical propagating flame

for H2/air mixtures at ϕ = 1, T = 298 K, and p = 1 atm, taken from

Huo et al. [11].

� Cylindrical Expanding Flames: These flames propagate outward in

a cylindrical shape, expanding radially while maintaining a consistent

axis of symmetry. This geometry is often used in systems where one-

dimensional or axisymmetric flame propagation is of interest.

The flame configuration of these expanding flames is shown in Fig. 1.8.

Due to the simplicity of the geometry, the flame speed and stretch rate can be

13



Figure 1.8: Flame configuration of expanding flames [6].

directly deduced from geometric considerations. The flame speed is defined as

the rate at which the flame surface, r(t), changes with respect to time, i.e.,

Sa =
dr

dt
. (1.8)

Similarly, the flame displacement speed from Eq. 1.6 can be reduced

to [6]

Sd =
dr

dt
− vr, (1.9)

where vr is the velocity of the unburnt gases in the radial direction towards

the flame.

The stretch rate depends on the geometry of the expanding flame. For

a spherical expanding flame, it can be expressed as [26]

K =
1

δA

d(δA)

dt
=

2

r

dr

dt
, (1.10)
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and for a cylindrical expanding flame, it is [26]

K =
1

r

dr

dt
. (1.11)

1.7 Markstein theory

Markstein theory is a linear theory that relates the local flame speed

Sf to the flame stretch K as

Sf = SL − LK, (1.12)

where L is the Markstein length. Physically, the Markstein length encapsulates

the balance between diffusive and advective transport mechanisms at the flame

front.

When L > 0, the flame speed decreases with increasing stretch, indi-

cating that diffusion stabilizes the flame against stretch effects. Conversely, if

L < 0, the flame speed increases with stretch, making the flame more suscep-

tible to instabilities.

The above theory is modeled in different ways in the literature based on

how the variables are defined, such as flame speed (FS) and flame displacement

speed (FDS), which are detailed in the next two sections.

1.8 FDS relation

This relation is based on work by Giannakopoulos et al. [6]. In Mark-

stein theory, when the local flame speed is defined by flame displacement speed,
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Eq. 1.12 becomes [6]

Su
d = Su

L − LK, (1.13)

where the flame displacement speed on the unburnt side Su
d is related as

Su
d =

ρSd

ρu
, (1.14)

where the displacement speed Sd is calculated based on Eq. 1.9.

Since the laminar flame speed calculated from the unstretched flame is

on the unburnt side, we have Su
L = SL. Substituting the above relations into

Eq. 1.13 and dividing by SL, we obtain [6]

S̃d

SL

= 1− L
δL

δLK
SL

, (1.15)

where S̃d = Su
d .

The Markstein number is then calculated as [6]

M =
L
lf

=
L
δL

δL
lf
, (1.16)

where lf is the flame thickness defined by the diffusion length, i.e., lf =
Du

th

SL
,

and Du
th is the thermal diffusivity of the unburnt gas.

1.9 FS relation

The following formulation was developed based on the work of Huo et

al. [11]. In Markstein theory, when the local flame speed is defined by flame

speed, Eq. 1.12 becomes [11]

Sb
a = Sb

L − LbK, (1.17)
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where Sb
a is the flame speed calculated on the burnt side

Sb
a =

dr

dt
, (1.18)

and Sb
L is laminar flame speed calculated on the burnt side of the flame, which

can be related to SL as

Sb
L = σSL. (1.19)

Dividing Eq. 1.17 by Sb
L gives

Sb
a

Sb
L

= 1− Lb

δL

δLK
Sb
L

. (1.20)

Finally, the Markstein number is calculated as

Mb =
Lb

δL
. (1.21)

The relation in Eq. 1.20 varies depending on how the stretch rate is

defined, which is discussed below. In the linear stretch (LS) extrapolation

model, the stretch rate is defined in Eqs. 1.11 and 1.10.

1.10 Chemistry mechanisms

Multiple mechanisms exist to describe the chemical reactions occurring

in gas mixtures, each varying in complexity and scope. These models range

from simple global reaction mechanisms to detailed mechanisms that consider

numerous individual species and reactions. For example, reduced mechanisms

simplify the reaction network while maintaining essential dynamics, whereas
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comprehensive mechanisms, such as GRI-Mech for combustion, provide a de-

tailed representation of species interactions and reaction rates. The choice of

mechanism depends on the specific application and the desired balance be-

tween computational cost and accuracy. In this work, we use four different

mechanisms:

� Li et al. [23] — An updated comprehensive kinetic model of hydrogen

combustion. This mechanism has 11 species and 19 reactions.

� Hong et al. [10] — An updated H2/O2 reaction mechanism that incorpo-

rates recent reaction rate determinations in shock tubes from laboratory

experiments. This mechanism consists of 10 species and 20 reactions.

� Burke et al. [2] — An updated H2/O2 kinetic model based on that of Li

et al. The primary motivations for the model revision are to incorporate

recent improvements in rate constant treatments and resolve discrepan-

cies between experimental data and predictions using recently published

kinetic models in dilute, high-pressure flames. This mechanism consists

of 13 species and 19 reactions.

� UCSD [30] — Chemical-Kinetic Mechanisms for Combustion Applica-

tions developed at the University of California, San Diego. This mecha-

nism consists of 58 species and 270 reactions.
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1.11 Mixture Selection

The work presented in this section is based on the work of Aditya Vinod,

a doctoral candidate at The University of Texas at Austin. The description of

the mixture selection is included here to ensure continuity and provide clarity

for the reader.

The objective is to select unity Lewis number mixtures to minimize

thermodiffusive instabilities in the VKCC. This was achieved by adding he-

lium as a diluent to the hydrogen/oxygen mixture. Different combinations of

equivalence ratio ϕ and helium mole fraction in the oxidizer ϑ were studied

using Cantera [7]. Figure 1.9 illustrates the Lewis number in the ϕ-ϑ space,

where points marked in magenta indicate unity Lewis number mixtures.

It was observed that varying pressure does not affect the Lewis number.

From these mixtures, a subset with constant dimensionless parameters for

Tu = 300 K was selected, as shown in Table 1.1. They are named as DXXEYY,

where XX is ϑ× 100 and YY is ϕ× 100.
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Tu = 300 K.
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Table 1.1: Table of selected mixtures with Le ≈ 1 and constant dimensionless parameters for Tu = 300 K.

Name ϑ ϕ XHe XO2 XH2 LeH2 LeO2 Pr ScO2 p0 σ SL δL τL ατL
(atm) (m/s) (mm) (ms)

D80E95 0.80 0.95 0.5797 0.1449 0.2754 1.002 1.586 0.526 0.834 1.000 7.604 3.708 0.567 0.153 1.130

D82E90 0.82 0.90 0.6193 0.1360 0.2447 0.998 1.627 0.531 0.864 1.000 7.380 3.216 0.617 0.192 1.104

D84E90 0.84 0.90 0.6522 0.1242 0.2236 1.002 1.678 0.539 0.904 1.000 7.167 2.832 0.673 0.238 1.076
2.000 7.227 2.990 0.282 0.094 0.987

D89E65 0.89 0.65 0.7787 0.0962 0.1251 0.999 1.831 0.558 1.022 1.000 5.140 1.097 0.951 0.867 0.963
2.000 5.140 0.304 0.435 0.420 0.928
3.000 5.141 0.201 0.284 0.293 0.912
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1.12 Objective and Outline

The overall objective is to develop a framework for calculating laminar

flame speeds and Markstein numbers and to apply this framework to premixed

hydrogen/oxygen mixtures diluted with helium (selected mixtures) in cylin-

drically expanding flames. This objective will be achieved by completing the

following tasks:

� Conducting an extensive study to determine the appropriate relation for

calculating Markstein numbers.

� Initializing the flame and implementing the Soret effect in the numerical

solver.

� Validating the numerical solver through a convergence study and com-

paring the results with existing literature.

� Applying the developed framework to calculate the properties of the

selected mixtures.

The structure of the report is as follows. Chapter 2 provides an ex-

planation of the governing equations and the numerical solver. Chapter 3

focuses on the validation of the solver. Finally, Chapter 4 presents the results,

conclusions, and potential future work for this research.
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Chapter 2

Governing equations and numerical solver

This chapter provides a comprehensive overview of the governing equa-

tions used to model the complex physics of reactive flows. It discusses the

methods for implementing these equations into a numerical solver, detailing

how they are discretized and solved to capture the dynamics of reactive pro-

cesses. Furthermore, the chapter introduces techniques for post-processing the

raw data generated by simulations.

2.1 Governing equation

The fully conservative finite difference scheme for incompressible flow

simulations by Morinishi et al. [25] is used in the solver. Using the higher

order accurate finite difference schemes for the non-linear convective term in

the Navier-Stokes equations suffers from an aliasing error. To overcome this

error, second order finite difference schemes on a staggered grid arrangement

are employed [5].

The variable density, low Mach number Navier-Stokes equations are

expressed as follows. The conservation of mass is given by [5]

∂ρ

∂t
+∇ · (ρu) = 0, (2.1)
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where u is the velocity vector and ρ is the mixture density. Similarly, the

conservation of momentum is given by [5]

∂(ρu)

∂t
+∇ · (ρu⊗ u) = −∇p+∇ · σ, (2.2)

where p is the pressure, and σ is the stress tensor given by [5]

σ = µ
(
∇u+ (∇u)T

)
− 2

3
µ(∇ · u)I. (2.3)

In momentum equation Eq. 2.3, µ is the mixture dynamic viscosity and I

is the identity tensor. The conservation of energy with constant pressure

approximation is [5]

∂ρh

∂t
+∇ · (ρhu) = −∇ · q, (2.4)

where h is the enthalpy, and ∇·q is source term. The transport equation is [5]

∂ρZ

∂t
+∇ · (ρuZ) = ∇ · (ρDZ∇Z) + ω̇, (2.5)

where DZ is the diffusivity. Here ρ = ρ̂(Z), µ = µ̂(Z),DZ = D̂Z(Z), and ω̇

are density, viscosity, diffusivity and chemical source term respectively. The

modeling of species diffusion velocities is is approximated using different mod-

els; generally, two models are used: multicomponent transport and mixture-

averaged transport. In this work, the mixture-averaged transport model is

used, which will be presented in detail in the next section.

2.2 Mixture-average transport

This section describes approximate (mixture-averaged) methods to de-

termine transport properties in a mixture from the pure species values and
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binary diffusion coefficients. These technique offers accurate, and less com-

putational cost compared to multicomponent transport [28]. The transport

equations are explained below.

Models for Vi, the species diffusion velocity, are based on the uncor-

rected species diffusion velocity V0
i , here only mass diffusion is considered.

The model defined in the work by Kuo [13]:

V0
i = −Di

∇Xi

Xi

= −Di
∇Yi

Yi

−Di
∇W

W
, (2.6)

where W is the molecular mass of the mixture and Di is the species mixture-

averaged diffusion coefficient. The Hirschfelder and Curtiss approximation is

adopted for Di [8]. The species diffusion velocity is approximated as Vi =

V0
i + uc, where uc is the correction velocity defined as:

uc = −
∑

i

YiV
0
i . (2.7)

Then the transport equation Eq. 2.5 for Yi becomes:

∂ρYi

∂t
+∇ · (ρuYi) = −∇ · (ρYiVi) + ω̇i (2.8)

= ∇ · (ρDi∇Yi)∇ · (ρYiu
c) +∇ · jmi + ω̇i, (2.9)

where

jmi = ρDiYi
∇W

W
. (2.10)

The transport equation for enthalpy (at constant pressure) results

∂ρh

∂t
+∇ · (ρhu) = ∇ · (ρDth∇h)−∇ · (ρhuc)

+∇ ·
(∑

i

hij
m
i

)
−∇ ·

(∑

i

hiρ(Dth −Di)∇Yi

)
+ ω̇h

i .

(2.11)
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2.3 Soret effect

The Thermal diffusion also known as Soret effect is the occurrence of

a diffusion flux due to a temperature gradient. This effects plays a role where

there is heavy or light fuel in the mixtures. Traditional mixture-averaged dif-

fusion models assumption neglect thermal diffusion. A brief review by Liang et

al. [24], have addressed that Soret effect plays an important role in determining

the flame speeds, laminar flame speeds and Markstein numbers.

As explained in the above section i.e. combustion model using mixture-

average transport, which does not included the thermal diffusion. In this

section we include the Soret effect to model the mixture-average transport. In

the Eq. 2.6 add the thermal diffusion, which gives the uncorrected velocity V0
i

as presented by Kuo [13]:

V0
i = −Dm

i

∇Xi

Xi

− DT
i

ρYi

∇T

T
= −Dm

i

∇Yi

Yi

−Dm
i

∇W

W
− DT

i

ρYi

∇T

T
, (2.12)

where DT
i is species thermal diffusion coefficient will be discussed later. The

correction velocity contains two different correction given as

uc = um
c + uT

c , (2.13)

where um
c is correction due to mass diffusion and uT

c is correction due to

thermal diffusion, as given the correction are evaluated by equation Eq. 2.7,

yielding

um
c =

∑

i

Di∇Yi +
∇W

W

∑

i

DiYi, (2.14)
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and

uT
c =

1

ρ

∇T

T

∑

i

DT
i . (2.15)

The transport equation for Yi Eq. 2.5 can be reduced to:

∂ρYi

∂t
+∇ · (ρuYi) = −∇ · (ρDi∇Yi)−∇ · (ρYiu

c)

+∇ · (DT
i

∇T

T
) +∇ · ji + ω̇i,

(2.16)

In enthalpy transport Eq. 2.17 substituting the Eq. 2.12 results

∂ρh

∂t
+∇ · (ρhu) = ∇ · (ρDth∇h)−∇ · (ρhuc)

+∇ ·
(∑

i

hij
m
i

)
+∇ · (

∑

i

hiD
T
i

∇T

T
)

−∇ ·
(∑

i

hiρ(Dth −Di)∇Yi

)
+ ω̇h

i ,

(2.17)

where DT
i is the thermal diffusion coefficient of species i, units of kgm−2 s−1.

It is determined using multicomponent and mixture-averaged approximations,

they are briefly expalined in the work by Schlup et al. [28].

2.4 Thermal diffusion coefficient

The species thermal diffusion coefficient is calculated from multicom-

ponent transport properties based on studies conducted several decades ago [9,

15]. In these studies, the thermal diffusion coefficients are computed by solving

a system of equations. The subroutine used to calculate the thermal diffusion

coefficient DT
i is available in Chemkin, a software tool for solving complex

chemical kinetics and reacting flow problems [14], and is named “MCMCDT”.
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Given the pressure, temperature, and species mole fractions, this subroutine

returns the species thermal diffusion coefficient. Results obtained using this

approach are referred to as MA-MC.

The mixture-averaged thermal diffusion model introduced by Chapman

and Cowling [4] was selected as it eliminates the need for pre-simulation of ther-

mal diffusion coefficients via multicomponent transport. Instead, the thermal

diffusion coefficients are calculated during runtime, offering a more computa-

tionally efficient solution. A new subroutine was developed in Chemkin [14]

to calculate the thermal diffusion coefficient. Results obtained using this ap-

proach are referred to as MA-MA.

2.5 NGA

NGA solves Eqs. 2.1 − 2.5, which represent the low Mach number re-

active flow approximation. This solver can handle one-dimensional (1D), two-

dimensional (2D), and three-dimensional (3D) flows, and it supports Cartesian,

cylindrical, and spherical coordinate systems. Before discussing the solver, it

is important to understand how the variables are defined and stored within it.

In projection methods, staggered finite difference grids are commonly used.

In a staggered grid setup, each velocity component is defined on its own

grid, while scalars, including pressure, are defined on a separate grid. Addi-

tionally, time staggering is implemented, meaning that the velocity vector and

scalar fields are updated at different time intervals. Consider a 1D configura-

tion with homogenous grid spacing h and constant time step ∆t, as shown in
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Figure 2.1: Representation of staggering in space.

Figure 2.2: Representation of staggering in time.

Figs. 2.1 and 2.2.

Time is indexed by n on two distinct time sequences: one for velocity

components and one for scalars. component un is an approximation at tn,

while ρn and Y n are approximations at tmn = tn+tn+1

2
. Below a description of

time integration is presented.

2.5.1 Time step description

NGA uses a second-order in time semi-implicit Crank-Nicolson scheme

to advance Eqs. 2.1-2.5 in time. The methodology used for advancing in time

is given in Fig. 2.3. For this, assume a time step of ∆t. Let us suppose that

we have the solution at the previous time step, which will be used to solve for

the solution at the new time step. This solver uses a sub-iteration mechanism

to converge the solution, i.e., k = [1, 2, 3, ..., Q], where Q is predefined. In this
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Figure 2.3: Flow chart representation of time advancement of NGA solver.

work, all the results presented use Q = 3. For each sub-iteration, the six steps

are solved, as shown in Fig. 2.3. All these steps are explained in detail by

Schlup [28].

2.6 NGA initialization

In all simulations, cylindrical expanding flames are used, with the cham-

ber radius set to Rw = 1m (i.e., the computational domain is 0 ≤ r ≤ 1m).
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As a result, the pressure increase (less than 0.01%) and compression-induced

flow [32] are negligible. The flame is simulated only in the radial direction,

assuming uniformity across the cylindrical expanding flame. This assumption

allows for solving the setup in the radial direction alone, reducing the simu-

lation to a one-dimensional (1D) domain rather than a full three-dimensional

(3D) domain, as the three-dimensional (3D) domain would require significantly

more computational resources.

To simulate in the radial direction, the solution from Cantera [7] is

mapped onto the cylindrical flame at an initial radius r0. This initial solution

is then evolved over time until the required simulation time is reached. A

detailed explanation of the initialization radius is provided in Section 3.4.1.

This approach is preferred over direct flame ignition due to the irregularities

observed in flame profiles at different minimum ignition energies (MIE) [24].

Previous simulations have shown that the domain size must be signifi-

cantly larger than the flame thickness. Homogeneous discretization of a large

domain is not an ideal choice, as it increases the number of grid points and,

consequently, the computational cost. Therefore, non-uniform discretization

is employed, using a hyperbolic tangent function to determine the grid size at

each point. The actual grid profile is shifted to position the transition region

away from the area of interest.

It is crucial to ensure that the region of interest does not coincide

with the transition zone, as variations in grid size can cause interpolation

instabilities. Through preliminary analysis, the maximum flame propagation
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Figure 2.4: Grid spacing ∆r along length normalized by flame thickness r/δL.

distance was calculated, ensuring that the transition in grid spacing occurs

beyond the region of interest. Fig. 2.4 illustrates the grid spacing along the

computational domain. It can be clearly observed that the transition in grid

spacing occurs after approximately 200 flame thicknesses.

2.7 NGA post-processing

Running the simulation provides only the raw data (i.e., ρ, V , T , Y ).

Post-processing this raw data to obtain results takes considerable time to un-

derstand. As disccussed in Section 2.5, scalars are stored at time tmn and

centered location (xm), while velocities are stored at time tn and staggered
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location (x), where tmn = tn +∆t/2.

The following demonstration explains how the quantities are calculated

for the flame displacement speed (FDS) relations discussed in Section 1.8.

The flame surface is defined using temperature. A set of temperatures are

chosen, and from this point onward, the temperature T ∗ is normalized by

the unburnt temperature Tu, resulting in T ∗ ranging from 1 to the maximum

temperature ratio within the flame. For a given T ∗ at time t1, the position r1 is

calculated using interpolation. Similarly, for same T ∗ at time t2, the position

r2 is determined. This process is also repeated for calculating densities. The

radial location of flame for targeted T ∗ at time t = tn is evaluated as

rn =
rmn (T

∗) + rmn−1(T
∗)

2
, (2.18)

is a second-order accurate approximation, where rmn and rmn−1 is radial location

of flame for targeted T ∗, calculated using the linear interpolation at time tmn

and tmn−1. The dr/dt is approximated using second order accurate central

differencing as

dr

dt

∣∣∣∣
t=tn

=
rn+1(T

∗)− rn−1(T
∗)

∆t
. (2.19)

From dr/dt the stretch rate at time tn is calculated as

K =
1

r

dr

dt

∣∣∣∣
t=tn

. (2.20)

An alternate way to write flame displacement speed, considering the

flame as wave that propagates normal to itself against the fresh mixture, is
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evaluated at time tn and centered location xm as

Su
d

∣∣∣∣
t=tn

=
dr

dt

∣∣∣∣
t=tn

− vr

∣∣∣∣
t=tn

, (2.21)

It is normalized by ratio of local density (ρ) to density of fresh mixture (ρu)

to obtain

S̃u
d =

ρSd

ρu
, (2.22)

where the local density at time tn is evaluated as

ρn

∣∣∣∣
t=tn

=
ρmn + ρmn−1

2
. (2.23)

Finally, FDS is divided by laminar speed S̃d/SL to get dimensionless

quantity, similarly for stretched rate it is nondimensionalized by multiply-

ing the flame thickness and dividing by laminar flame speed δLK/SL. The

unstretched laminar flame speed (SL) and flame thickness (δL) is calculated

from 1D NGA run simulation. The quantities expressed above i.e. S̃d/SL and

δLK/SL are plotted, the slope of this fitted lines is L/δL, as explained in Sec-

tion 1.8. Finally, the Markstein number M = L/lf , is obtained by multiplying

the slope of Eq. 1.16 with δL/lf , which is expressed as

M =
L
δL

δL
lf

=
L
lf
. (2.24)

The Markstein number denotes the sensitivity of a flame to stretch, The

value of the Markstein number is of the order of unity. The similar methodol-

ogy is used when the Markstein number is calculated using FS relation.
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Chapter 3

Validation

This chapter details the validation process of the solver for both hydro-

gen/air and propane/air premixed mixtures, ensuring accuracy in representing

reactive flow dynamics. It includes a convergence study focused on numeri-

cal stability and accuracy. Additionally, the chapter explores the influence

of flame initiation on flame speed specifically for the premixed hydrogen/air

mixture.

3.1 Convergence Study

This chapter details the validation process of the solver for both hydro-

gen/air and propane/air premixed mixtures, ensuring accuracy in representing

reactive flow dynamics. It includes a convergence study focused on numeri-

cal stability and accuracy. Additionally, the chapter explores the influence

of flame initiation on flame speed, specifically for the premixed hydrogen/air

mixture.
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3.2 Convergence Study

A convergence study is a crucial part of numerical analysis and sim-

ulations, ensuring that the results of a computational model are reliable as

the mesh is refined or as the time step size is decreased. It validates that the

solution approaches a stable value, which is indicative of the model’s accuracy.

Firstly, let’s discuss the selection of mesh size (∆x). Our objective is

to study the flame structure and flame propagation for different iso-surfaces in

the flame. Therefore, the mesh size should be smaller than the flame thickness

(δL) (shown in Table 3.1), since we need to use interpolation for finding the

radius of the flame (r) for a particular iso-surface at a given time. It has been

observed that there should be at least 15 points per flame.

Following the selection of an appropriate mesh size, it is equally impor-

tant to determine an optimal time step (∆t) for our simulations. The time step

needs to be small enough to accurately capture the dynamics of flame propaga-

tion and ensure numerical stability, yet large enough to make the computations

feasible. For the study of flame structure and propagation, the time step size

should be smaller than the flame time itself, while also considering the CFL

conditions. Therefore, a study has been made to determine at which ∆t the

solution converges. The study considers a single mixture, named D89E65, at

T = 300 K and p = 1 atm from Table 1.1. The mixture was simulated starting

with a step size of 2 µs, gradually decreasing to the lowest possible value (com-

putationally efficient). Table 3.1 shows the comparison between the Cantera

and 1D NGA simulation results at different time step sizes. The difference is
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very small, which is a good indication that the solver is behaving correctly.

Table 3.1: Comparison of planar flame properties calculated by NGA with
results from Cantera FLM mixture D89E65 (T = 300 K, p = 1.000 atm) with
using mechanism by Hong et al. [10].

Cantera 1D NGA

SL δL τL ∆t ∆x Pts/fl SL δL τL
(m/s) (mm) (ms) (µs) (µm) (m/s) (mm) (ms)

1.0970 0.9520 0.8675 2 40 21 1.0821 0.92474 0.8546
1 40 21 1.0845 0.9234 0.8515
0.5 40 21 1.0856 0.92412 0.8513
0.25 40 21 1.0861 0.92530 0.8519
0.125 40 21 1.0863 0.92534 0.8518
0.0625 40 21 1.0865 0.92500 0.8514

The convergence is studied by plotting the Sb
a and K for iso-surface

T ∗ = 3.56 (where the maximum heat release rate is observed) for different

step size defined in Table 3.1. The definitions of these quantities are explained

in Section 1.9. From Fig. 3.1, it can be concluded that as the time step size

decreases, the data converge with each other, which can be observed at ∆t =

0.125 µs.

3.3 Premixed propane/air mixtures

Data from Giannakopoulos et al. [6] is used to validate the NGA solver,

for a premixed propane/air mixture. The operating conditions and different

mechanisms for which the results are available are shown below in Table 3.2.

From Table 3.2, the results from the detailed 69-species mechanism are used
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Figure 3.1: FDS Sb
a as a function of stretch rate K for T ∗ = 3.56 (max HRR)

at different time step size for D89E65 mixture.

for validation. Since the Qin et al. [27] mechanism is no longer available, a

mechanism with a similar number of species should be used for validation.

Among the available mechanisms, the UCSD (University of California, San

Diego) mechanism by Forman Williams [30] is chosen, as it contains 59 species,

which is closer to the 69 species in the Qin et al. mechanism. Therefore, for this

validation, the UCSD mechanism is used because it provides a more suitable

comparison.

Firstly, it is necessary to verify the premixed unstretched (planar) flame

properties calculated by NGA with results from Cantera [7]. In both NGA

and Cantera the UCSD mechanism is used. In the NGA solver, the time step
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Table 3.2: Mixture condition and chemical mechanisms for propane/air.

Mechanism Species T p ϕ
(K) (atm)

Sun et al. - 1 step 5 298 1 1.0
Kim et al. - 1 step 5 298 1 1.0
Qin et al. Detailed 69 298 1 1.0

size is chosen to be 0.125 µs, as it has been shown in Section 3.2 that the

solver converges at this time step. Here, a grid size of 20 µs is used, which

corresponds to 20 points per flame. Table 3.3 presents the comparison of

premixed unstretched flame properties calculated by NGA and results from

Cantera [7]. The flame speed in NGA is calculated by plotting the distance

traveled by the flame versus time, fitting a line through all the points, and

determining the slope of the line. This is shown in Fig. 3.2 for the configuration

presented in Table 3.3.

Table 3.3: Comparison of planar flame properties calculated by NGA with
results from Cantera for propane/air mixture (T = 298 K, p = 1.000 atm, ϕ
= 1) with using UCSD mechanism.

Cantera 1D NGA

SL δL τL dt dx Pts/Fl SL δL τL
(m/s) (mm) (ms) (µs) (µm) (m/s) (mm) (ms)

0.416 0.3685 0.8860 0.125 20 17 0.4405 0.3409 0.7739

The simulation was performed for cylindrical outward propagating flames

of a propane/air mixture with a stoichiometric equivalence ratio, under oper-
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Figure 3.2: Distance traveled by flame as a function of time for propane/air
mixture (T = 298 K, p = 1.000 atm, ϕ = 1).

ating conditions of p = 1 atm and T = 298 K.

The cylindrical outward propagating flame was initialized using the

parameters from Table 3.3, with a time step size of 0.125 µs and a starting

grid spacing of 20 µm, with a domain length of 1.0 m. The flame was simulated

until 10 ms to match the data from Giannakopoulos et al. [6]. By using variable

grid spacing, the number of points was reduced from 50,000 to 5,837.

The temperature ratio (T ∗) profiles along the normalized length (r/δL)

for normalized time (t/τL) at intervals of 0.75, starting from 3.93 to the end

of the simulation at 17.60 (equivalent to 15 ms), are shown in red lines, along
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with the profiles from Giannakopoulos et al. [6] shown in blue lines in Fig. 3.3.

Some discrepancies are observed in the burnt gas temperature compared to

the profiles from Giannakopoulos et al. [6].
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Figure 3.3: Temperature ratio profiles at time intervals of 0.75 (t/τL), red
solid line represents the profiles using UCSD mechanism across a cylindrical-
expanding flame and blue dashed line represents profiles from Giannakopoulos
et al. [6] across a spherically-expanding flame.

To study how the Markstein number changes for different iso-surfaces,

chosen as

T ∗ = [1.01, 1.10, 1.30, 1.50, 2.00, 4.00, 6.00], (3.1)

the FDS relation, as discussed in Section 1.8, is used for calculation of prop-

erties. Fig. 3.4 shows the normalized FDS (S̃d/SL) along with the dimen-
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Figure 3.4: Normalized FDS (S̃d/SL) as a function of dimensionless stretch
rate (δLK/SL) for different progress variables using the UCSD mechanism.
Regression lines are drawn to the scattered data.

sionless stretch rate (δK/SL) for different progress variables. The slope of

the regression lines, L/δL, when multiplied by δL, gives the Markstein lengths

L. In the preheat zone of the flame front, characterized by temperatures

(1.01 < T ∗ ≤ 4), the Markstein length exhibits variability in response to

slight variations in the temperatures. However, within the reaction zone

(4 ≤ T ∗ ≤ 6), the Markstein length converges to the same value. The scatter-

ing of data in Fig. 3.4 is due to error introduced by numerical interpolation to

determine the values of Su
d and K.

The maximum heat release rate (HRR) for the progress variable T ∗ =
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Figure 3.5: Heat release rate (HRR) from the 1D Cantera solution along the
temperature ratio (T/Tu) for the UCSD mechanism.

5.56 was found by plotting HRR against the temperature ratio, as shown in

Fig. 3.5.

To find the Markstein number, the slopes of the regression lines L/δL
are multiplied by δL/lf as discussed in Eq. 1.16, where lf is the flame thickness

defined by the diffusion length, i.e., lf = Du
th/SL, where Du

th is the thermal

diffusivity of the unburnt gas. The Markstein numbers calculated by NGA

(using UCSD mechanism) has compared with the data from Giannakopoulos

et al. (using Qin et al. [27] mechanism) [6] for different T ∗, as shown in Fig. 3.6.

Even though results from NGA yield slightly different Markstein numbers, the

behavior of T ∗ near the unburnt or burnt sides of the flame remains consistent
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Figure 3.6: Markstein numbers comparison for Qin et al. (data from Gian-
nakopoulos et al. [6]) [27] and UCSD (calculated by NGA) mechanisms along
T ∗ for propane/air.

across the UCSD and Qin et al. [27] mechanisms. Additionally, Markstein

numbers are sensitive to Du
th; using different mechanisms might change the

values of it.

3.4 Premixed hydrogen/air mixtures

In the study of flame/stretch interactions of premixed flames by Kwon

et al. [20], some data is available for helium-diluted mixtures. However, there

are significant uncertainties in calculating the Markstein numbers or Mark-

stein lengths, as some constants are not properly defined. Apart from this
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study, there is no experimental or numerical data available in the literature

for these mixtures, so there is no data to validate the results. Therefore, we

are left with the task of validating the results with hydrogen/air mixtures, for

which numerous studies are available. One such study is by Liang et al. [24],

where they plotted the Markstein number for different ranges of lean and rich

hydrogen/air mixtures, and compared them with experimental data. The ex-

perimental results presented by Liang et al. [24] are from Taylor [29] and Aung

et al. [1]. Results from Liang et al. [24] were obtained using a solver named

A-SURF, which solves the conservation equations for one-dimensional, com-

pressible, multi-component, reactive flow in spherical coordinates using the

finite volume method and the detailed chemistry of Li et al. [23]. They also

addressed the effect of the Soret effect on the Markstein length.

Lean premixed hydrogen/air mixtures with different equivalence ratios

(ϕ) at T = 298 K and P = 1 atm were studied by Liang et al. [24], but we

are considering only ϕ = 0.5, 0.6, 0.7, and 0.9. Flame properties calculated by

NGA are compared with the results from Cantera [7] for different mixtures, as

shown in Table 3.4. The mixtures are named as EXX, where XX is ϕ × 100.

The NGA results are simulated with converged temporal resolution, i.e., ∆t =

0.125 µs, as discussed in the convergence study, and spatial resolution, i.e.,

∆x = 20 µm, consistent with a minimum of 20 points per flame thickness.

The same mechanism by Li et al. [23] is used in NGA. The flame properties

using NGA are calculated as discussed before.
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Table 3.4: Comparison of planar flame properties calculated by NGA with
results from Cantera for H2/air at different equivalence ratios, with mixture
conditions of T = 298 K and P = 1 atm.

Mixture Cantera NGA

Name ϕ σ SL δL τL SL δL τL
(m/s) (mm) (ms) (m/s) (mm) (ms)

E50 0.50 4.879 0.511 0.4314 0.8446 0.5601 0.4180 0.7464
E60 0.60 5.425 0.887 0.3700 0.417 0.9222 0.3654 0.3963
E70 0.70 5.903 1.298 0.3514 0.2708 1.3136 0.3496 0.2166
E90 0.90 6.599 1.780 0.3463 0.1945 2.004 0.3529 0.1760

3.4.1 Flame initiation

For the validation of the premixed propane/air mixture results, the

flame has to be initialized at r/δL = 15. In this analysis, the aim is to verify

whether the initialization of the flame at different radii affects the flame speed

(Sb
a) in relation to the stretch rate (K) as the stretch rate approaches zero.

The flame is initialized at different radii: r/δL = 2, 5, 10, 15, and 20. The

mixture chosen here is E50, from Table 3.4. As shown in Fig. 3.7, even though

the profiles differ for each radius at higher stretch rates, they all converge to

a single profile as K → 0, i.e., at lower stretch rates. Since we are interested

in studying the flame response to stretch at lower stretch rates, the flame

initialization does not have any effect on the flame.
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Figure 3.7: Comparison of flame speed as a function of stretch rate for different
flame initialization radii r/δL.

3.4.2 Markstein lengths

Markstein theory is valid only at lower stretch rates; hence, the theory

is applied in the lower stretch rate regime, where the profile remains linear.

For the E50 case from Table 3.4, the normalized flame speed (Sb
a/S

b
L) is plotted

against the dimensionless stretch rate (δLK/Sb
L) as shown in Fig. 3.8. The slope

of the line represents the Markstein number (Mb), which is then multiplied

by the flame thickness δL to obtain the Markstein length (Lb).

Fig. 3.9 compares the Markstein numbers calculated by NGA with A-

SURF [24] and experiments for ϕ = 0.5, 0.6, 0.7, and 0.9. There is good agree-
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ment between the results, with minor differences attributed to the fact that

A-SURF uses a multicomponent transport model, while in NGA a mixture-

averaged model is used.
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Chapter 4

Results and conclusions

This chapter presents the final analysis of the flame properties for the

selected mixtures, which are discussed in in Section 1.11. Additionally, it

highlights key conclusions derived from the findings of this work and the future

work, offering a comprehensive summary of the research outcomes and their

implications.

4.1 Results

As discussed in Chapter 3, the methodology and solver have been vali-

dated using existing literature results. After successful validation, the method-

ology is now applied to the selected mixtures. Before jumping directly to the

final results, let us discuss the flame propagation for one of the mixtures from

Table 1.1. Consider D89E65 with p = 2 atm. For all the results presented

in this section, the flame was initialized at r/δL = 15. Section 3.4.1 tells us

that flame initiation does not affect the flame propagation at lower stretch

rates. The temperature ratio T ∗ profiles along the normalized length (r/δL)

for normalized time (t/τL, number of flame times) from 1 to the end of the

simulation (22, i.e., until 10 ms) are shown in Fig. 4.1.
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Figure 4.1: Temperature ratio profile along the domain starting from time
t/τL = 1 to t/τL = 22 for D89E65 at p = 2 atm.

The flame is located based on the temperature at maximum heat release

rate (HRR). These T ∗ values are reported in Table 4.1 for each mixture. For

the D89E65 mixture at p = 2 atm, the flame speed Sb
a as a function of the

stretch rate K is presented in Fig. 4.2. It can be observed that at higher

stretch rates (i.e., where the flame is initiated), some irregularities appear in

the profile. However, after a certain point, the profile stabilizes and transitions

to a linear trend.

As discussed in Section 2.3, the Soret effect plays a role where there

is heavy or light fuel in the mixtures, briefly discussed by Liang et al. [24].

There is a need to compare the results with and without the Soret effect.
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Table 4.1: Tabulated values for T ∗ at maximum HRR for the selected mixtures.

Name p0 (atm) T/Tu max HRR

D80E95 1 4.2398

D82E90 1 4.1720

D84E90 1 4.0838

D89E65 1 3.5600
2 3.9114
3 4.0262

Two models of the Soret effect are implemented in the NGA solver: one is

MA-MC for the multicomponent model Soret effect, and the other is MA-

MA for the mixture average Soret effect as discussed in Section 2.3. We are

interested in finding the Markstein number (Mb) based on the burnt side;

the relation is given in Eq. 1.20. The Markstein number is calculated by

plotting the normalized flame speed (Sb
a/S

b
L) along the dimensionless stretch

rate (δLK/Sb
L), finding the slope of the regression line. Fig. 4.3 shows the

flame response over stretch for three different methods: MA mixture average

without the Soret effect, MA-MA mixture average Soret model, and MA-MC

multicomponent Soret model. Since the normalized flame speed increases as

stretch decreases (radius increases), from Markstein theory, this mixture has

a positive Markstein number (Mb > 1). Fig. 4.3 also shows that there is an

influence of including the Soret effect.

It is also necessary to study the flame response to stretch for the flame

displacement speed relation in Section 2.21. Normalized FDS (S̃d/SL) along di-
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Figure 4.2: Flame speed Sb
a as a function of stretch rate K for D89E65 at p = 2

atm.

mensionless stretch rate (δLK/SL) for different iso-surfaces is shown in Fig. 4.4

for D89E65 at 2 atm. In the preheat zone of the flame front, characterized

by temperatures (1.01 < T ∗ ≤ 2), the Markstein length exhibits variability in

response to slight variations in the temperatures. However, within the reaction

zone (2 ≤ T ∗ ≤ 5), the Markstein length converges to the same value, T ∗ = 3.9,

where maximum HRR is observed. This also gives the first iso-surface, leading

to the unburnt mixture getting slower, which results in a thinner flame as time

progresses.

The flame response is consistent across all mixtures; however, each

mixture differs in laminar flame speed (SL) and Markstein number (Mb), as
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reported in Table 4.2. From these results, it is evident that the inclusion of

the Soret effect significantly influences the flame properties. Specifically, there

is a substantial difference in the Markstein numbers when the Soret effect is

included, while the impact on laminar flame speed is relatively minor. No-

tably, the Markstein numbers are higher in the MA-MC method compared to

the MA-MA method. The MA-MC method involves coupling the multicompo-

nent Soret model with mixture-average transport, which may introduce some

inconsistencies, potentially indicating issues with the model. Furthermore, the

MA-MC method is computationally more expensive to solve than the MA-MA

method.
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Figure 4.4: Normalized FDS (S̃d/SL) as a function of dimensionless stretch
rate (δLK/SL) using FDS relation for D89E65 at p = 2 atm.

One observable trend is that mixtures with higher laminar flame speeds

tend to have higher Markstein numbers (Mb). This behavior can be under-

stood by considering that the Markstein number is a measure of the sensitivity

of flame propagation to stretch effects, such as curvature and strain. A higher

Markstein number indicates a flame that is more resistant to stretch, leading

to greater stability. Therefore, mixtures with higher flame speeds, which gen-

erally correspond to conditions with optimal reactivity and faster consumption

of fuel, are also characterized by a greater ability to resist perturbations due

to their larger Markstein numbers.
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Additionally, as the equivalence ratio (ϕ) increases from lean mixtures

with ϕ = 0.65 towards stoichiometric conditions with ϕ = 0.95, the laminar

flame speed also increases. This can be attributed to the fact that at higher

equivalence ratios, there is more fuel available in the mixture, which enhances

the rate of chemical reactions. An increased reaction rate leads to a higher

release of thermal energy, which accelerates the propagation of the flame front.

However, when the mixture becomes too rich (beyond stoichiometry),

the flame speed may eventually decrease due to reduced oxygen availability,

which limits combustion efficiency. The above discussion may change for other

fuels.

Table 4.2: Laminar flame speeds and Markstein numbers for various mixtures
calculated by different models for FLM mixtures at Tu = 300 K.

Mixture MA MA-MC MA-MA

Name p0 SL Mb SL Mb SL Mb

(atm) (m/s) (m/s) (m/s)

D80E95 1 3.6894 2.7282 3.772 4.4887 3.6990 3.0011

D82E90 1 3.2013 2.6941 3.2797 4.2494 3.2156 2.9735

D84E90 1 2.8169 2.6861 2.8856 4.2689 2.8318 3.0155

D89E65 1 1.0863 0.9635 1.0986 1.2127 1.0986 1.2127
2 1.0273 0.9010 1.0427 1.1986 1.0381 0.9708
3 0.9626 0.8340 0.9744 1.1514 0.9714 0.9051

This research is a collaborative effort, with experiments on these mix-

tures conducted at the Gas Dynamics Imaging Laboratory at the University of

Michigan, Ann Arbor [21]. The experimental setup uses spherical expanding
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flames. When comparing the numerical results with the experimental data, a

50% difference was observed. Additionally, for lower Markstein number cases,

the experimental results showed negative Markstein numbers. However, the

flame speeds calculated numerically were in agreement with the experimental

results.

As discussed in the validation section, the numerical methodology used

in this study has been validated against existing results for premixed propane/air

and hydrogen/air mixtures. Despite the validation, modeling the experimental

setup remains challenging due to several uncertainties. The spherical expand-

ing flame configuration is sensitive to small variations in initial conditions,

such as mixture homogeneity and ignition timing, which can introduce dis-

crepancies. Furthermore, factors like temperature gradients, pressure varia-

tions, and convective effects can affect the flame’s behavior. The difficulty in

accurately measuring flame stretch and instability, especially at lower Mark-

stein numbers, can also lead to negative values. Experimental measurement

errors, instrument calibration issues, and noise add to the uncertainty, making

it difficult to match theoretical predictions precisely. Despite these challenges,

the laminar flame speed measurements remained consistent, suggesting that

the fundamental combustion dynamics were captured accurately.

4.2 Conclusion

This report investigates the Markstein number and laminar flame speed

by validating results from the existing literature using various flame models.
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A framework for 1D flame propagation, based on “Premixed” (Cantera [7]),

is mapped onto cylindrical propagating flames, avoiding solver instabilities

typically encountered during ignition. To simulate constant pressure flames,

a large computational domain with a variable mesh is employed, refining the

mesh in regions of interest.

The mixture-average (MA) model within NGA was validated for both

premixed propane-air and hydrogen/air mixtures. A significant challenge in

this work was validating the mixture-average model against the studies of

Giannakopoulos et al. [6] and Liang et al. [24]. The Soret effect was also

considered, particularly in mixtures with light or heavy fuels. Two models,

the multi-component (MA-MC) and mixture-average (MA-MA), were imple-

mented in NGA to include this effect. It was found that incorporating the

Soret effect influenced the Markstein number, with the MA-MC model slightly

over-predicting the values.

The study concludes that all the selected mixtures with unity Lewis

numbers exhibit positive Markstein numbers. Notably, the mixture D89E65

(ϑ = 0.89, ϕ = 0.65) at various pressures showed a Markstein number close

to 1. As the equivalence ratio (ϕ) increases from 0.65 to 0.95, the laminar

flame speed increases, which in turn raises the Markstein number. Finally,

comparing the simulated results with experimental data revealed significant

discrepancies in the Markstein numbers. However, the laminar flame speed

remained relatively consistent, suggesting that while the Markstein numbers

are sensitive to model assumptions and input parameters.
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4.3 Future Work

The framework developed in this work for simulating constant pressure

cylindrical propagating flames, by utilizing a large domain with a variable

mesh, has encountered several numerical challenges. Specifically, the numerical

schemes occasionally result in solver crashes, which can occur in both the

pressure solver and the combustion model. These issues point to the need

for a dedicated study to further investigate the underlying causes of these

instabilities.

Moreover, the influence of thermal diffusion on the Markstein number

has been observed, particularly in how the flame speed responds to stretch.

While the designed mixture-average (MA-MA) and multi-component (MA-

MC) models provide valuable insights, they have yet to be validated against ex-

isting experimental data. Additionally, these models need further optimization

to reduce computational costs compared to the traditional mixture-average

(MA) model. Therefore, future work should focus on validating these models

and improving their efficiency.
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