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Abstract

Flame speed is sensitive to strain rate and curvature of the flame surface. Slot stabilized

flame have curvature and strain rate variation along the flame surface. Hence variation of the flame

speed with this two parameters is carried out for steady unperturbed slot stabilized flame.

Local quenching of reactions on the flame surface is of serious concern in lean com-

bustion devices which is directly related to net heat release rate and performance of the system.

Steady flammability limit based extinction criterion has found to be more restrictive and demands

unnecessary high equivalence ratio [11]. Sankaran and Im [11] have suggested the concept of

dynamic flammability limit, so as to include effect of flow time scale(strain rate) and equivalence

ratio perturbation on flammability limit.

Bansal and Im [1] have extended the concept of dynamic flammability limit. They

have studied counter-flow premixed flame configuration subjected to various strain rates and has

successfully incorporated various time scales in combustion to make extinction criteria more gen-

eralized. They also have proposed a Dynamic Flammability Limit Extension (DFLE) as a function

of non-dimensional frequency (η).

Bansal et al. [1] work is mainly done for counter flow configuration hence its applicabil-

ity to 2D slot stabilized flame is studied here.
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contours and velocity vector field for different phase angles at Inlet (φ̄ = 0.6, ε =

0.05, f = 60Hz) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.3 Comparative plots of of (φ − φt), Temperature(K), Hear Release Rate contours and

velocity vector field for different phase angles at Inlet (φ̄ = 0.6, ε = 0.2, f = 60Hz) 26

4.4 Comparative plots of of (φ − φt), Temperature(K), Hear Release Rate contours and

velocity vector field for different phase angles at Inlet (φ̄ = 0.6, ε = 0.4, f = 60Hz) 27

4.5 Comparative plots of of (P − Patm) and Dilatation rate(1/s) field(φ̄ = 0.6, ε = 0.4,

f = 60Hz) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.6 Comparative plot of φ−φt and Temperature(K) field with heat release rate contour(Ḣ)
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Chapter 1

Introduction

Adiabatic flame speed is the fundamental quantity in combustion. It is found that flame

speed is sensitive to flow field(strain rate) and flame shape(curvature). Hence experimental mea-

surement of flame speed for flat unstrained flame is difficult. As slot stabilized flame is strained

and have curvature, hence to measure flame speed variation with strain rate and curvature is one

of the objective of the project.

Lean combustion is receiving more concern while designing power generation units be-

cause of strict pollution norms. Lean combustion reduces the maximum flame temperature in com-

bustor and reduces NOx formation, which is a measure contributor to pollution. In lean combus-

tion, air-fuel mixture is close to lean flammability limit and improper mixing of air-fuel leads to

spatial and temporal variation of mixture composition which can cause local mixture strength to

go below lean flammability limit and may leads to local extinction. This local extinction results in

the leakage of reactants which leads to reduction in heat release which in turn affects the overall

efficiency of the device and leads to emission of pollutant as unburnt hydrocarbons.

Prediction of extinction based on mixture condition upstream of flame by applying the

steady flammability limit(φ∗) criterion, that is if φ > φ∗, flame will sustain otherwise it will undergo

an extinction, has found to be more restrictive and demands unnecessary high equivalence ratio for
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CHAPTER 1. INTRODUCTION

stable combustion.

Counter-flow premixed flame configuration is widely used for the study of flame response

to strain rate as axial velocity varies almost linearly from exit of the nozzle to central plane of sym-

metry. The strain rate at the flame decides the rate at which flow is diverging or converging while

passing through the flame basing on the positive or negative sign. Flow divergence i.e positive

strain rate increases heat loss from the flame and can lead to extinction if Le > 1 and vice versa.

One of the most fundamental issue in lean combustion is that whether flame will prop-

agate or extinguish at specified local and temporal mixture condition [11]. So, by considering

mixture condition upstream of the flame that is if local equivalence ratio(φ) is less than steady

flammability limit(φ∗s) for unstrained flat flame, one can expect local extinction. But it is observed

that flame can sustain below φ∗s. Since extinction is a combined effect of flow time scale, transport

time scale and reaction time scales, dynamic flammability limit has been studied by Shankaran

et.al. [11]. The proposed flammability limits are,

1. Steady Flammability Limit for unstrained flat flame(φ∗s) : In general steady flammability limit

is defined as minimum equivalence ratio above which steady flame can sustain without strain

rate (κ = 0) and curvature.

2. Steady Flammability Limit (φs) : It is defined as minimum equivalence ratio above which

steady flame can sustain, with strain rate may not equal to zero (κ , 0). Hence φs is a

function of κ (i.e φs = f (κ))

3. Dynamic Flammability Limit(φt) : It is defined as minimum instantaneous equivalence ratio

above which flame can sustain. So φt is the function of various parameters such as flow,

transport and reaction time scales.

Bunsal et.al. [1] used dynamic flammability limit extension below steady flammability

limit(φs) i.e. (φt−φs) and normalized it with steady flammability margin, (φ̄−φs) and thus dynamic

2



CHAPTER 1. INTRODUCTION

flammability limit extension(DFLE) in normalized form is defined by,

DFLE =
φt − φs

φ̄ − φs
(1.1)

Then DFLE is plotted against normalized equivalence ratio perturbation frequency for various

strain rates. This normalized frequency(η) is selected so as to collapse unsteady extinction data on

a single curve in DFLE − η plane which will separate inflammable region from nonflammable [see

fig. 1.1]. This normalized frequency (η) is given by,

η = δ

√
ω

2D
(1.2)

where ω = 2π f is the angular frequency, and D is the mass diffusivity of major reacting

species (CH4) in reactant, and δ is the thermal flame thickness given by,

δ =
Tb − Tu

(∇T )max
(1.3)

Here, δ is a function of both mean equivalence ratio and strain rate and hence incorpo-

rates both flame and flow time scales. Also δ2/D is a measure of transport time scale through

flame thickness.

The analysis by Bansal et al. [1] is basically for contour-flow configuration, hence to

access the applicability of this extinction criterion for other configuration ‘slot stabilized flame’

configuration is selected. As φ = 0.6 is close to lean flammability limit, it is selected as mean

equivalence ratio for present work.

Ren Wu and Santosh [17], have investigated 2D slot stabilized premixed metane air

flame with hot and cold co-flow. These cases are modelled with 4-step reduced mechanism. With

cold co-flow local extinction is correctly predicted. As hot co-flow cases fall inside the inflammable

region, no local extinction is observed on flame surface.

3



CHAPTER 1. INTRODUCTION

Figure 1.1: DFLE as a function of non-dimensional frequency (η)

Hence,in the present work local flame extinction phenomena on flame surface is in-

vestigated, with hot side walls adjacent to inlet exit and 15-step reaction mechanism with 19-

species [13]. As this mechanism was derived from quasi steady state approximations (QSSA) for

chemical species, validation of solver (MultiSolv) with this mechanism has been done by Kiran

R. [10] with one dimensional flat flame by comparing laminar burning velocity, adiabatic flame

temperature and flame-structure with detailed mechanism.

In present work, slot stabilized flame at mean equivalence ratio of 0.6, is studied for un-

perturbed and perturbed condition with perturbation amplitudes of, 5%, 20%, 40% of mean equiv-

alence ratio. Before starting of perturbation cycles, flame is allowed to reach steady state at mean

equivalence ratio (φ̄) and then analysis of flame is done to understand the physics behind the flame

behaviour.

Equivalence ratio fluctuation causes heat release rate to oscillate either directly or indi-

rectly. Fig 1.2 shows direct and indirect pathways. In case of direct influence, equivalence ratio

4



CHAPTER 1. INTRODUCTION

Figure 1.2: Equivalance ratio oscillation induced effects [12] (slightly modified)

fluctuation causes heat of reaction oscillation(path 1) and flame speed oscillation (path 2) which

intern affect heat release rate directly and via (path 2a) respectively. Variation of equivalence ratio

also leads to flame speed oscillations which affect the flame stretch(path 2S) and in turn stretch

rate also affect the flame speed. This flame speed fluctuation affect heat release(2Sa). Flame

speed oscillation causes burning area fluctuation(path 2b) which also affect flame speed(path 2Sb)

and causes heat release oscillation via (path 2b,2Sb). Burning area perturbation gives feedback to

flame stretch rate as flame stretch rate depends on flame shape(curvature) and surface velocity. If

heat release oscillations are in unison with one or more acoustic modes of the system, can cause

damage to the system.

Birbaud et al. [2] have studied non-linear response of inverted ‘V’ flame to equivalence

ratio perturbation. They have noticed that at moderate amplitude of equivalence ratio wrinkle

amplitude is sufficient enough to touch the outer boundary of reactant and detaches pocket of fresh

reactant from the primary flame. This phenomena causes abrupt change in flame surface area and

in turn net heat release rate.

5



CHAPTER 1. INTRODUCTION

1.1 Organization of Thesis

Solver description, grid generation, boundary conditions used for simulations are dis-

cussed in chapter 2. Analysis of steady state solution for unperturbed equivalence ratio is presented

in chapter 3. Chapter 4, discusses about perturbed equivalence ratio cases, and results for steady

flame with unperturbed equivalence ratio and perturbed equivalence ratio are also discussed.

6



Chapter 2

Formulation and Computational Setup

2.1 Solver Description

Present simulations are carried out using ’MultiSolv’ solver. ’MuliSolv’ is a DNS solver,

developed at Combustion Physics Lab, Indian Institute of science, Bangalore. It solves 3D com-

pressible Navier-Stokes equations in generalized co-ordinates. For spatial derivatives explicit 8th

order central difference scheme is used. An explicit 3rd order Runge-Kutta scheme is used for

time marching. Solution is filtered at end of every 3rd time step with an explicit 10th order filter

[6].

Species thermodynamic properties are calculated by NASA’s thermodynamic data base.

Transport properties of individual species are calculated by temperature fits from Gordon et al.

[7]. Mixture averaged transport properties are used for simulations. Wilke’s formulation is used

to compute mixture average viscosity [16] and Warnatz’s formulation is used to compute mixture

averaged thermal conductivity [5]. Species diffusivities are computed by using a constant Lewis

number assumption for each species as it’s variation is small in flame front [9]. Lewis number for

individual species is obtained from Chen et al. [4].

Characteristic boundary conditions are used for Navier-Stokes equations, at boundaries

7



CHAPTER 2. FORMULATION AND COMPUTATIONAL SETUP

by assuming locally one dimensional(LODI) flow [8].

Solver uses Message Passing Interface (MPI) to perform parallel computing. Solver uses

multi-block structured grid as input, and assign each processor to individual block [14]. For every

iteration neighbouring blocks exchanges data to maintain solution and domain continuity. Explicit

scheme reduces communication time by reducing amount of data transfer required.

2.2 Case Setup

2.2.1 Grid Generation

Multiblock Structured grid is used for present simulations. Fig 2.1 shows schematic of

slot stabilized flame for present study and fig 2.2 shows actual grid with each and every point.

Simulations with ε = 0.05, 0.2, are using same grid with minimum grid spacing of 40µm . This

minimum grid spacing is maintained along axial x-direction downstream of inlet exit, up to 7R

length. After that grid is stretched up to outlet. As x-axis is an axis of symmetry, grid spacing

along positive and negative y-axis is maintained 40µm in region of 3R from x-axis. After that grid

is stretched up to side wise outlets.

For this simulation 2.4million points are used with 965 blocks. Hence every block has

around 2500 points. For ε = 0.4 case, minimum grid spacing of 35µm is used by maintaining all

other configurations same.

2.2.2 Initial Condition and Boundary Conditions

In this project slot stabilized 2D flame configuration for CH4 Air mixture is studied for

mean equivalence ration of 0.6 (φ̄ = 0.6). Inlet velocity is maintained constant for all simulations,

and magnitude is fixed to get flame height six times the inlet radius (L f = 6R). For that, Laminar

8



CHAPTER 2. FORMULATION AND COMPUTATIONAL SETUP

Figure 2.1: Schematic of 2D slot stabilized flame used for present simulations

flame speed (S L) at φ̄ = 0.6 is computed from CANTERA [3] and then,

u = S L/sin(θ)

gives inlet velocity( θ is half cone angle of flame). Initial conditions are setup by assuming conical

shape of flame so as to reach the steady state solution quickly. By using CANTERA [3] adiabatic

flame temperature (Tad) and equilibrium mass fractions of species(Yi,eq) are computed using ini-

tial reactant state as temperature 300K, pressure 1atm and equivalence ratio of 0.6. Temperature

and species mass fraction profiles are initialized with hyperbolic tangent function to have smooth

variation from unburnt to burnt state across assumed conical flame shape[see fig. 2.3].

To anchor flame at inlet exit, same temperature profile as inside the domain for initial

condition is applied on the walls. No-slip wall condition is used for the walls and species’s flux

normal to the walls are set to zero by imposing,

(∇Yi).n̂w = 0 (2.1)

, at the wall.

At inlet ’characteristic non-reflecting inlet’ boundary condition is applied. At axial outlet

and for two sideways outlets ’characteristic non-reflecting outlet’ boundary condition is applied

9



CHAPTER 2. FORMULATION AND COMPUTATIONAL SETUP

Figure 2.2: Mesh used for present simulations with every point in the grid (fine mesh in the flame
region and stretched outside)

[8]. Periodic boundary condition is applied on domain boundaries normal to z-axis. CFL = 0.5 is

used for all simulations.

2.2.3 Forced Case

After obtaining the steady state, the solution is used as initial condition for simulating

perturbed cases with normalized YCH4 perturbation amplitude ε = 0.05, 0.2, 0.4. Hence, equivalence

ratio at inlet as a function of time is given by,

YCH4 = YCH4,0[1 + εsin(2 f t)] (2.2)

Here, YCH4,0 is the CH4 mass fraction corresponding to mean equivalence ratio. Using

Strouhal number, S t = L f f /u = 1, excitation frequency comes out to be f = 60Hz. While,

perturbing equivalence ratio at inlet, density is maintained constant to specifically study equiva-

10



CHAPTER 2. FORMULATION AND COMPUTATIONAL SETUP

(a) Temperature (b) Axial velocity

(c) CH4 mass fraction (d) O2 mass fraction

Figure 2.3: Initial conditions for Temperature and species which vary from un-burnt to burnt state
across the flame.(b) Axial velocity initialized with same profile as at inlet.
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CHAPTER 2. FORMULATION AND COMPUTATIONAL SETUP

lence perturbation effect on flame response. Constant Density is achieved by maintaining constant

molecular weight of mixture (MWmix) by adjusting YO2 ,YN2 according to YCH4 ,

YO2(t) = k1 − k2YCH4(t) (2.3)

YN2(t) = 1 − YCH4(t) − YO2(t) (2.4)

Where k1 and k2 are,

k1 =
1 − (MWN2/MWmix)
1 − (MWN2/MWO2)

(2.5)

k2 =
1 − (MWN2/MWCH4)
1 − (MWN2/MWO2)

(2.6)

This equivalence ratio oscillations affects heat release rate directly and indirectly, and

also gives rise to flame surface oscillations as discussed in chapter 1.

12



Chapter 3

Steady State

Steady state results of simulation with φ = 0.6 are used for investigating the effect of

strain rate(κ), curvature(C) on flame speed(S L). Fig 3.1 shows steady state temperature field with

heat release rate contours in black color and vector velocity field (~V). It can be noticed that flow

diverges while passing through the flame.

Some species fields are shown in fig 3.2 where black colour contour shows heat release

zone. CO has higher concentration in heat release zone,while H and OH shows higher concentra-

tion around flame but in high temperature region next to heat release zone and H2 shows higher

concentration around flame but on reactant side before heat release zone.

3.1 Flame Speed Calculation

Laminar flame speed S L,0 of unstrained flat flame is a fundamental quantity and it’s

accurate measurement has vital importance in combustion. In order to validate solver for 2D-

combustion simulations, flame speed (S L) is computed based on unburnt reactants flow velocity

and compared with standard flame speed. For that, T = 350K contour is selected [see fig. 3.3].

13



CHAPTER 3. STEADY STATE

Figure 3.1: Temperature field with Heat Release rate contour in black and overlapped velocity
vector field

Then flame speed S L,u is computed by,

S L,u = −~V .n̂ (3.1)

,here n̂ is unit vector normal to contour and points into the reactants where ~V is flow

velocity.

As contour is single valued in terms of y, spline fit is used for contour data to get x =

f (y). Then unit normal to contour at (x, y) is calculated by,

n̂ =
−êx + fyêy√

1 + f 2
y

(3.2)

Flame speed (S L) variation from flame base to tip along the x-axis is shown in fig. 3.4.

At starting flame speed is zero (S L = 0), that is because of zero flow velocity at wall. Flame

14



CHAPTER 3. STEADY STATE

(a) Steady State CH4 field (b) Steady State CO field

(c) Steady State H2 field (d) Steady State H field

(e) Steady State OH field (f) Steady State HeatReleaserate field

Figure 3.2: Steady State fields for CH4, CO, H2, H, H2 and Heat Release rate per unit volume (Ḣ)
.
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CHAPTER 3. STEADY STATE

Figure 3.3: Normal to the contour of T=350K

speed, then increases because of reduced wall effect and becomes almost constant as flame surface

is almost flat in this region. Finally at flame tip, S L attains its maximum value which is close to

0.8 m/s.

3.2 Curvature effect on flame speed

Fig 3.5 shows curvature variation from flame base to flame tip. Curvature (C) is calcu-

lated by,

C =
fyy

(1 + f 2
y )3/2

. Fig 3.5 shows, curvature is negative and has high magnitude at flame tip. Therefore S L rise at

flame tip is mainly because of curvature. Fig 3.6 shows variation of S L with curvature (C).

From fig 3.6, most of the the points are clustered about zero curvature and S L behaviour

is non linear close to zero curvature. To calculate flame speed for flat flame, local minima from

high flame speed branch which close to C = 0 is measured an it is S L,min=0.134(m/s). As contour

16
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Figure 3.4: Axial variation of S L(m/s)

is at 350K, S L for 300K comes out to be 0.115(m/s) and from CANTERA [3] with detailed

mechanism S L is 0.1155m/s which is a quite close match.

3.3 Strain rate (κ) effect on Flame Speed

For strain rate calculation, contour of T = 350K is selected same as that of curvature

calculation. Then tangential strain rate [9] is calculated by,

κ = (δi j − nin j)
∂ui

∂x j
(3.3)

where, δi j is kronecker delta, ni is ith component of unit normal to flame surface (n̂) and

ui is ith component of flow velocity.

Fig 3.8 shows S L variation with strain rate (κ). Near flame base, because of wall effect,

curve does not have proper behavior. For intermediate region where strain rate is higher as com-

pared to curvature, flame speed increases with strain rate. For higher strain rate curve is almost

linear but near zero strain rate S L behaves non-linearly with strain rate. For flame surface near

tip where strain rate is small but flame speed reaches peak value because of high curvature. To

17



CHAPTER 3. STEADY STATE

Figure 3.5: Axial variation of curvature (C(1/m))

calculate flame speed for un-strained flame, at zero strain rate point flame speed is measured as

S L = 0.139(m/s) , as it is measured at 350K for 300K, S L is 0.1191(m/s) and standard value is

0.1154(m/s). This deviation is because of non-zero curvature at selected point.

Fig 3.8, shows the plot for intermediate flame surface which corresponds to small flame

curvature, and flame speed behaves linearly with strain rate. Sensitivity of flame speed(S L) to

strain rate (κ), is defined as Markstain length. Fig 3.9 shows that slope is 0.000505m which is the

flame speed sensitivity to strain rate and negative of slope is Markstain length, Lu = −0.505mm

and S L,κ=0 is 0.14287m/s which is for T = 350K, means 0.12246(m/s) for 300K. Fig. 3.10 shows

comparison of computed Markstain length(Lu) with Varea et al. [15] measurement.

18
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Figure 3.6: Variation of flame speed (S L) with curvature (C(1/m))

Figure 3.7: Axial variation of Strain Rate (κ(1/s))
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Figure 3.8: Variation of flame speed (S L) with Strain Rate (κ(1/s))

Figure 3.9: Flame speed(S L) vs strain rate(κ) with linear fit.
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Figure 3.10: Comparison of Markstain length by Varea et al. [15] with computed Lu
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Chapter 4

Perturbed Cases

Simulations are performed for mean equivalence ratio of φ̄ = 0.6 and normalized pertur-

bation amplitude ε = 0.05, 0.2, 0.4. As discussed in chapter 1, normalized minimum equivalence

ratio and normalized forcing frequency decides the behaviour of flame that whether it will sus-

tain or extinguish. Fig 1.1 shows inflammable and non-flammable regions separated by DFLE(η)

curve.

For all simulations maximum extension of equivalence ratio below steady flammability

limit (φmin − φs), is normalized with flammability margin, and can be given by,

φ∗min =
φmin − φs

φ̄ − φs
(4.1)

Table 4.1 shows φ∗min calculations,

ε φ̄ φmin φs φ∗min
0.05 0.6 0.57 0.56 0.25
0.2 0.6 0.48 0.56 -2.0
0.4 0.6 0.36 0.56 -5.0

Table 4.1: Normalized minimum equivalence ratio(φ∗min) Calculation
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CHAPTER 4. PERTURBED CASES

Equivalence ratio perturbation frequency is normalized by,

η = δ

√
ω

2D
, (4.2)

where,ω = 2π f is the angular frequency, D is the mass diffusivity of major reacting species (CH4)

in reactant, and δ is the thermal flame thickness given by,

δ =
Tb − Tu

(∇T )max
(4.3)

, where Tb and Tu are burnt and unburnt gas temperature respectively(Tb = 1665K and

Tu = 300K). δ is measured at 3R from flame base and is 0.915mm. Diffusivity of CH4 at 300K is

2.3031 × 10−05m2/s. Hence,

η = 2.6177 (4.4)

Each case is plotted on fig. 1.1 for respective φ∗min and η values. Fig 4.1 shows this

plot,

Figure 4.1: Plot of present cases on figure 1.1
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(a) (b)

(c) (d)

Figure 4.2: Comparative plots of of (φ − φt), Temperature(K) fields with Hear release rate(Ḣ)
contours and velocity vector field for different phase angles at Inlet (φ̄ = 0.6, ε = 0.05, f = 60Hz)

.

In fig. 4.1 black colour curve is obtained by fitting cubic polynomial to DFLE − η data

(blue boxes) from fig 1.1. Figure 4.1 shows that ε = 0.05 case lies in inflammable region, where

as ε = 0.2 and 0.4, lies in non-flammable region.

4.1 Case: ε = 0.05

Fig. 4.2 shows φ − φt field and temperature(T ) field at various phases of perturbation

cycle at inlet. Here φt is the dynamic flammability limit for corresponding normalized frequency(η).

Contours of heat release rate are shown in black. Levels for this contour are at 5%, 10%, 20% of
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CHAPTER 4. PERTURBED CASES

maximum heat release rate for steady unperturbed case.

In figure 4.2a flame is contracted and has narrow shape near tip. This is because of

mixture with higher equivalence (φ > φ̄) ratio is passing through this region. This mixture causes

increase in flame speed, than the flame speed at mean equivalence ratio(φ̄) which causes imbal-

ance in flame normal flow velocity and flame speed, hence flame propagate into the reactants and

changes the flame shape.

In fig. 4.2b there is detached pocket from the original flame. In fig. 4.2a, there is lower

equivalence ratio mixture(φ < φ̄) is at flame tip and upstream of that there is mixture with higher

equivalence ratio (φ > φ̄). So, φ > φ̄ mixture burns quickly than φ < φ̄ mixture which is at tip and

causes detachment of mixture pocket with φ < φ̄.

In fig. 4.2c there is no detached pocket as it is burned out because of hot surrounding.

In fig. 4.2d there is lower equivalence ratio mixture is at flame tip(φ < φ̄) and upstream of that

there is mixture with higher equivalence ratio (φ > φ̄) which gives rise to flame shape as fig. 4.2a.

As heat heat release rate contours are continuous, there is no local extinction of flame as

expected from fig 4.1.

4.2 Case: ε = 0.2, ε = 0.4

Fig 4.3, 4.4 shows ε = 0.2 and 0.4 cases respectively with (φ−φt) field and temperature(T )

field at various phases of perturbation cycle at inlet and contours of heat release rate are shown

in black at 5%, 10%, 20% of maximum heat release rate for steady unperturbed case. Similar to

ε = 0.05 case, pocket of lower mixture strength is formed which eventually get consumed because

of hot surrounding.

Fig 4.3a and 4.4a shows the 0o phase at inlet. It is observed that flow inside the domain

is directed away from the flame. Heat release on flame surface is causing an expansion of fluid

while passing through it and forcing the flow away from the flame.
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(a) (b)

(c) (d)

Figure 4.3: Comparative plots of of (φ − φt), Temperature(K), Hear Release Rate contours and
velocity vector field for different phase angles at Inlet (φ̄ = 0.6, ε = 0.2, f = 60Hz)

.
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(a) (b)

(c) (d)

Figure 4.4: Comparative plots of of (φ − φt), Temperature(K), Hear Release Rate contours and
velocity vector field for different phase angles at Inlet (φ̄ = 0.6, ε = 0.4, f = 60Hz)
.
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Fig. 4.3b and 4.4b, show that the flow pattern around the flame is modified. Near

wall hot flow of products is directed towards the flame. This can be explained by fig. 4.5. Low

equivalence ratio mixture produces less dilatation rate than higher equivalence ratio mixture, hence

as low equivalence ratio mixture approaches to flame dilation rate at flame reduces and causing

reduction in pressure near wall [see fig 4.5a]. This pressure gradient causes flow of hot gas

towards the flame. This hot flow towards the flame base is supporting the combustion of mixture

with lower equivalence ratio. In fig 4.5b, pressure surrounding the flame is below atmospheric

pressure. Region between primary flame and detached packet have additional pressure drop this is

because of heat transfer from this region to primary flame and lean pocket, causing reduction in

temperature and hence drop in pressure.

Fig. 4.5c shows that, as higher equivalence ratio mixture approaches to flame pressure

around flame has raised above atmospheric pressure and position of vortex has slightly pushed

away from the flame. In fig 4.5d, because of intense combustion of higher equivalence ratio

mixture, pressure inside flame is substantially increased because of high dilatation rate, this forces

the flow from flame to outlets.

4.2.1 Extinction Analysis:

Fig. 4.6 shows, heat release rate contours for 5%, 10% and 20% of maximum heat

release rate(Ḣmax,ss) at steady state. Contour for 0.2Ḣmax,ss, is broken near tip. Means Ḣ has

reduced less than 0.2Ḣmax,ss inside the flame that lies within yellow circle. But still contours of

0.05Ḣmax,ss and 0.1Ḣmax,ss are continuous, shows that reactions are not quenched. The reason for

this non-quenching of reactions is mostly because of curvature effect.

Species OH, HO2 are main contributors to branching and termination reactions respec-

tively. Sankaran et. al [11] have suggested a parameter β which compares branching reaction rate

with termination reaction rate,

β =
wb/wt

(wb/wt)φ̄
. (4.5)
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(a)
(b)

(c) (d)

Figure 4.5: Comparative plots of of (P − Patm) and Dilatation rate(1/s) field(φ̄ = 0.6, ε = 0.4,
f = 60Hz)

.
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Figure 4.6: Comparative plot of φ − φt and Temperature(K) field with heat release rate contour(Ḣ)
for φ̄ = 0.6, ε = 0.4, f = 60Hz case.

β is the ratio of reaction rate of branching and termination reactions and normalized

with respect to steady state maximum value of ratio of reaction rate of branching and termination

reactions. Parameter β is measured at maximum wb location. Since wb is branching reaction rate,

wOH is used to get approximate rate of branching reaction and wHO2 is used as to get rate of

termination reaction.

Fig 4.7 shows plot of parameter β measured at maximum wb location along y-direction

for given axial co-ordinate. Dotted red line shows flame tip, based on maximum heat rate. Sankaran

et.al [11] have noticed that on quenching of reactions β suddenly drops to zero. The plot 4.7

shows that β takes value close to unity over the flame implies that there is no quenching of re-

actions. The sudden drop after peak is because of crossing the flame height and not because of

quenching of reactions.

Fig 4.8, shows ẇCH4 for steady state and for ε = 0.4 case at 270o phase angle at inlet.

Molar consumption rate of CH4 is nothing but rate of chain initiation reaction. Fig 4.9 shows
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CHAPTER 4. PERTURBED CASES

Figure 4.7: Plot of parameter β along axial direction.

volumetric molar production(destruction) rate of H, H2, OH which is directly related to branching

reaction rate. Fig 4.10 shows volumetric molar production(destruction) rate of HO2 which is related

to termination reaction. It can be seen that near flame tip branching as well as termination reactions

have reduced reaction rate, but still from 4.7 plot, their ratio is comparable to steady state.
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(a) (b)

Figure 4.8: Volumetric molar production rate of CH4 at (a)steady state and(b) For ε = 0.4 case,
with 270o phase at inlet.

.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.9: Volumetric molar production rate of H, H2 and OH. (a),(c),(e) show steady state
and(b),(d),(f) show ε = 0.4 case, with 270o phase at inlet.

.
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(a) (b)

Figure 4.10: Volumetric molar production rate of HO2 at (a)steady state and(b) For ε = 0.4 case,
with 270o phase at inlet.

.
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Chapter 5

Conclusion

In the present work, we study slot stabilized flame without equivalence ratio perturbation

and with three normalized perturbation amplitudes ε = 0.05, 0.2, 0.4 is studied.

Analysis of steady state results without equivalence ratio perturbation is carried out to

find local flame speed, flame curvature, and strain rate at 350K contour. From this, effects of

curvature and strain rate on local flame speed are studied. Flame speeds are calculated for zero

curvature and zero strain rate. It is found that they are in close agreement with standard flame

speed. Also, from flame speed and strain rate plot, markstain’s length is computed.

In analysis for perturbed case, each case is plotted with normalized minimum equivalence

ratio extension below steady flammability limit and normalized frequency, to locate case either in

flammable or non-flammable region. Case with ε = 0.05 lie in flammable region where ε = 0.2 and

0.4 lies in non-flammable region. But, no extinction is found out in any of the cases. In order to

understand this flame behaviour, combined effect of strain rate and curvature on flammability limit

needs to be considered which can be taken as future work.
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