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Summary

An analytica! model is described, to predict the response of axisymmetric laminar premixed flames to flow
oscillations. The response of the flame is described in terms of heat release rate fluctuation which is an
important quantity in predicting the thermo-acoustic behaviour of a flame. Analysis of unsteady heat
release is based on modelling of the variation in flame surface area due to its interaction with the
oscillating flow. The kinematics of the flame is captured in a so-called field equation for the flame front.
Two cases are considered: spatially uniform and non-uniform velocity perturbations. The amplitude of the
flame oscillation is determined by the "flow Strouhal" number while the "flame Strouhal" number
determines its pattern. The magnitude of heat release perturbation and its phase with respect to the
dynamic perturbation depend on the flame Strouhal number only. High-frequency perturbations pass
through the flame without affecting the heat release significantly while low-frequency oscillations lead to a
streng response.
Experiments at Gasunie Research are carried out to validate the model qualitatively. Oscillations are
recorded with an ICCD-camera of a laminar premixed flame in an acoustic field. The qualitative behaviour
of the flame oscillation is predicted by the model. However, the oscillation amplitude of the experimental
flame is much larger than theoretically predicted. The flame tip is modelled incorrectly as no rounding of
the tip is taken into consideration.
The analytica! model is extended by taking into account flame stretch and flame curvature, which is
especially important near the tip. Both phenomena influence the burning velocity and thus the response of
the flame. The field equation is solved numerically using a standard fortran routine. Flame tip modelling
has improved. The tip is rounded and its movement is more adapted to the neighbouring flame front areas.
The amplitude of the flame oscillation decreases slightly relative to the analytica! model. lt seems that nonlinear effects take place during experiments which are not implemented in the model.

Contents

SUMMARY
CONTENTS

11

NOMENCLATURE

IV

ACKNOWLEDGEMENT

VII

Chapter 1

INTRODUCTION
1.1 Introduction
1.2 Thermo-acoustics
1.3 Research objective

1
1
3 _."___ -

Chapter 2

RESPONSE OF A LAMINAR PREMIXED FLAME TO FLOW OSCILLATIONS
2.1 Introduction
2.2 Flame surface kinematics
2.3 Flame surface oscillation in a uniform flow
2.4 Flame surface oscillation in a non-uniform flow
2.5 Discussion
2.6 Conclusions

4
4
4
6
9

11
11

Chapter 3

EXPERIMENTS AT GASUNIE RESEARCH
3.1 Introduction
3.2 Experimental apparatus
3.3 Description of the !CCD-camera
3.3.1 The image intensifier
3.3.2 The CCD-sensor
3.4 Settings during the experiments
3.5 Luminescence of the experimental flame

13
13
13
13
14
15
15
17

Chapter 4

EXPERIMENTAL RESULTS
4.1 lntroduction
4.2 Qualitative behaviour of the flame oscillation
4.3 Detailed comparison of instantaneous flame shapes
4.4 The time resolved radial flame oscillation
4.5 Conclusions
4.6 Discussion

18
18
18
26

31
33

34

Il

Contents
Chapter 5

FLAME OSCILLATION MODELLING OF A STRETCHED FLAME
5.1 lntroduction
5.2 The phenomenon flame stretch
5.3 Formulating the field equation fora stretched flame
5.4 Solving the differential equation for the axial displacement ~
5.4.1 Testing the routine
5.4.2 Tuning the parameters
5.5 Modelling results
5.6 Conclusions

36
36
36

37
41
41
42
43
45

Chapter 6

CONCLUSIONS AND RECOMMENDATIONS
6.1 lntroduction
6.2 Conclusions
6.3 Recommendations

47
47
47
49

TABLE OF LITERATURE

51

APPENDIXA

53

Appendix A.1
Appendix A.2
Appendix A.3
Appendix A.4
Appendix A.3

lntroduction
lntegration of equation (2.13) using Laplace transformation
Laplace transformation
Writing equation (2.24) in the form of an n-• model
The solution to the differential equation (2.35)

APPENDIX B
Appendix
Appendix
Appendix
Appendix
Appendix

59
B.1
B.2
B.3
B.4
B.5

lntroduction
The generation of sound waves
Attenuation of sound in the tube
Phase shift due to propagation of sound waves in the tube
Description of the radiation spectrum of the experimental flame

APPENDIXC

59
59
60
61
61
64

Appendix C.1
Appendix C.2

Images accompanying Chapter 4
Radial flame front movement

APPENDIX D
Appendix
Appendix
Appendix
Appendix
Appendix
Appendix

53
53
54
54
55

D.1
D.2
D.3
D.4
D.5
D.6

lntroduction
Formulation of the stretch rate K
An expression for the Karlovitz number
Parameters in the flame stretch model
Evaluating equation (5.16)
The FORTRAN-routine MOLCH

65

74
75
75
75
76
77
79
81

111

Nomenclature

Roman symbols
A
A
Aa
c
Cp

D
D.t
D;m
eTJ

E
f

F
h
h(0)
Ha
Hn
1
1

k
k
kc
K
K
Ka
L
.t!

m
M
?H
n
n1
p
p_

p
Q

r
R
Rr
R
Su
t
T

area
matrix
amplitude of flame oscillation
velocity of sound
specific heat at constant pressure
diffusivity
Markstein diffusivity
molar diffusivity
normal vector
activation energy
frequency
scalar function, describing the flame surface
flame height
ratio of thermal diffusivity at temperature e to its value in the fresh gas
Heavyside function
Hermite polynomials
intensity of plane wave
varying current
constant of Boltzmann
wave number
reduced wave number
fractional change of area
stretch rate K
Karlovitz number
inductivity
Markstein length
mass burning rate
pressure gradient divided by the density
Markstein number
unit normal
interaction index
pressure
constant pressure
sound power
heat release rate
radial coordinate
tube radius
radiation resistance
local radius of curvature
laminar burning velocity
time
temperature

[m2]
[m]
[m/s]
[J/kgK]
[m 2/s]
[kg/ms]
[m 2/s]
[J]
[Hz]
[m]

[kg/s 3]
[A]
[J/K]
[1/m]
[1/m]
[1/s]
[Vs/A]
[m]
[kg/m 2s]
[m2/s2]

[kg/ms2]
[kg/ms2]
[kgm 2/s3]
[J/s]
[m]
[m]
[kg/s]
[m]
[m/s]
[s]
[KJ
IV

Nomenclature

u

v

velocity vector
average of the mean flow
velocity, perpendicular to main flow
control volume

[m3]

v

velocity

[m/s]

varying voltage
cartesian coordinate, parallel to the tube's axis
mass fraction
scalar variable

M

U1

v

v
x
y

z

[m/s)
[mis)
[mis]

[m]

Greek symbols

E

~

y
y
v
<p
K

A.

e
p

p_
(J

î
0)

ç
\jf

phase shift of flame oscillation
attenuation constant
coefficient
reduced activation energy
coefficient
heat of reaction per unit mass
thickness
relative amplitude
standard basis function for cubic Hermite polynomials
radial displacement of the flame front
reduced gas expansion factor
kinematic viscosity
phase
equivalence ratio
thermal conductivity
angle between the flame front and the radial axis
density
constant density
small area in the flame surface
time delay
acoustic mode frequency
Axial displacement of the flame surface
standard basis function for cubic Hermite polynomials

[dB/m]

[J/kg]
[m]

[m]

[W/Km]
3

[kg/m ]
3
[kg/m )

[m2]
[s]
[-/s)
[m]

Acronyms
F
Fr
G
Le
Pr
Rekin

"flow Strouhal number"
Fraude number
"flame Strouhal number"
Lewis number
Prandtl number
kinetic Reynolds number

Indices
under:
b

c
el
f

burned
critica!
electric
referred to the flame surface
the i1h component of a column or vector
the component of a column or vector
maximum, centerline
thermal
unburned
in the azimuthal direction
in the axial direction

lh

max
th

u

e
z

v

Nomenclature

above:

0
A

average, mean
fluctuating, time-dependent
stretchless
approximation

Operators

v
$

gradient operator
discrete difference operator
vector

1$1

magnitude

~

L

Laplace transform

L

Laplace inverse transform

VI

Acknowledgement

This report contains the work 1 carried out during my last year as a student at the faculty Mechanica!
Engineering of the EUT, the Netherlands.
The past year was demanding and challenging. lt seemed choices had to be made constantly considering
my graduation project, relationships, future job and way of life. Many people gave me guidance and help
for which 1am very grateful.
Thanking people should be done properly and personally, for every persen on a suitable way. Therefore
thanking people via this section in my report, will not suffice, at least not for me. However, as written proof,
1 will nevertheless name all people to which 1 am thankful. First of all 1 thank Remco, my boyfriend and
buddy, for his love, belief and coaching, in his special way. Further 1would like to thank my coaches Bart,
Philip and Rob for their professional help, motivation and personal support. 1 would also like to thank my
friends for tolerating that l've put our friendship in the "fridge" for some time. Special thanks go to Edwin,
for his religieus mind-set which inspired me. The other present and farmer members of "De Zaak" also
deserve some expression of gratitude, for the good times.
Last but certainly not least, 1 would like to thank my parents and sisters for their emotional and financial
support. You taught me to put it all in perspective.
Whether good choices are made or not, 1consider the past year as the first milestone in my life.

Eindhoven, December 1997

Carina Dieteren

VII

Chapter 1

lntroduction

1.1

lntroduction

In recent years a fundamental change has occurred in boilers/heaters design. The current domestic
central-heating devices are designed for maximum efficiency and comfort allowing the burner laad to be
varied continuously. The old problem of noise production in these devices again needs attention. There is
a chance that the operating point enters an acoustically unstable zone. Here small fluctuations in the
combustion or the flow field can grow and cause an unacceptable sound level. The governing pressure
oscillations are undesirable since they lead to excessive vibrations leading to mechanica! failures, high
levels of acoustic noise, high burn rates of the fuel, and possibly component melting.
In the past, the burners only operated on one or a few discrete thermal loads. Noise production in these
devices could easily be suppressed by ad-hoc measures and simple geometrical changes. For the modern
heating devices the noise production cannot be handled similarly, because many acoustic instabilities are
triggered and phenomena like high whistling noises and low vibrational excitation of the complete
construction occurs. Thus, for the design of combustion systems in various heating devices, it is important
to be able to predict the occurrence of instabilities under various operating conditions. To make a good
acoustic-stability analysis of domestic central-heating devices, understanding of the acoustic behaviour of
the burner and the flame as a heat source is required. These components of the device seem to influence
each other, and the research in this area belongs to the field of "thermo-acoustics", which deals with the
interaction of heat and sound.
Since a few years, the Novem and the VFK1 have started the project "Sound in domestic central-heating
devices" to get more insight in the mechanisms causing the noise production. The project is executed by
Gasunie Research, TNO-TPD and the section Energy and Process Technology of the faculty Mechanica!
Engineering of the EUT. Since much knowledge on the behaviour of ducts and mufflers was already
available at TNO-TPD, most effort concerned the determination of the acoustics of the flame and flameholder. In the section Energy and Process Technology they focused mainly on the influence of the
combustion zone on the acoustic field. Flat flame burners have been analysed, wherein the flame can be
considered to be one-dimensional. This facilitates the governing equations to a great extent. Most
commercial burners are not of this type and the research must therefore be extended toward threedimensional flame burners. The work described here can be seen as a start-up of this extension.
Before we describe the objective of the research, we will first briefly address the so-called "thermoacoustics" and the famous Rayleigh criterion. In doing so we can see the research in its full perspective
and describe exactly the area which is focused on in this report.

1.2

Thermo-acoustics

Heat-driven oscillations causing industrial and domestic heating devices to be noisy are known for many
years. In thermo-acoustics roughly two main streams can be recognised: convection/conduction-driven
oscillations and the combustion-driven oscillations. An example of the second stream goes back to 1777.
1

Association of Dutch manufacturers of devices for domestic central heating.
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In this year Higgins [Hig1802) reported the so-called "singing flame". He claimed that he could produce
sound by placing a hydrogen diffusion flame inside a closed- or open-ended tube. These combustiondriven instabilities were studied experimentally into more detail. Lord Rayleigh [Ray26), however, was the
first to formulate a theoretica! explanation for many heat-driven oscillations. He gave the following
description:

"lf heat be periodically communicated to, and abstracted from, a mass of air
vibrating (for example) in a cylinder bounded by a piston, the effect produced
wil/ depend upon the phase of the vibration at which the transfer takes place.
lf heat be given to the air at the moment of greatest condensation, the
vibration is encouraged. On the other hand, if heat be given at the moment of
greatest rarefaction, or abstracted at the moment of greatest condensation,
the vibration is discouraged".
In 1956 Putnam [Put56] gave a mathematica! formulation for this. He stated that acoustical energy is
produced when
T

fPu(t')qu(t')dt'>O,

(1.1)

t=O

where Pu(t') is the pressure fluctuation, qu(t') is the unsteady heat release, T is the period of oscillation
and t is time.
The expression in equation (1.1) means that pressure oscillations can be sustained by a source of
unsteady heat release provided that a certain phase relationship is satisfied between the two functions. An
acoustic disturbance is sustained when the phase of the heat oscillation is within ± 90° of the phase of the
oscillating pressure oscillation. A difference in phase of exactly 90° results in evanescence of the
oscillation and a phase shift larger than 90 ° causes acoustic muffling.
This theory is useful in explaining thermo-acoustic instabilities occurring in domestic central-heating
devices. Fluctuating heat release of the heat-source could radiate sound waves. This acoustic field again
influences the heat release and a thermo-acoustic coupling between the heat-release and the acoustic
field could arise, leading to serieus instabilities and an unacceptable sound level when the Rayleigh
criterion is fulfilled. A schematic overview of this mechanism in heating-devices is visualised in figure 1-1.
The event which initiates the mechanism is chosen arbitrarily as it is yet unknown what process is actually
starting the mechanism. For the scheme in figure 1-1 we assume that fluctuations of the system
parameters give rise to the mechanism causing the noise production of heating devices.
Research
objective

Q'

Figure 1-1: OveNiew of mechanism causing thermo-acoustic instabilities in heating devices.

The following fluctuations of system parameters can occur in a central-heating device:
•
•

•

Fluctuations in the gas mixture velocity: vibrations of the construction can cause oscillation of the gas
mixture velocity, the size of the flame changes, changing the heat release rate.
Fluctuations in the heat transfer between flame and burner: oscillations in the gas mixture velocity
change the distance between the flame and the burner and thus the heat release of the flame to the
burner.
Fluctuations in the mixture composition: if the equivalence ratio of the mixture changes the burning
velocity changes and subsequently the heat release of the flame. These fluctuation in the mixture
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•

composition can be caused by acoustic disturbances in the air supply tube as well as by a pressure
wave in the gas supply.
Fluctuation due to turbulence: for premixed burners turbulence can be generated by the inflow of gas
mixture in the system.

We see in figure 1-1 that for being able to make a thermo-acoustic stability analysis on central-heating
devices, understanding of the thermo-acoustic behaviour of the flame and the burner is necessary. This
means that information is needed about the burner as thermo-acoustic source. Besides, insight in the
response of the flame and the burner to an acoustic field is required. This leads to the objective of the
research described in this report.

1.3

Research objective

The objective of the research as indicated in figure 1-1, is to formulate a model describing the response of
flames to the acoustic field in the heating device. We have focused on laminar premixed threedimensional flames and aim to formulate the response of these flames in terms of the heat release
perturbation, as this is important for the thermo-acoustic behaviour of the heating device.
In literature an analytica! model is found which describes the response of a laminar premixed flame to flow
oscillations. This model is elaborately analysed and found suitable as starting-point of this research. The
model is described in Chapter 2, giving the governing equation for the response of the flame to spatial
uniform and spatially non-uniform flow oscillations. In most combustion systems uniform oscillations will
occur and we will therefore focus on these perturbations. The model is based on modelling of the variation
in flame surface area due to its interaction with the oscillating flow. The model is compared with
experimental results of Perry and Blackshear [Per93]. This comparison was successful. However, to
validate the model completely, we need more experimental results. Experiments have been performed at
Gasunie Research which are described in Chapter 3. With these experiments we can visualise the flame
front oscillation due to oscillation of the gas flow which is described by the model. In Chapter 4 we will
discuss the results of these experiments. These results show that flame stretch may be an important
phenomenon occurring in non-planar flames and should be implemented in the model. The phenomenon
is implemented in the model resulting in a differential equation for the axial location of the flame front
which is numerically solved using a fortran routine. This part of the research is described in Chapter 5
giving the numerical modelling results. These results will be compared to the experimental results as
described in Chapter 4.

3
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Chapter 2

Reponse of a laminar premixed flame to flow
oscillations

2.1

lntroduction

As is described in Chapter 1, Rayleigh's criterion [Ray26] states that pressure oscillations can be
sustained by a source of unsteady heat release provided that a certain phase relationship is satisfied
between the two functions. In a premixed combustion system heat release fluctuations may occur through
a time-dependent perturbation of the flame surface area, the local burning rate, or bath. In this work an
analysis of the unsteady heat release from a perturbed flame is based on a model for the variation in the
flame surface area due to its interaction with an oscillating flow. An analytica! model [Flei96] is described
to formulate laminar premixed flame response to an oscillating flow and used to predict the relationship
between the heat release and the instantaneous flow field. Our attention is focused on predicting the
evolution of a laminar flame whose burning velocity is constant, thus heat-release fluctuations will be a
result of flame surface perturbations alone. In genera!, burning velocity changes may occur due to the
combined effect of strain and curvature i.e. stretch of the flame. Here, however, relatively low-frequency
(up to 200 [Hz]), large-wavelength oscillations are considered only. These introduce flame surface
undulations which are much larger than the flame thickness. Under these conditions, the use of a constant
value of Su can be justified [Mar64].
The analysis starts in section 2.2 devoted to the essential kinematics of a flame surface. In section 2.3 the
unsteady heat release rate due to a uniform (section 2.3) and a non-uniform perturbation (section 2.4) is
evaluated.

2.2

Flame surface kinematics

In the following analysis we follow Fleifil et al. and consider the flame as a thin interface separating
reactants (unburned gases) and products (burned gases). The flame moves at constant velocity, the
laminar burning velocity Su. with respect to the reactants in the direction normal to its surface. We assume
that thermal expansion when the gases pass through the flame front has a negligible effect on the flow.
This means that we neglect the decrease in density of the flow when passing through the flame front.
Furthermore we assume that the flame is insensitive to pressure oscillations. This is a fair assumption
because small Mach number analysis [Mclnt85] shows that relative pressure oscillations p'/p 0 are much
smaller than relative velocity oscillations u'/u 0 .
The flow field and the flame wrinkling are axisymmetric. Accordingly, the flame surface can be described
by a scalar function F(z,r,t), where zand rare the axial and radial coordinates and t is time (see figure 21). In this figure we visualise how the real situation (top) is modelled in this section (bottom).
The function F is chosen such that F < O on the reactants side, F > O on the products side, and on the
flame
F(z, r, t) =O .

(2.1)
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For the unit normal to the flame surface we then have the following equation, assuming the normal to be
positive when pointing towards the reactants
-VF
nt = jVFj .

(2.2)

The velocity of the flame surface V1 can then be found to be
VF
vf =U-Su IVFI
where

(2.3)

1

ü is the unburned gas velocity, and Su is the laminar burning velocity.

v

(a)

r

LL
u

z

------ - ________" Products
F>O

Reactants
F<O
(b)

Figure 2-1: Representation of (a) the real situation and (b) the mode/led situation.

F

=constant, moving along the flame front, which means that (dF / dt)f = aF /at+ vf . VF = 0. Substitution

of equation (2.3) gives the evolution of the function F
aF +Ü·VF-SujVFl=O.
(2.4)
at
For our purpose, a more convenient form of the flame surface equation is obtained by expressing F as
(2.5)
F(z,r, t) = z-Ç(r, t) ,
where Ç(r,t) is the axial displacement of the flame surface. Equation (2.5) is valid fora non-planar flame as

long as Ç(r,t) is a function of r only. Substituting (2.5) in equation (2.4), using jVFI = 1+ (

~;

r

and

ü· VF = u - v aç gives
ar

~
at =u - v ai;
ar - su ( ~ çr )

2

+1 .

(2.6)

0

The instantaneous shape and area of the flame surface can be obtained by solving equation (2.6).
Herefore the appropriate boundary and initia! conditions are required, provided that the flow field is known.
In the following, the latter is assumed to consist of two components, a steady mean and a small, timedependent perturbation. For a laminar flame stabilised on the walls of a circular duet, the mean flow
component is a Poiseuille flow
2

Ü=2u{1-

~2 }

v=O,

(2.7)

where u1 is the average of the mean flow and R is the tube radius. In the following sections the time
dependent function Ç will be evaluated with uniform velocity perturbation (section 2.3) and non-uniform
perturbation (section 2.4) in which the acoustic velocity varies in radial direction.
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2.3

Flame surface oscillation in a uniform flow

In the most general case, the acoustic field has a non-uniform velocity distribution across the duet due to
the acoustic boundary layer, which is generated due to the oscillating flow [Wi185], [Whi74]. However, as
will be shown in the next section (2.4), in most combustion systems the acoustic boundary layer thickness
is negligibly small with respect to the duet radius and the perturbation in the flow field may therefore be
treated as uniform in space and harmonie in time
u'= eu 1 sincot,

v'= 0 ,

(2.8)

where e is the relative amplitude of the perturbation and ro is the frequency of the acoustic mode. The total
velocity field is given by u = + u', v = + v' = 0.
To solve the differential equation for the axial displacement of the flame front analytically we use an
approximation for the square root term on the right-hand side of equa_!!on (2.6). When u1 » Su (i.e. the
flame is nearly parallel to the streamlines) and e < 1, the mean slope dl; I dr » 1. Thus the square root in
(2.6) can be simplified, giving the shape function

u

v

aç =U(r,t)+Su aç.
at
ar

(2.9)

The negative sign of the square root was chosen because the mean slope is negative and this only gives
a stable flame front relativ~ to small perturbations in velocity.
The flame is assumed to be stabilised on a ring attached to the duet wall. Thus, heat losses from the flame
to the wall and the low-velocity region in the boundary layer play an important role in its stabilisation. The
heat losses to the ring decrease Su near the wall and a region in which Su is everywhere equal to the flow
velocity is established [Wil85]. In this region the flame may respond to a small perturbation in the flow
velocity by moving away from the wall. This decreases the heat losses, which acts to increase Su and to
bring the flame back to its stable position. This is true as long as the perturbations do not move the flame
away from that region. Since the heat release rate is of primary interest here and not the detailed shape of
the flame surface, the flame stabilisation is enforced by assuming the boundary condition
Ç(R,t)= 0.
The initial condition is given by

(2.10)

Ç(r,O) = Ç(r),
where Ç(r) is the steady state location of the flame. Substituting Ç(r, t) = Ç(r) + Ç' (r, t)
in (2.9) gives

(2.11)

d~
(
r )
S -=-2U
1 1-2
2

u dr

(2.12)

R

and

ai=.·

ai=.·

(2.13)

-"' =u'(r t)+S -"'

at

'

u

ar

The boundary conditions for these differential equations are Ç(R) = 0, Ç' (R, t) = 0, Ç' (r,O) = 0. Direct
integration of (2.12) while imposing the boundary condition shows that the steady-state location Ç is given
by,

~ = Su [(1-~)-~(1-_è_)]
·
R
3
R

R

2U1

3

(2.14)

The flame surface oscillation, Ç', is obtained using Laplace transformation. The evaluation is rather
complex and is given in more detail in Appendix A.2. Here, only the solution is given,

Ç'(r, t)
where Ha ( t -

~ ~1 {c1-cosrot)-[1-cosro(t- R;, r)]xH,(t- R5~r )} ,

~~ r)

(2.15)

is the Heavyside function which has the value 1 when t > (R-r)/Su and the value O

when t < (R-r)/Su.
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When t > RISu the Heavyside function will have value 1, so under this condition the stationary state
fluctuations are given by

~=~[cos( wt-G(1- ~))-coswt],

(2.16)

where
G = wR is the "flame Strouhal number"
Su
and
F = wR is the "flow Strouhal number".
U1

Note that we use R to normalise Ç' and Ç since it is the natural length scale for the flame. Note that F < G
under the assumptions. The equation above shows that F determines the amplitude of the flame surface
oscillation while G defines its pattern. As G increases, either by increasing ro or decreasing Su. the flame
surface becomes more wrinkled. At low ro and large Su. the wrinkles due to flow oscillations are quickly
eliminated by the self propagation of the laminar flame normal to itself. This behaviour will be seen by
platting Ç'/R for low and high G as is done in figure 2-2. At low G, Ç'/R will show a linear dependence on
r/R, what can also be seen by Taylor approximation of (2.16). At high G, Ç'/R will show a harmonie
dependance on r/R. The amplitude of this harmonie dependence will decrease as F increases. Therefore,
flame wrinkling depends on G, while the amplitude of the wrinkles is determined by the value of F.
Perturbation of axial displacement of flame front vs. r/R

Perturbation of axial displacement of flame front vs. r/R

' w*t=O
+ w*t=112*p
.· w*l=Pi
-w*t=3/2pi

0.4
0.2
0

-0.4
-2

-0.6 ' - - - - ' - - - - ' - - - - - ' - - - - - - - ' ' - - - - - - - '
0
0.2
0.4
0.6
0.8

-2.50

Radial coordinate r/R

(a)

0.2

0.4

0.6

0.8

Radial coordinate r/R

(b)

Figure 2-2: Perturbation of axial disp/acement f as a function of radius at different instants for F=1 and (a)
G =0.5 and (b) G =5, c =0.23.
With respect to Rayleigh's criterion the heat release is an important quantity. The total rate of heat release
Q is given by
(2.17)
where p is the mixture density, and ~qr is the heat of reaction per unit mass of the mixture. The laminar
burning velocity is assumed constant here, so the instantaneous heat release rate is directly proportional
to the instantaneous flame surface area A1. This area can be written as
(2.18)
In the above, the "1" under the square root was neglected as before, and the negative sign is used
because the mean slope is negative. Equation (2.18) can be written as

RdÇ iR r-dr
dÇ' } =At+
,
At.
{io r..::2dr+
dr
o dr

At"" -27t

(2.19)
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Differentiating equation (2.14) and (2.16) with respect to r and substituting in the equation above gives the
following integral

A--2x(r{ 2~t~ + ~:]-~[sin(rot-<{1- ~} ~)]f•.
1

(2.20)

The solution to this integral is
2 2eu 1S
U1
roR) smrot-.
roR ( 1--u
S sm. roR) cosrot]}.
At znR 2 -+rtR
{ 2 2u x[ ( 1-cosSu
co R
Su
Su
roR
Su

(2.21)
The first term on the right hand side of equation (2.21) represents the average flame surface area
At= rtR 2 ~. So equation (2.21) can be written in terms of the perturbation in the flame surface area
Su
normalised by the mean At

~: = ~~ [(1-cosG)sinrot-G(1- ~ sinG)cosrot].

A~,

(2.22)

Equation (2.22) shows that the flame surface perturbation depends strongly on the flame Strouhal number

G and is independent of F. The amplitude of the normalised perturbation is large at low G and is
vanishingly small at high G. Although as G increases the flame surface becomes more wrinkled, the
amplitude of the area ratio decreases. At large ro, the amplitude of the displacement of each part of the
flame surface is small. This is comparable to a particle undergoing simpte harmonie motion of which the
amplitude of the displacement (A) decreases as the frequency (ro) increases when the velocity
( u = Aro cos rot) of the move ment is kept constant.
The heat release rate as given in equation (2.17) can also be expressed as the sum of a mean and
perturbation. This then gives the ratio Q' I Q,
Q' _A~
Q -Äf.

(2.23)

Substituting equation (2.22) in the equation above yields
Q'=

2

~~ [(1-cosG)sinrot-G(1- ~ sinG)cosrot].

(2.24)

This equation can be written in the form of an (n-t) model [Cro52] as is described in Appendix A.4
(2.25)
Q'=n1 ·U'(t-'t1),
showing that the interaction index which describes the correlation between the velocity perturbation and
heat release rate oscillations then results in
-

)2 +G 2(1--smG
1 . )

-x (1-cosG
n1 =2Q
2

G u1

2

G

(2.26)

and the time delay between the unsteady heat release rate and the velocity perturbation is

't

1

=..!.tan_1 [G(1-~sinG
co

1-cosG

)] .

(2.27)

The variation of the normalised interaction index n1u1I Q and the time delay ro't 1 / 2rt with the "flame
Strouhal" number is shown in figure 2-3. We can see trom equation (2.26), (2.27) and figure 2-3 that the
interaction index reaches zero in the limit of large frequencies whereas the time delay reaches its largest
value of 7t/2 in this regime. This means that high frequency perturbations pass through the flame white low
frequency perturbation lead to a strong response.

8

Response of a laminar premixed flame to flow oscillations

0.25
0.9

'E 0.8

0.2

><
Q)

>-

~0.7

.!l!

~ 0.6

'O

Q)
Q)

E

(J

0.15

~ 0.5

""

al 0.4

'ä 0.1

'O
Q)

~

VJ

ê
z0

VJ

i0.3

~ 0.2

0.05

0.1
0

-2

-4

0

0

4

2

-4

log G

-2

0

2

4

log G

(b)

(a)

Figure 2-3: The normalised (a) interaction index and (b) time delay vs. G on a logarithmic scale.

2.4

Flame surface oscillation in a non-uniform flow

As mentioned in section 2.3 the oscillating flow generates an acoustic boundary layer resulting in a nonuniform velocity distribution across the duet. For such velocity perturbation Fleifil et al. [Flei96] examine
the analytica! solution for an incompressible pipe flow subject to an oscillating pressure gradient. First the
continuity and momentum equation for a pipe flow with velocity components (v,, v0 , Vz) in r, e and z
direction are considered. lf it is assumed that the pipe axial velocity vz=u(r,t) is the only velocity component
(v,=v0=0), then the continuity equation is exactly satisfied

v. v= au =o

(2.28)

az
and the momentum equation becomes
2

p au= - dp + µ(a u
at
dz
ar 2

+~au)

.

(2.29)

r ar

The rand e-component of the momentum equation show that p=p(z,t) only. Fleifil et al. now assume that
the pressure gradient varies sinusoidally with time [Whi74]
dp =-pMeiwt
(2.30)
dz
'
where -pM is the axial pressure gradient. The solution of the continuity and momentum equation,
formulated by White is given for two distinctive regimes depending on the value of the kinetic Reynolds
2

number or the reduced frequency, defined as Rekin = coR , where vis the kinematic viscostiy of the fluid.

v

The solution in the regime Rekin < 4 is
4

2

2

Rekin ( --+4--5
r
r
) sincot
.
- u'
- = ( 1 -r 2-) coscot+-4
2
Umax
R
16 R
R
and for Rekin > 4 the solution is

~=-4 -[sincot- ~e-B
Umax

Rekin

r

sin(cot-8)].

(2.31)

(2.32)

R
where Umax = MR / 4v is the centerline velocity of the steady Poiseuille flow with a pressure gradient
Lip= -pM and B = (1- r 1R)~Rekin/2.
For Rekin > 100 the exponential term in the second term in equation (2.32) is very small and the distribution
of u' across the pipe is almost uniform. Thus, the uniform perturbation used in the previous section is a
good approximation for the acoustic velocity field found in many combustion systems. As an example we
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consider a combustion system with a pipe radius of R = 5 [mm] and the mixture used in the combustion a
lean methane/air mixture with a kinematic viscosity that is about the same as the kinematic viscosity of air
(v = 1.33·10-5 [m 2 / s]). For this system the distribution of u' can already be considered as uniform when
the frequency of the velocity perturbation is higher than 8.5 [Hz].
For a relatively low kinetic Reynolds number, Rekin < 4, the second term in equation (2.31) can be
neglected. The frequency corresponding to such a small kinetic Reynolds number for the combustion
system mentioned above, is even much lower than f = 8.5 [Hz]. However, tor a combustion system of other
dimensions such a small kinetic Reynolds number can still be applicable. The distribution of the velocity of
an oscillating flow in a pipe can then be approximated by the first term which is a quasi-statie Poiseuille
flow only. Here, the velocity perturbation is taken as
u'=2eu{1-

~: )sinrot, v'=O.

(2.33)

The mean flow is still given by equation (2.7) and the average shape of the flame is given by equation
(2.15). For the differential equation given in equation (2.13) we now find

ai;·

(

r

2

)

ai;·

.

at=2eu 1 1-R2 smrot+Sua;:-·

(2.34)

As before, the perturbation in the flame location is obtained by integrating equation (2.13) using Laplace
transformation. Laplace transformation of equation (2.34) gives the following differential equation in
frequency domain

~s'(r,s)=-2eu1(1-

as'(r,s)
r:) 2 ro 2 .
(2.35)
ar
Su
R s + ro
This differential equation is solved in Appendix A.5 resulting in a fairly complex equation similar to
equation (2.15). After a transient period that lasts fort < R/Su, the last equation is simplified to

s'

(r, t) -4e [ . (
r )) r ·
(
-R-= FG sm rot- 8 1- R - R smro

t]
(2.36)

~~ {~ [cos( rot- G(1- ~))-cos rot]-~ ( 1- ~ 2 )cos rot}.
2

+

Unlike the uniform velocity perturbation case, the amplitude of the flame location perturbation depends on
F and G, while similar to the former case, the pattern depends solely on G. Since the velocity is larger near
the duet center than at the duet wall, the flame undergoes larger displacements at the center than near the
duet wall. Furthermore, the flame response is characterised by the displacement of the entire flame
surface, but with fine wrinkles. I!_ is worth noting that the solution of the flame shape at r
R is not
accurate because in this reg ion dl;/ dr"' 0, which violates the approximation .used to remove the "1" in the
square root term in equation (2.6).
Similar to the analysis in section 2.3, the ratio
Q can be derived for the non-uniform disturbance (see
Appendix A.5). Again casting this ratio in an n-t model gives

=

a' /

2

2

2
2
] + [2
2
2
]
n1 =40
- - [ 1--sinG+-(1-cosG)
-G--sinG+-cosG
G 2 u1
G
G2
3
G2
G
and

1

't 1 =-tan

ro

-1

x

-2G --sm
22 · G +-cos
2
G

3

G

G

2
2
[ 1- G sinG+
(1-cosG)

l
.

(2.37)

(2.38)

82

The equation above shows that the phase lag depends on the flame Strouhal number G, and not on the
velocity perturbation. Furthermore the phase lag between surface oscillations and velocity oscillations
increases as the burning velocity decreases. The results of the experimental investigation of Perry and
Blackshear [Per93] are in good agreement with the model results. They studied standing waves sustained
by heat addition. In their research they observed that the phase of the area perturbation depends on the
burning velocity and not on the velocity perturbation. Furthermore, they found that the phase lag increases
as the burning velocity decreases, which is predicted by the model as well.
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2.5

Discussion

Differences between the actual situation (figure 2-1, top) and the modelled situation (figure 2-1, bottom)
will be discussed here shortly, as this gives an indication of the validity of the model.
The model described here predicts the response of an axisymmetric laminar premixed flame to an
oscillating flow. The model is formulated for a laminar flame whose burning velocity is constant. This limits
the use of the model to low-frequency oscillations, as these lead to flame front perturbations which are
much larger than the flame thickness. In this case flame stretch effects due to curvature will be small as is
described in Chapter 5. However, stretch effects will nevertheless influence the burning velocity, but for
oscillation frequencies lower than f = 200 [Hz] this influence will be limited. Therefore, as a start we
assume that in this case the burning velocity of the flame is constant. Low-frequency perturbations lead to
a streng response in terms of heat release fluctuations, while high-frequency oscillations pass through the
flame, causing no significant response. Thus, focusing on low frequency oscillations is tolerable as we are
interested in the response of the flame in terms of the heat release.
The flow field is assumed to be insensitive to thermal expansion when the gases pass through the flame
front. This means that the decrease in density when passing through the flame front is neglected.
However, this effect influences the flow field beyond doubt. Furthermore, we assume that the flame is
insensitive to pressure fluctuations which is a fair assumption shown by small Mach number analysis. The
flame-flow field coupling could be taken into account if the Navier-Stokes equations would be solved
together with the Ç-equation.
To solve the differential equation (2.6) analytically, it is assumed that dl; I dr » 1. This can lead to
discrepancies between theory and experiment when the flame front perturbations cause local significant
changes of the slope of the flame front. Even more, rounding of the tip cannot be guaranteed as the
boundary condition dl; (r =0) =0 cannot be applied. This approximation is dropped in Chapter 5.
dr
In the model the flame is assumed to be stabilised inside a duet instead of at its tube opening. The mean
flow field is assumed to be a Poiseuille flow. Thus, divergence of the flow at the tube opening is neglected.
This will affect the model's prediction of the flame oscillation/heat release fluctuation.
The flame stabilisation is enforced by applying the boundary condition l;(R, t) =0, limiting the flame's
movement. Even more, the heat loss of the flame to the burner at the burner rim is neglected. Due to this
heat loss the flame can stabilise slightly above or below the burner exit, because the flame temperature
may increase or decrease leading to changes in the burning velocity. This will influence the flame
movement at the burner rim. More over, the experimental flame may face a different flow field when it
stabilises above the burner rim which will affect the flame oscillation too. Generally the assumptions
applied in the model lead to a modelled flame that can move less freely than the experimental flame. This
may lead to discrepancies between theory and experiment considering the flame's oscillation amplitude.

2.6

Conclusions

The response of a laminar premixed flame to an oscillating flow has been described using an equation that
captures the kinematics of the flame surface. Two cases are considered, a uniform velocity perturbation
and a non-uniform perturbation in which the acoustic velocity varies in the radial directions. The two cases
show similar qualitative behaviour in terms of the impact of the velocity oscillations on the heat release
rate, suggesting that the first could be used in even more complex situations. We find that high-frequency
oscillations pass through the flame without affecting the heat release significantly, low-frequency
perturbations have a streng impact on the heat release perturbation. The time delay between the velocity
oscillations and the flame front/heat release oscillations is maximum at high frequency and smallest at low
frequency, translating to minimum phase shift. The qualitative behaviour of the model is supported by the
experimental results of Perry and Blackshear. This shows that the model, although relatively simple can
be extended to more complex applications after some of the assumptions have been relaxed.
The model predicts the relationship between the heat release rate and an instantaneous flow field. An
equation for the heat release rate is derived in case of uniform and non-uniform velocity oscillations. This
heat release rate is an important quantity when considering acoustics in flames. As stated by Rayleigh,
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pressure oscillations which may occur in a combustion system can be intensified by unsteady heat release
when a certain phase shift exists between the two functions.
In the next chapter the experimental set-up is described, which will be used to visualise the flame front
movement as a function of acoustic disturbances. These measurements may be used to validate the
model described here.
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Chapter 3

Experiments at Gasunie Research

3.1

lntroduction

In the following chapter the experiments are described which are done at Gasunie Research. The
objective of the experiments was to validate the model of Fleifil qualitatively. This model describing the
relation between the velocity perturbation and the heat release rate in a flame is very useful in modelling
acoustics in axisymmetric flames. The model results have been compared shortly with experimental
results of Perry and Blackshear [Per93]. This comparison shows that the phase of the area perturbation
indeed depends on the burning velocity and not on the velocity perturbation and that the phase lag
increases as the burning velocity increases. However, to validate the equations the model describes for
the perturbation of the flame front and the equations for the heat release rate resulting from them, we need
more experimental results. These experimental results are obtained by recording the time-resolved flame
front movement of a premixed 3D-flame with a !CCD-camera. This !CCD-camera is available at Gasunie
Research. The experimental apparatus is described in the following section 3.2, followed by a brief
description of the !CCD-camera. In the last section of this chapter the luminescence of the experimental
flame which is recorded by the !CCD-camera is considered. In that section a brief summary will be given of
the spectroscopically observable species and the reactions producing them.

3.2

Experimental apparatus

The experimental apparatus that is visualised in figure 3-1 consists of a metal circular tube mounted in a
circular metal plenum with a loudspeaker inside. The loudspeaker is provided with power via a function
generator (1 ). The function generator (2) is used to trigger the camera as explained in section 3.4.
The radius of the circular tube is 5 mm and of the metal foot the radius is 45 mm. At the stream opening
the tube is extended with a casing providing co-flow to the flame ignited at the stream opening of the tube.
This co-flow should give the flame more stability although this was not noticeable during experiments. The
gas mixture is provided by a gas mixing installation which regulates the equivalence ratio of the gas. At the
end of this installation a flow meter is used to measure the flow through the tube. With these
measurements the gas velocity can be calculated. The results of these measurements are checked by
measuring the gas velocity at the stream opening with a hot-film anemometer.
When the flame is ignited a metal cover is put over the burner. This cover is painted black inside to
prevent that any other light except the luminescence of the flame is recorded by the camera.

3.3

Description of the ICCD-camera

This section gives a brief overview of the lntensified Charge-Coupled Device camera system.
The heart of the StreakStar system is the camera head, which consists of an image intensifier that is fibre
optically coupled to the CCD sensor.
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Figure 3-1: Schematic oveNiew of experimental apparatus.
The image intensifier (1/1) as well as the CCD sensor are operated by the camera control unit (CCU). The
ecu supports all necesarry operation voltages for the image intensifier electronics and the CCD sensor. lt
contains the CCD electronics and the thermo electric (TE) stabilisation. The TE stabilisation unit supports
a Peltier element at the CCD sensor inside the camera head and ensures a constant temperature of the
CCD sensor. The camera is cooled with water cooling.
The data aquisition and image processing is done on a computer with an lntel Pentium Processor under
software control. The analogue slow scan signal is sampled by a 12 bit AJD converter and the digitised
images are stored within the RAM of the computer. The images are displayed on the colour monitor of the
computer. The camera synchronisation can be done either by an external clock or by the computer.
The two most important and complicated components of the CCD-camera are the intensifier and the CCDsensor. These components will be described in section 3.3.1 and 3.3.2 respectively.

3.3.1 Image intensifier
The second generation image intensifier consists of three basic elements:
• An input window capable of transmitting light over the range near UV-visible to near IR (190-850 nm)
with a photo cathode deposited on its inner surface. The light imaged on the photo cathode causes
emission of electrons proportional to the number of impinging photons.
• A micro channel plate (MCP) to provide electron gain. This is an electron multiplier which consists of
a thin (0.5 mm) glass plate through which runs a very large number of parallel channels of around 10
µm diameter. A 25 mm diameter MCP contains approximately 1.5 million channels which are set at a
small bias angle to the major axis of the MCP to increase the chances of electrons colliding with the
channel walls. The photo-electrons emitted by the photo cathode are accelerated by a streng electric
field trom the cathode to the micro channel plate (MCP). Every electron entering a channel in the MCP
collides with the channel wall and produces secondary electrons. These electrons are accelerated
through the channel by means of the high potential gradient applied to the MCP. By further collision
with the channel wall they produce further secondary electrons at each collision. The result of these
repeated collisions is an electron gain up to 103 .
• An output window which consists of a glass fibre optical base covered by luminescent phosphor. At
the phosphor an electron/light conversion is realised by the high potential of 5-6 kV (see figure 3-2).
Due to the lighUelectron conversion the colour information of the image is lost. The intensity maximum
of the phosphor is in the green region, where the CCD shows a sensitivity maximum.
These elements are enclosed in a cylindrical ceramic and metal housing with suitable leads for electrical
connection.
lf the gate time is held constant, the intensified camera can be accommodated to different scene
illuminations by variation of the MCP voltage. Because of the close proximity of the photo cathode and the
entrance side of the MCP, only a relatively small change in photo cathode voltage is required to prevent
the emitted photoelectrons from entering the MCP. This characteristic, together with the high conductivity
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of the photo cathode, allows the intensifier to be gated as quickly as 5 nsec. The gate is achieved by a
pulse coming from a high voltage pulse module. The output level of the HV-pulse module is usually +50 V
to black the image intensifier and drops to -180 V during the exposure time .M. i.e. the camera is only
active during the interval .1.t.
HV-Putser

+-,

1

- LJ

U-MCP

0-900V

Gate on Pulse

6kV

Input window

Fibre Optie
Output Window

Phosphor
Photocathode

AJuminum

Figure 3-2: Cross section view of an image intensifier operation circuit.
The output of the intensifier is imaged to a CCD sensor that holds the image information in a matrix of
separated image elements (pixels). The photo electron charge of each pixel is read out and may be
digitised by a computer. The coupling of CCD and intensifier is done via a fibre optie bundle (taper). The
CCD-sensor will be described in the following section.

3.3.2 The CCD-sensor
A charge-coupled device (CCD) image sensor is an analogue integrated circuit which converts optica!
images into an electronic output. The sensor is a semi-conductive device that consists of a twodimensional array of photosensitive elements and MOS capacitors (pixels), where the electrical charges
are accumulated. The chip in the camera has 576x384 pixels with a pixel area of 23 µm x 23 µm. lt is a
frame transfer chip characterised by the separation of the element array into two identical arrays: an image
zone, which receives the optica! information and a memory zone, into which the image field is transferred
for subsequent read out. The first 288 lines in the upper part of the chip are used for recording the image,
the remaining 288 lines are used to store the image.

3.4

Settings during the experiments

As the experimental apparatus is described, we can consider the settings of the gas mixing installation,
the CCD-camera and the loudspeaker used during the experiments. This description will be given in this
section followed by a section considering the luminescence of a flame which we recorded with the CCDcamera.

The settings of the gas mixing installation
During the experiments we used the test gas of Gasunie Research which can be interpreted as a
methane/air mixture. With the gas mixing installation the equivalence ratio of this mixture and the gas
velocity in the bumer tube can be adjusted. The equivalence ratio and the gas velocity are kept fixed
during most of the experiments at the values K 0.95 and u1 1.02 [m/s], unless explicitly mentioned
otherwise. The gas velocity has been measured with the flow meter before the entrance of the tube and
checked with a hot-film anemometer. The disadvantage of the measurement with the flow meter is that the
3
flow through the system is only 0.5 [m /h] white the flow meter is suited for a range of flows of 0-4.32
3
[m /h]. In this lower flow range the flow meter is much less accurate than at higher flow ranges. To get an
indication for the error, the hot-film anemometer was used to measure the gas velocity. Using the hot-film

=

=
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anemometer to measure the gas velocity has the disadvantage that we can only measure at the exhaust
opening of the tube where the anemometer will disturb the flow. The flow meter gave u1 = 1.1 [m/s] but the
hot-wire anemometer measured u1 = 1.02 [m/s]. The difference between measured values is about 10%.

The settings of the loudspeaker
For the experiments a velocity perturbation of the gas velocity is generated in the tube. This perturbation
should be a plane axial sinusoidal wave in the form u'

= eu 1 sin rot

as is used in the model of Fleifil. The

best and most practical apparatus to generate such a perturbation is a loudspeaker at the inflow of the
tube. The behaviour of such a system is described in Appendix 8.2-4. The loudspeaker is powered by a
function generator with which we can adjust the frequency fv. This establishes the frequency of the velocity
oscillation, and its relative amplitude is determined by the amplitude of the varying voltage (see Appendix
8.2). The relative amplitude of the velocity oscillation is measured with a hot-film anemometer at the
exhaust opening of the tube. Measuring the amplitude in this way is not accurate because hot-film
anemometers are not suited for such small velocities. For this purpose hot-wire anemometers should be
used. However, these anemometers are very delicate and were not available. As the relativa amplitude
does not influence the spatial flame shapes it is sufficient to measure the relativa amplitude less accurate.
To validate the relations predicted by the model between the axial displacement of the flame front Ç and
the velocity oscillation, the phase cp =ro · t of the velocity oscillation at the flame front has to be controlled
accurately. This is arranged by connecting the function generator (1) (see figure 3-1) providing the
loudspeaker with power to another function generator (2) which is connected to the CCD-camera. This
connection is performed in a way that function generator (2) generates a block wave signa! with a
frequency equal to fv i.e. the frequency of the velocity oscillation. The duty cycle defined as the ratio of
gate-on-time versus gate-off-time is adjusted with the function generator (2). When the CCD-camera is
gated at the falling edge of the block wave signa! we can determine the phase of the velocity oscillation at
which the camera records an image of the flame with an oscilloscope. In this procedure we have to
consider the phase shift occuring due to the propagation of the generated sound wave from the
loudspeaker to the exhaust opening of the tube. This phase shift is described in Appendix 8.4 for the
experiments reported in Chapter 4.

The settings of the CCD-camera
The CCD-camera can be operated in various modes of which we used two: the Image mode and the
Streak mode. The Image mode is the usual operation mode of the camera. The beginning of the
illumination phase is activated by the falling edge of the TIL signa! provided by the function generator (2).
A frame transfer is initiated which transfers previous accumulated signa! out of the image area. This clears
the chip and guarantees stable initia! conditions. The frame transfer is completed 500 µs later. Now
incoming light is accumulated within the pixels of the image area. The image intensifier is gated during this
time. The end of the illumination phase is set by the rising edge of the TIL signal. lt initiates a frame
transfer that shifts the accumulated data from the image area into the memory area. During our
experiments at the Image mode of the camera we chose an exposure time ~t = 250 [µs]. This exposure
time should not be taken too large because then smearing effects will occur. Exposure times that are too
small then again result in images that are too dark.
The Streak mode is the time resolved operation mode allowing recording the progress of an event in one
dimension. As already mentioned above the sensor illumination takes place during a frame transfer.
During that time the charges of the complete CCD array are shifted down line by line with a certain line
shift speed. lf the CCD-chip is masked in a way leaving only a slit at the tip of the CCD chip unmasked this
process of illumination can take place several times. For example if the unmasked slit of the chip contains
1
3 lines of pixels the chip can be illuminated 190 times until the area of the chip is full. The slit is oriented
along the x-direction (384 pixels), thus the y-direction then represents the time axis. The line shift speed
i.e. the speed at which the charges of one line of pixels is transferred can be adjusted allowing the time
span in which the event is recorded to be chosen. During the experiment in the Streak model of the
camera we chose the slit height to be 3 lines and the line shift speed to be 34.55 [µs]. The slit height is
chosen as small as possible to maximise the number of data points and the time resolution. This means
that the total sweep duration i.e. the time the image intensifier is gated is 3·190 · 34.55 =20 [ms]. Thus,
the time dependent flame front movement can be recorded during ~t = 20 [ms].
As is mentioned above, the input window of the image intensifier transmisses light within the frequency
range 190-850 [nm]. However, in front of the lens of the CCD-camera we use a Nikon UR-2 filter with a
maximum transmission of 88 % in the range 220-400 [nm] and a maximum transmission of 48 % in the
range 650-860 [nm]. This means that mostly light of wavelength 220-400 [nm] coming from the flame is
recorded by the camera. In the next section we will consider this luminescence of the flame, the reactions
causing it and the species involved.

1

The effective number of data points is the total number of lines divided by the slit height, e.g. 572/3 = 190.
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3.5

Luminescence of the experimental flame

The chief distinction between combustion reactions and other chemica! reactions is the occurrence of a
visible flame, that is the emission of light. lt is therefore natura! that investigations of the quality and
quantity of light emitted by flames will form an important part of the study of combustion processes.
Studies of the quality, that is the spectrum, of the light from simple flames were indeed among the first
spectroscopie observations ever made. Each flame has its own characteristic type of spectrum depending
strongly on the kind of mixture used. In this section we will describe the spectrum of the flame observed
during experiments by the CCD-camera and the spectroscopically observable species involved. An
analysis of the radiation spectrum of an unsalted acetylene-air and acetylene-oxygen flame is performed
in Appendix 8.5 because the spectra of bath these premixed flames do not differ basically from those
yielded by the combustion of other hydrocarbon fuels such as methane, ethane etc. in the same
conditions. lt would be inappropriate to give an extensive analysis of the spectrum with all its aspects here
and therefore we only give a short description.
During the experiments we use a methane-air mixture with an equivalence ratio of K = 0.95. This means
that we record a lean flame, with a single thin flame front which emits quite a lot of visible light. Above this
flame front there is a region of hot combustion products which give relatively little visible radiation. At this
equivalence ratio the feature of separate inner and outer cone is not visible. During experiments the flame
front movement of a very rich flame is also recorded. The equivalence ratio of this flame is K = 1.6 and
now an inner and outer cone are visible. The blue-ish-green inner cone locates the primary reaction zone
where partial combustion takes place until all the oxygen is consumed. The products from this partial
combustion will burn as a secondary diffusion flame in the surrounding air which gives the outer pale blue
sheath of the flame. This outer cone emits much less light than the inner cone. As is described in
Appendix 8.5 the outer cone only shows the medium strong bands of OH, thus with the CCD-camera only
the inner cone is recorded because this intensity of light is negligible compared to the intensity of light
from the inner cone.
8ecause we use a filter in front of the lens of the CCD-camera basically only light in the wavelength range
200-400 [nm] is recorded. This means, when looking at the table in Appendix 8.5 that light emitted from
the radicals OH, CH, CN and toa less extent, H2 0 and C2 are transmitted. These species are all located at
the flame front except for H2 0, being a product. The visible light (380-780 [nm]) of the flame is violet-blue
(380-490), which is most probably emitted by CN, CH and C2 . 8ecause an excess of oxygen is used,
some bands are emitted by the oxygen molecule from about 300-400 (nm]. These bands are more intense
the smaller the fuel-oxygen ratio. Due to the excess of oxygen the flame is cooled, the diatomic spectra
fade out, and in the region from 240-400 [nm] the spectrum of the so called Vaidya's bands appear. These
are assigned to the triatomic molecule HCO.
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Chapter 4

Experimental results

4.1 · I ntrod uction
With the experimental set-up described in Chapter 3, experiments are performed to validate the analytica!
model, described in Chapter 2. The results of these experiments will be discussed here.
This chapter is divided in two parts. In section 4.2 we will discuss the qualitative behaviour of the flame
oscillation as a function of experimental variables, u1 , f, Su and e. In section 4.3 we will compare the
experimental flame shapes with the ones predicted by the model in more detail. The subsequent section
describes the detailed comparison between the radial flame front movement predicted by the model with
the experimental results in the Streak mode of the camera. The last section contains a discussion
considering the work of other researchers on related acoustic flame oscillations.

4.2

Qualitative behaviour of the flame oscillation

Before we describe the qualitative experimental behaviour of the flame front oscillation, the effect of the
different physical parameters on the oscillation predicted by the model will be summarised. In Chapter 2
relations between the axial displacement of the flame front Ç(r,t) and the physical parameters are given by
the equations (2J 4) and (2.16):

s(r, t) = s+ s' '

with

~(r) = 2U1 [( 1_ !._)- ~( 1 _ _è_)]
3
Su

R

R

3

R

(2.14)
'

s'

(r, t) e [ cos( rot-G( 1-Rr )) -cos(rot) ] ,
-R-=F

(2.16)

where
G = roR is the "flame Strouhal number"

Su
and

F = roR is the "flow Strouhal number".
U1

With these equations the dynamic respons of a laminar premixed flame to velocity oscillation is predicted.
As is discussed in Chapter 2, the equations show that F determines the amplitude of the flame surface
oscillation while G defines its pattern. More specificly, the amplitude of this oscillation will decrease as F
increases. When G increases either by increasing the frequency or decreasing Su. the flame surface
becomes more wrinkled. These phenomena can easily be visualised by plotting Ç' vs. r/R fora small F and
small G and a large F and large Gas is done in figure 4-1. In this figure we see that for large F and G the
perturbation of the axial location of the flame front indeed has smaller amplitude and more maximum and
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minimum values. Thus, the flame oscillation will have smaller amplitude and the flame surface will be more
wrinkled.
0.25 . - - - - - - - . . - - - - - . - - - . . - - - - - - . - - - - - ,
0.2
0.15
0.1
0.05

0.2

0.2
Radial coordinate r/R

0.8

0.4
0.6
Radial coordinate r/R

(a)
(b)
Figure 4-1: The perturbation of the axial Jocation of the flame front f vs. rlR for s
F=1 and G=S (a) and (b) F=10 and G=SO.

=0.23 and (a)

The numbers F and G are determined by the frequency ro, the burning velocity Su. the tube radius R and
the gas velocity u1 • In the test rig the tube radius is fixed and the gas velocity cannot be varied much for
reasons of flame stabilisation. For that reason values for F are set by changing ro, and G is set by ro and
Su. Therefore, we write the equation for 1;' in terms of these parameters instead of writing it in terms of F
and G, giving for 1;',

!;' (r, t) =

'~1 [cos(rot-~~ ( 1- ~))-cos(rot)] .

(4.1)

Writing the equation (4.1) as one sine-function will give more insight in the actual amplitude and phase
shift of the axial flame front movement. When A = EU 1 ; u(r) = wR (1- ~) is substituted in equation (4.1)
w
Su
R
we get

Ç' (r, t) =A 0 sin( wt +ex)

(4.2)

r[

with a rather complex function for the amplitude Ao.

A~ (r) =A

2

(2

+ cos( n - u)) =(

E~1

2 + co{ 7t -

:~

(

1-

~)))

and phase shift a(r),
tancx(r) =

sinu
cosu-1

r })
. (wR ( 1- smSu
R

=

co{

~~(1 - ~))- 1

The amplitude Ao(r) and the phase shift a(r) vs. the radial coordinate r/R are plotted in figure 4-2.
2.------~--~--~--~

l

+ 1"42.5 [Hz
x 1=85

1.5

"

1=170

"

-0.5

0
Radial coordinate r/R

-2~--~--~--~--~

0.5

-1

-0.5

0
Radial coordlnate r/R

0.5

(a)
(b)
Figure 4-2: The amplitude and phase shift of the axial flame front movement vs. rlR, with u 1 = 1.02
[mis], Su 0.38 [mis], R= 5 [mm], s 0.23.

=

=

19

Experimental results
Equation (4.2) shows that the amplitude Ao of the flame movement will increase at all radial coordinates
when the relative amplitude i:: of the perturbation increases. Decreasing frequency will merely have the
same effect, the amplitude will increase at all coordinates, but not to an equal extent for all coordinates
(see figure 4-2). The amplitude of the flame oscillation as a function of the radial coordinate changes when
the frequency is decreased which influences the spatial form of the instantaneous flame shapes.
In figure 4-3 a schematic overview of the experiments performed to validate the model is given. Firstly we
will discuss the experimental relation found between the axial displacement of the flame front and the
relative amplitude i::, the frequency f of the velocity perturbation and the burning velocity Su. This will be
done in this section. As a second validation of the model we analyse the flame shapes at the different
phases in more detail. This analysis will be described for three different frequencies in section 4.3. At last
we will consider the time resolved radial displacement of the flame front for the model vs. experiment in
section 4.4.

Validation of the model of Fleifll

1

(1)

(2)

Qualitative behaviour
of the flame front
oscillation

Detailed comparison
Model vs. experiment

s' (E), s' (W ), S(Su) 1
1

Section 4.2

lnstantaneous flame
shapes

Time resolved radial
flame movement

.

=

f 42.5 [Hz]
. f = 85 [Hz]
f= 170 [Hz]
&~.0.23

Section 4.3

.

: f::: 42~5 [Hz} .
,"J.F 85:'., .[HZ] .
f = 17()JHz]
=0;23 .•. "'·

r<:>"sectfön 4.4

Figure 4-3: Schematic overview of experiments performed to validate the model of Fleifil.
To show the qualitative behaviour of the model as a function of the relative amplitude i::, images of the
flame are shown for two different frequencies f 85 and f 170 [Hz] and two different relative amplitudes
&
0.23 and i:
0.115. lt is expected that increasing the relative
amplitude i: will increase the amplitude of the flame front oscillation.
More specific, the model predicts a linear relation between the relative
amplitude and the amplitude of the flame front oscillation. Conclusions
can be drawn considering this amplitude by comparing the
instantaneous flame shapes with each other and with the stationary
flame shape in figure 4-4. We have chosen to show only a few of the
images in the figures 4-5 and 4-6. The whole sequence of images is
given in appendix C.1 for f 170 [Hz] and in the figures 4-12 to 4-15 of
the next section for f = 85 [Hz]. These figures will give some insight in
the actual flame front movement in time.
In the figures 4-5 and 4-6 it is clear that the amplitude of the axial flame
front movement indeed increases when the relative amplitude
increases. This indicates that the relation between the relative
Figure 4-4: Stationary f/ame.
amplitude and the axial displacement of the flame predicted by the
model is valid. lt even seems that when i: doubles, the amplitude of the
flame oscillation is also about twice as large, although it is hard to determine this behaviour quantitatively.
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e=0.115

Figure 4-5: lnstationary f/ame, f

e=0.23

=85 [Hz].
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lt is expected that there is a inverse linear relation between the frequency and the amplitude of the flame
front displacement. We will check this by our experimental results recorded at various frequencies. In
figure 4-7 the flame shapes showing maximum changes relative to the stationary flame are given.

f=42.5[Hz]

f=B5[Hz]

f= 170[Hz]

Figure 4-7: lnstationary flame, e

=0.23.

=

Comparing the flame shapes in the first row of figure 4-7 (f 42.5 [Hz]) with each ether gives information
about the size of the amplitude of the flame oscillation at that frequency of the velocity oscillation. When
this comparison is done for the flame shapes in the ether rows (f = 85 and f = 170 Hz]), the amplitude of
the flame front movement at different frequencies of the velocity perturbation can be compared. lt is
22
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observed that the amplitude indeed decreases when the frequency is increased. We can even see that the
amplitude at f = 85 [Hz] is about half as large as the amplitude at f = 42.5 [Hz]. A similar statement can be
made for the amplitude of the flame oscillation at f = 170 and f = 85 [Hz]. We also see that the spatial form
of the instantaneous flame shapes changes when the frequency changes.
As is discussed in the beginning of this section, it is expected that increasing the frequency will cause
increase of the flame wrinkling. We cannot draw any conclusions out of figure 4-7 about this behaviour of
the flame oscillation. This is due to the fact that all flame shapes in this figure are taken for the same
relativa amplitude E. This means that the amplitude of the flame oscillation at f = 170 [Hz] is half the
amplitude at f= 85 [Hz]. This complicates detecting an increase in flame wrinkling. lf we double the relative
amplitude together with the frequency, the amplitude will be equal for bath cases. This will facilitate
drawing conclusions about the flame wrinkling. In figure 4-8 the flame shapes accompanying these
experiments are shown. In this figure we see that the relation between the flame wrinkling and the
frequency is indeed valid.

f=170 Hz,e=0.23

rp=1Yztr

Figure 4-8: lnstationary f/ame.
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With the camera used in the experiment measurements have been made in the so called Streak Mode as
described in Chapter 3. In the images resulting from those measurements the time resolved radial
movement of the flame front at a certain height in the flame is visualised. This radial movement can be
derived from the axial flame movement as described in Appendix C.2. The Streak images can be us~d to
check the relation between the frequency of the velocity oscillation and the flame oscillation. Three images
are shown in the figure 4-9 recorded at the same height in the flame corresponding to the radial coordinate r/R 0.93, but at different frequencies for the perturbation. When looking at figure 4-9 it again
becomes clear that the amplitude of the radial flame front movement and thus of the axial flame front
movement decreases as the frequency increases. The images in the figure also show clearly that the
flame front indeed fellows the increased frequency of the velocity perturbation, because at the higher
frequency it shows more maximum and minimum values. lt is even the case that when the frequency is
doubled the flame front also shows twice as much maximum and minimum values in the same interval.
Thus, it can be concluded that the predicted linear relation between the frequency and the flame oscillation
is well predicted.

=

f=42.5[Hz]

f= 85[Hz]

f= 170 [Hz}

Figure 4-9: Streak image, showing the flame's width vs. time at r/R

=0.93, c =0.23, Llt =19.9 [ms].

Equation (2.16) shows that it is expected that the flame oscillation will be the same for two test cases
wherein the value for ro/Su is equal. lt is interesting whether this is also valid when the flames in these test
cases are totally different in size. In experiment this is verified by recording the flame oscillation in two test
cases wherein the flame in test case 2 is twice as large as in test case 1, realised by changing the
equivalence ratio from 1C 0.95 to 1C 1.43. This means that for test case 1 the burning velocity Su = 0.38
[m/s] and for the relative amplitude and the frequency of the velocity oscillation the values E 0.23 and f
170 [Hz] are applied. For test case 2 the burning velocity Su 0.19 [m/s] and E 0.23 and f = 85 [Hz]. Thus
for bath cases the values for ro/Su are the same. However the amplitude of the flame oscillation in test
case 2 will be twice as high. This is chosen in the experiment because at lower relative amplitude the
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character of the flame oscillation was hard to determine. In the figure 4-10 some flame shapes of the test
cases are given. The whole sequence of instantaneous flame shapes is given in figure C-5.

=1 ~

7r

Case 1

Case2

In figure 4-1 O we clearly see that the character of the flame oscillation indeed shows some similarity.
However, between the flame shapes that show good similarity a phase shift of Yz 7t seems to exist. This
phase shift will also appear when the flame shapes in model and experiment are compared in the next
section. There are various possible reasons for this discrepancy in phase:
1. The model predicts a phase shift between the velocity oscillation and the flame oscillation incorrectly.
2. The shutter doesn't open exactly at the point when the trigger is given. In spite of long discussions with
the manufacturer of the camera, it could still be the case that the external triggering of the camera as is
used here is not suitable for this experiment.
lt has been observed that the function generators which provide the external triggering of the camera
generate a TTL pulse which is not completely stable in its duty cycle. This results in a discrepancy
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between the phase that is read from the oscilloscope and the phase at which the shutter is actually
triggered and opened to illuminate the CCD. How important this instability was is not clear. More
experiments are needed to draw conclusions about this experimental finding.
In case 2 we see that the tip of the flame is relatively broader. Even more, at a certain point the tip gets
detached from the bottom, leaving a ball of burning gas. This phenomenon has already been observed in
1957 and described in literature were it is called flame clipping [Gay57]. This literature reference together
with ether literature considering related acoustic flame oscillation is discussed in section 4.6. The images
of the tall stationary flame (case 2) are taken in two steps. The flame was toa tall to cover the image area
and images are taken of the bottom and upper part separately. These images are then put together
carefully. Because the flame showed a side-to-side wobble during experiments the images of the upper
and lower part do not fit together smoothly.

4.3

Detailed comparison of instantaneous flame shapes

In the previous section the qualitative behaviour of the flame front movement has been discussed. We
have seen that there is reasonably goed agreement between theory and experiment considering the
qualitative behaviour. In this section we discuss a more detailed comparison of the model and experiment.
The predicted instantaneous flame shapes will be compared with the ones recorded during experiment.
First we will check whether the model prediction for the stationary flame shape (equation 2.14) is valid.
The stationary flame shapes in experiment and model are given in figure 4-11. We see that an apex tip of
the flame is predicted by the model and not a rounded tip as observed during the experiment. This is the
result of the assumption made in the model to be able to sol':_0 the differential equation for the axial
displacement ç analytically. In paragraph 2.2 it is assumed that dl; I dr » 1, in order to neglect the square

=

root term in equation (2.6). This means that the boundary condition dl; (0, t) 0 can no langer be applied.
dr
Thus, the predicted stationary flame has a tip that is not rounded like the tip of the experimental flame.
Stationary flame

0
-10

-5

0
5
Radial coordinate r [mm)

10

~
~
Figure 4-11: The stationary flame (a) recorded by the CCD-camera and (b) ~ predicted by the model.

Owing to the thermal expansion as the gases pass through the flame front, the flow lines diverge
outwards, away form the burner axis. At the tip, however, this divergence of flow lines must lead to a
greater distance between lines, and hence to a lower flow rate. lf a "constant" burning rate occurs, this will
lead to an advance of the flame front towards the burner and a rounding of the tip [Gay53]. The model
does not take this effect into account, and will therefore not predict any rounding of the tip.
Rounding of the tip may subsequently lead to concentration of heat from the flame front under the tip of
the flame due to an increase of heat transfer and diffusion of active species. This causes a local increase
of the flame temperature and therefore an increase of the burning velocity. This phenomenon is known in
literature as flame stretch which is described in Chapter 5. The increase in burning velocity will lead to a
more rounded tip until the tip is stabilised. The phenomenon occurs when the radius of curvature of the
flame becomes comparable with the thickness of the pre-heating zone. In extreme cases this may even
cause the tip of the flame to dimple downwards. The opposite effect of decreasing flame temperature and
burning velocity can also occur. This can even lead to an "open tip": a tip where the burning velocity
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decreases to a large extent, resulting in a flame which no langer burns at that location. The flame stretch
effect depends on the Lewis number and will be further discussed in Chapter 5.
lt is expected that for the instationary flame the model will most probably describe the dynamic response
of the flame tip incorrectly too. We will check this for the flame oscillation due to a velocity perturbation
with frequency f =85 [Hz] and a relative amplitude of the velocity oscillation E =0.115 and E =0.23.
lt was found that the experimental flame oscillation had a much larger amplitude. The reason for this may
be related to the confined geometry and "fixed" flow field in the model compared to an open flame
geometry and a dynamic flow response in reality. However, in order to compare this oscillation with the
predicted flame movement, we choose to apply an E =0.69 instead of E =0.23 in the model. Since this
parameter only affects the amplitude and not the spatial shape, it does not affect the discussion.
Flame shapes at other frequencies are also compared with the theory and are given in Appendix C.1.
These do not add to the discussion.
To make a good comparison between experiment and theory the phase of the velocity perturbation at the
burner exit is determined. In comparing the flame shapes it becomes clear that the experimental shapes
do not always show an optimal resemblance of the corresponding phases. In the previous section we
already mentioned the reasons for discrepancy in phase shift that can occur. Correcting for this it was
found that the best resemblance was found if an extra ~cp = % 1t was introduced for the experimental
shapes for f =42.5 and f = 170 [Hz]. For the flame shape with frequency f = 85 [Hz], ~cp = 0 is best
applicable.
The following figures show the images obtained by experiments on the left and the flame shapes predicted
by the model on the right f = 85 [Hz). We will discuss the comparison of the flame shapes taken at eight
phases for two subsequent phases at a time in figures 4-12 to 4-15.
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Figure 4-12: Flame shapes at phase (a) <p
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In figure 4-12 we see that at <p = 0 the experimental flame is slimmer and taller than the stationary flame.
The slope (aÇ /ar) of the flame front near the burner rim has decreased. The experimental flame shape at
the larger value for the relative amplitude e = 0.23 is even slimmer and taller showing a bending point half
way its height. The predicted flame shape shows the same features as the experimental shapes except for
the increase in height. Furthermore, near the burner exit the slope of the predicted flame shape is about
zero which is not seen in the experimental flame. lt should be noted that the predicted flame is almost as
high as the stationary one. This is an artifact of this frequency, see figure 4-2. The difference with the large
tip movement observed in experiment may be attributed to rounding which will be investigated in Chapter

5.
At the subsequent phase <p = X 7t the flame shape shows an increased width of its bottom part. The upper
part has become slimmer but the height of the flame remains the same. The predicted shape shows good
agreement with the experimental flame. However, the slope of the predicted flame near the burner rim has
increased which is not the case for the experimental shape. We clearly see that the model predictions
show better agreement with the results of the experimental case with e 0.115 than for e 0.23.

=

=

=

In figure 4-13 we see that at phase <p Yz 7t the flame front movement carries on the same way as at the
previous phase. The shapes have become broader at the bottom part showing a narrowed upper part. The
experimental shape at e = 0.23 has changed relative to the previous phase in the same way as the shape
at the lower relative amplitude. However, changes are more extreme, the flame front at the upper part has
narrowed to such extent that opposite sides almost touch each other. The increase of width of the flame
has extended to upper heights of the flame. The predicted shape shows good agreement with the
experimental shape at e 0.115. However, near the tip at about r
± 0.5 [mm], the flame shows no
movement (Ç' O) according to the model. At this radial coordinate the flame is rigid at all phases as can
be seen in the previous and subsequent figures. Only at the tip (r = 0) the flame shows a slight upward
movement. This is not the case for the experimental flame: the tip moves smoothly with its neighbouring
flame front elements.
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Figure 4-13: Flame shapes at phase (a) <p
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At the subsequent phase <p = % 7t this movement continues. The upper part of the flame front has become
so slim that it is vanished leaving a broad bottom part of the flame. We could also describe this movement
as the tip of the flame that dimples downward when the phase changes from <p % 7t to <p % 7t. This
could be the result of an increase of the burning velocity due to the extreme curvature of the tip at <p = % 7t.
However, no certain explanation can be given for this behaviour of the flame. The predicted flame shape
shows good agreement with the experimental shapes except for the tip of the flame. The tip seems to be
rigid in the model of Fleifil, not showing any significant movement.

=

=

In figure 4-14 we see that at phase <p = 7t the flame has started to move upward again. The height of the
flame increases, the flame becomes slimmer with a tip which is more rounded. The predicted flame shape
shows good agreement. However, the tip again shows no movement.
At phase <p = 1 Y4 7t the height of the flame has increased again. The predicted shape shows the same
features with the same problem for the tip as at the other phases. Near the burner exit we can see
differences in the slope of the flame front between theory and experiment. We can conclude again that
there is better agreement between theory and experiment for the experiments at the smaller relativa
amplitude e = 0.115. This is the case for all the phases.
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When we look at the figure 4-15 we see that the increase of height of the flame continues at the phases <p
1 % 7t and <p 1 % 7t. The flame becomes slimmer along its full length. The experimental flame shape at
the larger relativa amplitude e 0.23 again shows bending points. These features are not shown by the
predicted flame shape. Even more, the predicted flame shape shows a flame front that has moved slightly
below the burner rim. Here the slope of the flame front is even zero (dÇ/dr = 0) which violates the
assumption dÇ/dr » 1, described in Chapter 2. This could be the reason for certain differences between
the model and the experiment. Because the burner rim is made of metal the part of the flame front below
the rim will not be observed by the camera. The camera would only record a flame that is slimmer at its
base which is not clearly observed. At the phases <p = 1 % 7t and <p = 1 % 7t the predicted flame shape
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shows good agreement with the experimental flame shape except for the part very close to the burner rim
as if the experimental flame front has moved upwards and the flame has stabilised there.
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Figure 4-15: Flame shapes at phase (a) <p = 1 ~ "and (b) <p = 1 % tr, f = 85 [Hz], e = 0.23.
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To conclude the series of comparison: differences between model and experiment mainly occur at the tip
and at the bottom of the flame. The flame front movement at the burner rim is indeed simplified by the
model to a great extent. In reality the burning velocity decreases at the burner rim due to heat losses to the
rim and a region where the burning velocity equals the gas velocity is established. This is the case as long
as the perturbations of the flame front do not move the flame away from that region. Then the burning
velocity will increase again due to decreased heat loss and the flame will move to the burner rim again
until a stable situation is established. The model was formulated out of interest in changes of the heat
release due to changes of the flame front area by changes of the flame shape. The model does not take
this mechanism mentioned into consideration. The flame is assumed to be stabilised on the duet wall and
the flame stabilisation is enforced by applying the boundary condition

Ç(R, t) = 0.

(2.10)
This boundary condition of course influences the shape of the flame front at r = R, and we can even
imagine that it will influence the overall flame movement. lt is likely that the amplitude of an oscillating
flame front which is fixed on one position at the burner rim is smaller than the amplitude of a flame that
can move more freely as the experimental flame. More over, at the end of the duet a Poiseuille profile as
given in equation (2.7) only exists at the burner exit. Above the burner rim divergence of flow will occur,
changing the velocity profile. This can lead to discrepancies between the flame front movement predicted
by the model and the experimental movement, near r = R as the experimental flame can move above the
burner exit.
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When looking at the flame shapes at the various phases we see that the most serious deficiency of the
model is the way it handles the tip of the flame. This was to be expected, because the model neglects
rounding of the tip, leading to differences in shape of the tip between model and experiment. When the
phenomena caused by rounding of the tip are neglected too, discrepancies in flame oscillation may also
occur. As mentioned before, curvature of the flame may cause a local increase of the burning velocity. In
literature this is referred to as flame stretch. For the stationary flame an increase in burning velocity leads
to a decrease of the flame's height. For the instationary flame it is expected that an increase in burning
velocity will lead to a less wrinkled flame shape and change in amplitude of almost all the radial
coordinates. The phase shift is also changed when the burning velocity is changed. This results in a time
shift of the flame front movement. All together this leads to a local change of flame oscillation.
We observed that curvature of the flame front arises at various phases for the experimental flame shape
with i; = 0.23. The fact that flame stretch due to this curvature may change the burning velocity locally,
could be an explanation for some differences between theory and experiment.
To summarise, rounding of the tip and stretch are phenomena that are not included in the model what
could be an important reason for differences in flame shapes between theory and experiment.
Furthermore, the interaction between the oscillating flame and the flow field which is not taken into
consideration in the model, could lead to discrepancies between theory and experiment too. The
phenomena related to flame stretch will be further described in paragraph 5.2 as an introduction to
Chapter 5 describing the model, extended by considering the effects of curvature of the flame front and
divergence of the flow.

4.4

The time resolved radial flame oscillation

In this section we will perform the third part of the validation as given in the overview in section 4.2. We
will compare the flame oscillation in radial direction in the model and the experiment. We applied the same
value for the relative amplitude i; = 0.69 in the model as in the previous section, in order to make a
comparison possible. In the following figure 4-16 the radial movement of the flame front in time is shown
recorded during experiment and predicted by the model at three heights in the flame. These heights
correspond with the radial coordinates of r/R 0.3, 0.4 and 0.6.

=

In figure 4-16 we see that there is good agreement between theory and experiment considering the radial
flame movement. However, the predicted change of the width of the flame is smoother than the
experimental change. In the experimentally obtained images we see clearly that at a certain point of time
the flame's width decreases suddenly, indicated with a circle. This corresponds to the changes in flame
shape at the different phases. These flame shapes are given in figure C-1 in Appendix C.1. At the phases
1/8 to 7/8 7t, bending points in the flames shapes are seen, where the slope of the flame front changes
sign (the second derivative of Ç is zero). These points occur for each phase at a different height, for
increasing phase at increasing height. This bending point suddenly disappears when changing phase.
This will be visible as a sudden decrease of the width of the flame. The figures indeed show this effect for
each height in the flame at a different time i.e. phase, where for increasing height the decrease in width
indeed appears at a later time point. We already saw that the model doesn't predicts these bending points
in the flame shape as well as the sudden decrease of the width.
As seen in the previous paragraph the model predicts the movement of the tip of the flame incorrectly.
This is also obvious here: the experimental flame front is no langer visible at certain phase in experiment
due to a downward movement of the flame front. This is not predicted by the model as is already
concluded in section 4.3.
For frequencies f = 85 and f = 170 [Hz] the radial flame movement is visualised in the figures C-3 and C-4
respectively. In figure C-4 we see that the frequency of the flame front movement is not exactly the same
as the model predicts. As can be seen in equation (4.2) the model predicts the frequency of the flame front
movement to be the same as the frequency of the velocity perturbation. In the figures of the radial
movement of the flame front obtained by experiment less maxima and minima are seen in the figures of
the model predictions. This is of course more obvious for higher frequency. lt seems that the frequency of
the flame front movement is slightly (10%) lower in experiment than predicted by the model at all
frequencies of the velocity perturbation. This could be due to an experimental failing, e.g. the Image
lntensifier gated langer than expected. Like already mentioned, the gating of the Image lntensifier should
be verified, as by comparison of instantaneous flame shapes it already appeared to be an uncertainty. We
should not rely on the camera manual considering actual time delays between triggers.
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Figure 4-16: Streak image of instationary flame, visualising the width of the flame as a function of time at
three heights in the flame corresponding to rlR = 0.3, 0.4 and 0.6, f = 42.5 [Hz], e 0.23.
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4.5

Conclusions

At this point some conclusions can be drawn for the validation of the model of Fleifil.
The qualitative behaviour of the flame oscillation is predicted well by the model. The relations between the
flame front movement and the relative amplitude together with the frequency are modelled correctly. We
have seen that the character of the flame oscillation is deterrnined by the "flame Strouhal number" G and
its amplitude by the "flow Strouhal" number F, even for a very large flame. However the large flame
showed sa called flame clipping which is not predicted by the model.
The predicted flame shapes at different phase of the velocity perturbation predicted by the model show fair
agreement with the experimental resuUs. The tip of the flame is not rounded, the model does not take this
behaviour into consideration. At the ether radial coordinates, the predicted flame shapes show the same
features as seen in experiment. However this is only the case after we have made a correction for the
relative amplitude and the phase shift of the flame front movement relative to the velocity perturbation. The
relative amplitude of the velocity perturbation applied in the model here is three times higher than
measured in experiment. The phase shift of experiment relative to the model has also been corrected in a
way that an extra ~q> is used of ~q> = % 7t when f = 42.5, ~q> = 0 tor f =85 and ~q> = % 7t when f = 170 [Hz].
The model has difficulty in describing the movement of the tip of the flame. The tip is a rigid part of the
flame according to the model, showing hardly any movement. Near the tip (at r = 0.5 [mm]) the flame
shows no movement (Ç' = 0) at all phases. Only at the tip (r = 0) the flame moves slightly, whereas the
experimental tip moves intensively with an oscillation amplitude at least equal to the amplitude at ether
locations in the flame. No radial coordinate can be found where Ç' = 0, the tip moves smoothly with its
neighbouring flame front elements. As described in paragraph 4.3 the deficiency of the model considering
the tip movement could be caused by the fact that the rounding of the tip is not taken into account.
Phenomena occurring as a result of this rounding like flame stretch therefore are not considered in the
model of Fleifil. This phenomenon causes changes in the buming velocity and thus in the flame front
movement. To improve the model the rounding of the tip and stretch should be considered.
The flame shapes in experiment show bending points which are not predicted by the model. lt is
remarkable that these bending points are not seen when the relative amplitude is E = 0.115 instead of
0.23. lt could be the case that at this relative amplitude non-linear effects will occur resulting in more
extreme flame front movement than predicted by the model. Besides stretch of the flame also causes local
burning velocity changes giving local changes in flame front movement. In some cases this could result in
bending points in the flame shapes at different phase.
We can see a discrepancy between the predicted axial displacement of the flame front near the burner rim
and the displacement seen in experiment at that location. This could be due to fact that the heat loss
occurring at the bumer rim is not considered in the model. Due to heat loss at the bumer rim the burning
velocity can decrease moving the flame away from the burner rim resulting in a flame stabilised above the
rim. In the model of Fleifil the flame is assumed to be stabilised on the duet wall. This will result in flame
shapes that are different from the ones seen in experiment. By enforcing the flame stabilisation at the
burner rim by application of the boundary condition Ç(R,t) = 0, the flame is in fact kept on one position at
the burner rim. This means that the flame can move less freely which could be the reason that the
amplitudes the model predicts are much smaller than observed in experiment. lt is also likely that the
model predicts smaller amplitudes because it considers a flame inside a duet instead of a flame stabilised
at the end of the duet where it can move freely. Even more, the velocity profile at the end of this duet is not
a Poiseuille profile above the bumer rim. The experimental flame can move above this rim and thus faces
another flow field than assumed in the model. This may lead to incorrect modelling of the flame oscillation.
For the radial flame front movement there is also a reasonably good agreement between model and
experiment except for the discrepancies that are already described for the axial flame front movement.
The results of the measurements of the time resolved radial flame front movement showed that the
predicted frequency of the flame front movement seems to be higher than the frequency of the movement
recorded in experiment. The oscillation frequency of the experimental flame tor example is about f = 150
[Hz] instead off= 170 [Hz]. To draw conclusions out of this experimental finding, the gating of the Image
lntensifier should be recorded.
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4.6

Discussion

In literature we have found some work of other researchers considering acoustic forced flame oscillation.
We will briefly discuss their work here as it is related to the work described in this report.
Shaddix et al. [Sha94] have performed quantitative measurements of the local soot-volume fraction of a
flickering CH 4-air diffusion flame. Acoustic forcing of the fuel flow rate is used to generate the flame
flickering. An axisymmetric burner with a 1.1 [cm] diameter fuel tube is used and the visible height of the
flame is 79 [mm]. A loudspeaker attached to the burner fuel plenum locks the frequency of the flickering
3
flame to the 10.13 [Hz] repetition rate of a Nd +: YAG pumped dye laser system. Laser induced
fluorescence images are recorded with a !CCD-camera applying a laser sheet. Ten phase increments
separated by 10 [ms] are shown with an arbitrary zero phase. In figure 4-17 the images of Shaddix et. al
are shown. We immediately see that this diffusion flame shows the so called flame clipping what we saw
in our images of a rich premixed flame too (see figure 4-10). When we compare the images in figure 4-17
with our images in figure C-5 in Appendix C we see that the character of the flame oscillation is almost the
same. The flame shapes are different but this may be due to the fact that we use a frequency of the
velocity oscillation off = 85 [Hz] whereas Shaddix et. al. uses f = 10 [Hz]. Besides, their images are taken
of a diffusion flame while we use a premixed flame. Anyway, it is interesting to see the similarity between
the flame oscillation and the flame clipping.
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a steady and time-varying laminar CH4-air diffusion flame [Sha94].

Gaydon & Wolfhard [Gay53] also describe a flame that shows this flame clipping. They show a
stroboscope photograph of a vibrating rich benzene flame given here in figure 4-18. We can see similarity
between this photograph and the images of a rich methane-air flame we have recorded (see figure 4-1 O
and figure C-5).
In Chapter 1 we have already described the so-called "singing flames".
Gaydon and Wolfhard [Gay53] describe the work of Sander and Wolfhard
about a singing premixed flame on a narrow tube enclosed within a wider tube.
They photographed the vibrating flame using a stroboscope. These
stroboscopic pictures are shown in figure 4-19. Here the flame rises first from
a small cone which does not fill the orifice of the inner tube. Bath the centre
and the sides of the cone rise, so that the flame front takes on a rather
hemispherical form. The flame then becomes compressed from the sides of
the outer tube, so that these become nearly tube-shaped. Gaydon states that
this flame is then bound to collapse, the flame shows a vertical flame front
propagating inwards from all sides. Finally a small flame on the orifice is left,
and the cycle is then repeated. In our images we also see a flame front that
rises until it suddenly collapses (see figure 4-13 (b) and figure C-1, cp 9/8 1t).
However, our flame is not surrounded with an outer tube. Thus, the
explanation Gaydon & Wolfhard give for the collapse of the flame front is
doubtful. lt is interesting to see, that there is similarity in character of the flame
oscillation between a singing flame and an acoustic forced oscillating flame.
This confirmes that there is a relation between bath phenomena. However the Figure 4-18: Vibrating
singing flame is burning on a narrow tube enclosed within a wider tube while Bunsen flame
our flame burns at the stream opening of a tube. This could be the explanation
for the fact that our flame is not singing. Like is mentioned in Chapter 1 pressure oscillations can be
sustained by a source of unsteady heat release provided that a certain phase relationship is satisfied

=

34

Experimental results
between the two functions. The heat release fluctuations
that occur due to the acoustic forced flame oscillations
(consequently flame area oscillations) will not sustain
pressure oscillations as these are not present in the
surrounding air. Gaydon states that when an outer tube is
placed around the flame, pressure oscillations may be
started by a periodic heat release of the flame. The outer
tube may act like an organ pipe and carry these vibrations.
Figure 4-19: Fivefold stroboscopic photos These pressure oscillations can then be encouraged when
of singing f/ame
the phase shift between these oscillations and the heat
release fluctuations of the flame is smaller than 90°, causing
the flame to "sing". When an outer tube is used which is open at both ends, the flame will sing only when
the orifice of the supply tube is not too far trom the centre of the outer tube. When the orifice is near one of
the open ends the flame will not sing, because at the open ends there are only velocity changes and no
pressure changes.
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Chapter 5

Flame oscillation modelling of a stretched
flame

5.1

lntroduction

In this chapter the dynamic response model described and used in the previous chapters will be extended.
Using flame stretch theory, the effect of flame stretch on the dynamics of the flame front will be
investigated numerically. First, in section 5.2, the phenomenon related with flame stretch and curvature will
be described. Then, in section 5.3, a field equation similar to the one in the model of Fleifil will be derived.
This results in a differential equation for the axial displacement of the flame front Ç which will be solved
numerically (section 5.4). This differential equation is written in terms of the mass burning rate m instead
of the burning velocity Su for the reason explained in paragraph 5.3. In paragraph 5.4 the solution of this
differential equation is described using a standard fortran routine which is specially suited for solving
partial differential equations. In paragraph 5.5 the modelling results of the new model are compared with
results of the model of Fleifil and with experimental results.

5.2

The phenomenon flame stretch

In paragraph 4.3 it was already mentioned that rounding of the tip may cause a local change in the flame
temperature and thus in the burning velocity. This is caused by a change in heat from the flame front in the
unburned gases under the tip of the flame due to a change in both conductive and diffusive fluxes of the
active species. Flame stretch is a phenomenon which occurs when aerodynamic conditions are such that
the area of an element of the flame front is caused to change in time when moving along with a gas
element. Each point on this area has to move on the surface with a tangential velocity equal to the
component of the gas velocity immediately ahead of the surface. Following Karlovitz [Kar53] the flame
stretch is defined positive when the time derivative of the logarithm of an elementary area cr of the flame
front is positive.
We will explain this phenomenon a bit further by describing the role of stretch in the simplified case of an
adiabatic planar flame stabilised in a stagnation point flow taken from the work of Clavin [Cla85] (see
figure 5-1). For such a flame, inside a streamtube in the preheat zone conservation of mass is valid. In the
streamtube also conservation of energy is applicable: the heat leaving the reaction zone by conduction to
preheat the incoming gas equals the heat leaving the preheat zone by convection. In the presence of
positive (negative) flame stretch the form of the streamtube is changed and a velocity component in
transverse direction is added (subtracted) to the velocity component in normal direction. This transverse
velocity component induces transverse convection. Thus, for a given conductive flux leaving the reaction
zone, the total heat is expected to be lowered (increased) by a positive (negative) flame stretch because
extra energy is leaving (coming into) the streamtube by convection. However, the overall effect of flame
stretch is more difficult to determine because the flame temperature depends on the difference between
the thermal and molecular diffusivities. This difference is implemented in the Lewis number which is the
ratio of the mass diffusion and the thermal diffusion of a species. lt is only in the case of Lewis number
equal to unity, that the flame temperature is not affected and remains equal to the adiabatic flame
temperature. In this case, (Le=1) one can conclude without any calculation that the burning velocity is
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lowered by positive stretch. In the general case of Le 1 (which is referred to as preferential diffusion),
diffusion has to be taken into account and the overall effect on the burning velocity is controlled by the
sign of the so-called Markstein length L (see Appendix D.4). For most reactive mixtures, Lis predicted to
be positive whatever the equivalence ratio may be. The analysis predicts that the burning velocity is
always lowered by positive stretch.
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Figure 5-1: A planar adiabatic f/ame in a stagnation flow.
This qualitative argumentation, in fact, only describes the so-called "strain" part of the stretch effect. The
total effect of stretch also includes so-called flame "curvature" effects. Due to curvature of the flame front
an elementary area of the flame front may change too. Markstein first described this phenomenon and
following his analysis we from now on define positive stretch due to curvature when the front is convex
toward the unburned gases. A more complete picture of the stretch phenomenon will be described in the
following paragraph giving the equations governing stretch.

5.3

Formulating the field equation for a stretched flame

A basic assumption in the Fleifil model for flame response is the assumption that the burning velocity Su is
constant. This is not true in most cases due to the effect of strain and curvature of the flame. In fact, the
burning velocity is only a matter of definition in combustion science. A better quantity would be the
adiabatic mass burning rate, which in contrast to the burning velocity, is constant throughout a stretchless
one-dimensional flame. Here is chosen to formulate the flame front movement in terms of the mass flow
rate,

m = pu = PuSu .

(5.1)

For a stretchless flame, the mass burning rate on the unburned side m~

mg

=PuSu equals the mass burning

rate on the burned side
= pbSb, i.e. the mass burning rate is constant in the flame region. Using this
relation in the model is more appropriate than assuming that the burning velocity is constant.
Writing the field equation (2.5) in terms of the mass burning rate is simply done by multiplying it by the
local density p, thus giving

p ~ + pv. VF

=m · IVFI

1

(5.2)

with m the mass burning rate of a stretched flame.
lmplementing stretch of the flame in this field equation requires an equation characterising stretch using
specific quantities. A generally accepted quantity to describe flame stretch is the stretch rate K, which was
first given by Williams [Wil74] ·

K =~der
cr
er dt '

(5.3)
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i.e. !<., is the fractional change of a small area cr in the flame surface, which moves with a tangential
velocity equal to the local tangential fluid velocity. This surface has also a velocity component normal to
the local flame surface. Generally this definition is used for infinitely thin flames. De Goey & Ten Thije
Boonkamp [Goe97] formulated a more complete definition of flame stretch which is appropriate for flames
of finite thickness. This formulation of the stretch rate wherein K is interpreted as the specific rate of
change of mass in a small flame volume V(t) due to movement of the flame volume with velocity Vf, is
described in Appendix D.2. Their analysis can be used to characterise the stretch rate K yielding,
(5.4)
with the divergence of the velocity

Vt · V=V·V- n·v(v ·n). The terms on the right-hand side of equation

(5.4) are contributions to the flame stretch due to stationary flow straining and flame curvature,
respectively. The straining part V t · V is due to divergence of the flow and the curvature part may occur in
flames that move in a quiescent medium. The phenomena strain and curvature are visualised
schematically in figure 5-2.
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(a)
(b)
Figure 5-2: Visualisation of strain (a) and curvature of the flame (b).
Stretch effects may cause flame temperature variations, leading to mass burning rate and thus to burning
velocity variations. These variations are first described in literature by Markstein [Mar64]. He proposed a
phenomenological relation between the local burning velocity of a premixed flame and the local curvature
of the front

-S~ =-?K~

Su

(5.5)
o
R'
Su
with Su the burning velocity of a flame with stretch, the index "O" denoting that we deal with a stretchless
flame, ö1 is the thickness of the diffusion zone (=Du/Su). R is the local radius of curvature, defined positive
when the front is convex towards the unburned gas and ?1t is a dimensionless number, called the
"Markstein number" whose magnitude is of order unity and whose value depends on the diffusive
properties of the mixture. lt should be noted that in the original paper this number was defined as a length
L with ?1t L 1 Bt .
Clavin and Joulin [Cla83) have shown that in the limit of high activation energy and small strain only one
Markstein number ?Kis needed to relate the local burning velocity to both curvature of the front and to flow
field gradients. They have shown that in the limit of weak stretch this number is effectively a constant,
giving

=

Su -

So

S~ =-?K. K

u

(5.6)

a'

with Ka the dimensionless flame stretch rate according to Karlovitz, often referred to in the literature as the
Karlovitz number. The equation above can also be written in terms of the mass burning rate,

m

(5.7)

-o =1-?K·Ka.
m

Using this equation in the field equation (5.2) gives

1- 1

aF - o . VF .
pat+pV·VF=(1-?K·Ka)·m

(5.8)
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At this point we need an expression for the Karlovitz number and a value for the Markstein number. A
value for the Markstein number is found in literature and is given in Appendix D.4. lt should be noted that it
is not known how accurate this value is. For the Karlovitz number expressions can be found in literature
too. However, we use the expression of De Goey & Ten Thije Boonkamp [Goe96] as described in
Appendix D.3. They consider the mass burning rate of stretched flames using multi-species transport and
chemistry. They have found that a Kartovitz number and a Lewis number for each species plays a role,
thus giving
Ka;

[yo

J

Lei xb
i - y i,u }
=-crpK 0
x,
0
(crm)b x.
Yi,b - \u

(5.9)

where cr is a measure for the area on the flame surface through which transport takes place. The Lewis
number of the species i, Le; is defined as,
Le·=
i

')...

(5.10)

pDimCp

where /.. is the thermal conductivity, Cp is the specific heat at constant pressure, D;m is the diffusion
coefficient, p is the density of the species i and Y; is the species mass fraction which equals p; /p .
At this point some approximations have to be made in order to continue the analysis. We assume that the
stretch rate K is a constant in the flame region because there is no information about the actual behaviour
of K in the flame region. This behaviour is a consequence of the interaction of the flame and the flow field.
For the density p we know that its value decreases moving towards the reaction zone like a decaying
exponential function due to gas expansion. However, for the time being we use the assumption that crpK is
a constant. This approximation, however, is certainly not valid for premixed flames in genera!. The reason
for this assumption is that it is a very convenient approximation because for this special case we find an
identical expression for all Kartovitz numbers on the burned side out of equation (5.9)

Ka

==(~]
c pm0

2

(5.11)

,

b
0

when we substitute the approximate stretchless 1D solution for Yi ( x) in equation (5.9)

l

~~ =~:: =exp((P~J.l.do/

(5.12)

with D;m the diffusion coefficients of the different species. This expression for the Karlovitx number on the
burned side is equal to the value on the unburned side when A. / cP is assumed to be constant. We have
chosen to evaluate all the parameters in the equations on the unburned side, bècause the Markstein
number [Sea90] we apply here is measured on this side. In the ideal case the parameters are evaluated at
the reaction zone, because the field equation is only valid for this zone. To approximate this ideal case,
extrapolation is frequently performed in literature from the preheating zone up to the reaction zone. This
gives other results than when extrapolation is performed from the hot gases to the reaction zone because
the flow field is different at the burned side. This is shown by De Goey and Ten Thije Boonkamp in their
latest article [Goe97']. De Goey and Ten Thije Boonkamp prefer the extrapolation from the burned side to
the reaction zone because this leads to more accurate values for the parameters at the reaction zone. The
reason for their preference may be illustrated with a figure of the mass burning rate vs. the relative
distance from the flame front for a one-dimensional stretched flame. Herein they extrapolate from the
burned side to the reaction zone (at s=O) and from the unburned side to the reaction zone. This result,
given in figure 5.3 here, yields different extrapolated mass burning rates mb and mu at the flame front s =
0. As we use a value for the Markstein number measured on the unburned side we evaluate the
parameters in the model on that side.
The equation for the Karlovitz number on the unburned side can be rewritten using an equation for the
flame thickness
(5.13)
which gives
(5.14)
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Figure 5-3: The mass buming rate linearty extrapolated from the unbumed side (continuous line) resu/ting
in mu. [Cla85] vs. the relative distance from the flame front, p(s) (thick continuous line) and m(s) (dashed
line) according to De Goey and Ten Thije Boonkkamp giving mb vs. the relative distance from the flame
front.

Substituting this equation for the Karlovitz number in the field equation (5.8) gives

aF - - {mu-11t·Ot·PK
o
}1-VF.1
pat+pV·VF=

(5.15)

When using equation (D.8) this gives the new field equation for a stretched flame surface

p~ +pV-VF={m~-D4V·ii-LpVt·V}lvF1'

=

(5.16)

=

where 11t L I Ot with L the so-called Markstein length and D 4 L · m~ the Markstein diffusivity. The
second and the third term of the equation on the right-hand side are the extra terms that arise when
modelling the flame front movement of a stretched flame instead of a stretchless flame. The second term
in the field equation is a term contributing to flame stretch due to curvature and the third term contributes
to stretch due to strain.
Applying the same methodology as Fleifil et al. a field equation arises tor a stretched three dimensional
axi-symmetric flame, as described in Appendix D.5,

aç. au(r, t)

~i +pu(r,t)=mu 1+(~;r -o..!

-p

ar

0

ar

1+(~;r
(5.17)

2

with r = ~x + y . Again, Ç(r,t) is the axial displacement of the flame front. The boundary conditions for
the differential equation are
2

aç

ar{O, t) = 0,

Ç(R, t) = O .

(5.18)

The parameters in equation (5.17) are evaluated in Appendix D.4. As a first step in this research the
parameters are assumed to be constant. They are evaluated for the same conditions as used in the
experiments. This means that the gas velocity u1 1.02 [m/s] and Su 0.38 [m/s]. For the Markstein length
we then find L = 4.93·10-4 [m] when using a relation for À./ cP [Som94] evaluated at the temperature of

=

=

the unbumed gas of T = 1200 [K]. Using these values in the equation (5.17) gives a differential equation
which is solved in the next section.
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5.4

Solving the differential equation for the axial displacement

ç

The differential equation for the axial displacement of the flame front is solved using a standard
FORTRAN routine. This routine is specially suited for solving partial differential equations of the form

a ~)
2

au ={r. t, u, au ,
. The solution is represented with cubic Hermite polynomials. These polynomials are
at
ar ar
described in Appendix D.6 together with a brief description of the algorithm which is implemented in the
routine.
The routine is tested first in section 5.4.1 with the differential equation from the model of Fleifil. In the
subsequent section the parameters in the model are tuned to find a good representation of the stationary
flame shape. Ultimately we will discuss the modelling results in section 5.5.

5.4.1 Testing the routine

=

=

With a small modification, D.t 0 and ..t 0, equation (5.15) is identical to the equation solved by Fleifil. To
test the numerical procedure the numerical results for this limit can be compared to the analytica! model.
Below the analytica! solution and the numerical solution obtained with the fortran routine are given. The
solutions are shown for two different phases, cp = 0 and cp = % n in the figures 5-4 and 5-5, respectively.
These figures show that the routine solves the differential equation correctly and is presumably suitable for
solving the differential equation of the flame stretch model.
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5.4.2 Tuning the parameters
The values for the parameters as described in Appendix D.4 are used in the model giving a numerical
solution for t~ axial location of the flame front Ç. The numerical solution for the average axial
displacement Çshows differences with the height of the experimental stationary flame. The numerical
solution gives a flame's height of h = 14.09 [mm], whereas in experimen.!_we have measured a height for
the stationary flame of h 18 [mm]. The analytica! solution of Fleifil for Ç, giving h 17 .89 [mm], shows
better agreement with the experimental flame.
The height of the flame is determined by the physical parameters u1 , Su and the Markstein length L. The
gas velocity u1 has been measured during experiments with an error of 1O %. The equivalence ratio is
measured in the gas mixing installation and the burning velocity corresponding to this ratio is quite well
known as is described in Appendix D.4. The value for the Markstein length has been calculated with the
value for the Markstein number L =?1t · Öt, as found in literature. A temperature is present in the
expression for the Markstein length L. There is some ambiguity as to which the temperature in the flame
should be taken to evaluate L. We have analysed the influence of the Markstein length used in the

=

=

simulations on the height of the flame. When the Markstein length is changed to L = 3.5·1 o-4 instead of L

=

=

=

4.93·10-4 [m] the height of the flame increases only slightly from h 14.09 [mm] to h 14. 74 [mm].
This corresponds to using T 736.3 [K] instead of T 1200 [K] to calculate the flame thickness o1. The
Markstein length cannot be decreased further due to convergence problems of the algorithm used in the
routine. Furthermore, we have analysed the influence of the burning velocity on the height of the flame by
changing the burning velocity from Su 0.38 [m/s] to Su 0.32 [m/s] at the same Markstein length L

=

=

=

=

=

3.5·10-4 [m]. For this case the flame height naw increases significantly to h = 17.47 [mm]. The numerical
solutions for the stationary flame shape obtained by using (a) a larger Markstein length L = 4.93·10-4 [m],
(b) a smaller Markstein length L
[m/s] are given in figure 5-6.

=3.5·10-4 [m] and (c) a smaller value for the burning velocity Su =0.32

-------0,010-.----------~

Figure 5-6: Analytica/ solution of Fleifil (continuous line) and numerical solution (markers) fora stationary
f/ame for (a) L 4.93·10-4 [m], Su 0.38 [mis], (b) L 3.5·10-4 [m], Su 0.38 [mis] and

=

(c) L

=
=3.5·10-4 [m],

Su

=
=0.32 [mis].

=

As is shown in figure 4-11 of Chapter 4, the solution of Fleifil for the stationary flame already shows a
good agreement with the experimental flame in shape and height except for the tip of the flame. We can
see in figure 5-6 that the numerical solution (c) at the smaller value for the burning velocity shows good
agreement with Fleifil's solution for the flame's height but not for the shape of the flame. The numerical
solutions (a) and (b) can be preferred above solution (c) as these numerical solutions (a) and (b) only
show minor difference in flame shape with Fleifil's solution. The difference in flame height between the
numerical solution and the experimental result could be due to the fact that the flame in experiment is not
held at the burner rim and can move above the burner exit. In Fleifil's model and in the new stretch model
the flame is assumed to be stabilised at the rim which could influence the flame's height, making it
smaller. This aspect needs further research.
We have chosen to use the parameters in the model as in solution (a). The numerical solutions (a) and (b)
are fairly alike. Thus changing the Markstein length will not give us any improvement. However, we have
checked if changing the parameters as is done in (b) and (c) has a significant effect on the dynamics of
the flame as will be discussed in the next section giving the numerical solutions for the flame oscillation.
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5.5

Modelling results

In Chapter 4 we have seen that the solution of Fleifil for the stationary flame shows an apex tip and not a
rounded tip as the experimental flame. In figure 5-7 we can see that the solution of the flame stretch model
for the stationary flame shows better agreement with the experimental flame. This is an improvement
compared with the model of Fleifil. The instationary flames also show a rounded tip at each phase.

0,000
0,005
-0,005
Radial coordinate r [m]

(a)

(b)

Figure 5-7: Experimental flame (a), (b) the analytica/ solution (line)
and the numerical so/ution for the stationary f/ame (markers).

We compared the model of Fleifil with our experimental results in Chapter 4 and the deficiencies of the
model have been revealed. In this section we will check whether our modelling results obtained with the
new model are improved relative to the model of Fleifil. We will not compare flame shapes as is
extensively done in Chapter 4, but we will discuss the perturbation of the axial location of the flame front Ç'
predicted by both models. Out of this Ç' the flame surface oscillation A~ and the heat release rate
fluctuations Q' can be calculated which is important in the thermo-acoustic behaviour of the flame.
Fleifil's analytica! solution for Ç' is given by equation (2.16) in Chapter 2. In the figure 5-8 this solution is
given for the phases cp ='X n, % n, 1 'X n and 1 % n together with the numerical solution for the same four
phases. For the relative amplitude E and the frequency the values E = 0.23 and f = 85 [Hz] are taken. In
figure 5-9 the solutions for the phases cp = 0, Yz n, n and 1 Yz n are given.
Perturbation Ç' [m]
---- phi =1/4*pi, Fleifil's
solution
- phi = 3/4*pi, "
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Figure 5-8: Perturbation of the axia/ location of the f/ame front f at the phases cp 'X n, % n, 1 'X n
and 1 % n, for the solution of Fleifil (lines) and the numerical solution (markers) for .t = 4.93·1 o-4
[m], Su 0.38 [mis], & 0.23 and f 85 [Hz].
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In figures 5-8 and 5-9 the numerical results are compared with the analytica! solution. Same characteristic
features can be observed. The overall amplitude seems to have decreased and the numerical solution has
less knots, i.e. intersection points with the Ç' = 0 axis vanish. lt should be noted that the maximum tip
oscillation is approximately equal to the amplitude in Fleifil's model.
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Figure 5-9: Perturbation of the axial location of the flame front Ç' at the phases cp 0, Yz 7t, 7t and 1
Yz 7t, tor the solution of Fleifil (lines) and the numerica/ solution (markers) tor~ 4.93·10-4 [m], Su
0.38 [mis], s 0.23 and f 85 [Hz].
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In Chapter 4 we have seen that the tip's oscillation has a large amplitude at least just as large as the
amplitude of the oscillation at other locations in the flame. At this aspect the flame stretch model gives no
improvement. However, we can see that the movement of the tip according to the stretch model is more
adapted to the movement of the rest of the flame giving a more "even" flame movement. For example, at cp
= Y4 7t the flame front moves mainly downwards (Ç' < 0) and according to the stretch model the tip fellows
this movement. According to Fleifil's model there is an intersection point for Ç' at all phases at r = 0.5 [mm].
This means that at all phases the flame front does not move at r 0.5 [mm]. Between r 0 and r 0.5
[mm] the flame moves either up or downward according to Fleifil, whereas the flame front moves in the
opposite direction at the other radial coordinates (except for the coordinates near the rim). In Chapter 4 we
have already seen that the experimental flame shows no such intersection point where Ç' = O for all
phases. The flame tip moves smoothly either up or downward with its neighbouring flame front elements.
Thus, although the tip does not show as much movement as seen in experiments, the stretch model
predicts the character of the tip movement and its shape more correctly.

=

=

=

When looking at the figures 5-8 and 5-9, it looks as if the lines in the chart of Fleifil's solutions have been
"stretched out" resulting in the numerical solutions. Like someone pulling a string (line in the chart) at its
end point (r = 0) to the left. This is to be expected as the burning velocity will increase due to stretch by
curvature of the flame front. This increase of the burning velocity will be significant at the tip of the flame.
This means that locally the "flame Strouhal" number G = ( coR ) will decrease. As is given in equation (4.2)

Su

the amplitude

Aa of Ç' is a function of cos( n - G { 1- ~}} Thus when G decreases Ç' will show less

maximum and minimum values on a certain radial coordinate area which is indeed the case.
We have checked whether use of the parameters sets (b) and (c) in the model results in different flame
movement. When the Markstein length is decreased to ~ = 3.5 · 1o-4 [m] the flame oscillations do not
change significantly. Thus, the Markstein length has no great influence on the flame dynamics. When the
burning velocity is subsequently decreased as in parameter set (c) in figure 5-6, the flame oscillation is
changed, showing similarity with the flame movement according to Fleifil. In figure 5-10, Ç' is given for the
parameter set (c). When we compare the figure 5-9 with 5-10 we see that the numerical solutions for Ç'
show more similarity with the solutions of Fleifil again. At most of the phases the numerical solutions show
an intersection point near the tip. This can be expected because we have seen that the "flame Strouhal
number'' decreases especially near the tip when flame stretch is taken into account. When we decrease
the value for the burning velocity, the "flame Strouhal" number increases again. Thus, the tip movement
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will again be predicted similar to Fleifil's prediction. We have seen that Fleifil's model handles the tip
movement incorrectly, thus the parameter set (a) shows a better correspondence with experiment.
Perturbationl;' [m], Su
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=
=

-

phi 1/4*pi, Fleifil's
solution
..•..".. phi 3/4 *pi, "
phi

=5/4*pi,

"

-phi

=7/4*pi,

"

-

=

......... phi 1/4*pi,
numerical solution
... """ phi 3/4*pi, "

=
-+- phi =5/4*pi,

"

=7/4*pi,

"

-phi

·B,OOE·04

Figure 5-1 O: Perturbation of the axial /ocation of the flame front q' at the phases cp = 'X tt,
% tt, 1 Y.. tt and 1 % tt, for the so/U(ion of Fleifil (lines) and the numerica/ solution (markers)

for L

5.6

=3.5·10-4, Su =0.32 [mis], s =0.23 and f =85 [Hz].

Conclusions

In this chapter we have formulated a model which describes the dynamic response of a laminar premixed
flame to an oscillating flow. This model is an extension of the model of Fleifil, described in Chapter 2. In
the model rounding of the flame tip and flame stretch have been implemented. The differential equation for
the axial displacement of the flame front ç has been solved numerically. Out of the numerical results we
can draw conclusions which are given below.
The stationary flame according to the model is smaller than the experimental stationary flame. This could
be due to the fact that in the model the flame is assumed to be stabilised at the burner exit, whereas the
experimental flame is stabilised at another position. This complicates measurement of the flame's height.
Even more, the flame faces a different flow field above the burner rim which influences it's height.
According to Gaydon [Gay53], the flame can stabilise outside the burner rim in radial direction due to this
flow field. This is referred to in literature as the "flame overhang". Gaydon states that this phenomenon is
caused by the pressure difference across the flame front. This pressure difference occurs due to heating,
expansion and acceleration of gases in the flame front. This so-called flame thrust is proportional to S~
and therefore decreases near the burner rim due to heat loss. In this region the gas may be pushed out
through the dead space between the burner rim and the flame front which results in the flame overhang.
The flame's radius increases due to this overhang and thus the height of the flame can increase which
could be the case for the experimental flame.
The parameters in the model have been tuned and the numerical results with these parameters have been
analysed. We have seen that the flame's height increases only slightly when the Markstein length is
decreased. Decreasing the burning velocity has more effect on the height of the flame at the expense of
the overall agreement in flame shape. Therefore we prefer the larger values for the parameters L and Su.
The stationary and instationary flame shape shows better agreement with our experimental results as the
tip is rounded. The flame stretch model gives better results on this aspect than the model of Fleifil.
The flame oscillation amplitude according to the stretch model is about the same as the amplitude
according to Fleifil. This means that the large oscillation amplitude of the experimental flame is due to
effects not taken into account in the model. The bending points as seen in the experimental flame shapes
are not predicted by the model and may also occur due to non-linear effects.
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The oscillation amplitude at the flame tip has also remained the same as in Fleifil's model. During
experiments we have seen that the tip moves intensively. lmplementing stretch in the dynamic response
model is not the solution for the discrepancy in oscillation amplitude of the tip. lt can be concluded again
that the model does not take all effects which take place in the experiments into account yet.
The character of the flame tip movement, the direction of it's movement relativa to it's neighbouring flame
front elements, is modelled more correctly. According to the flame stretch model no intersection point of
the solutions for Ç' will occur, whereas Fleifil predicts the contrary. However, such a point in the
experimental flame where Ç' 0, is not observed during experiments. All the flame front elements show an
either up or downward movement. We can see that flame stretch due to curvature of the flame occurs
mainly at the tip, increasing the burning velocity locally. This results in the solution for Ç'{r) being "stretched
out".

=

The flame dynamics only changes to a small extent when the Markstein length is decreased. The height of
the flame also changes slightly. Changing the burning velocity has more effect on the flame's height and
it's movement. However, the agreement in flame shape with the experimental flame then deteriorates. The
agreement of the flame oscillation with our experimental results also deteriorates. The character of the tip
movement is again similar to Fleifil's solution which showed worse agreement with the experimental
results. The parameter set as described in Appendix D.4 seems to be the best choice for the flame stretch
model.
Decreasing the Markstein length further is not possible due to convergence problems. These problems
also occur when the relative amplitude of the velocity oscillation i: is increased above i: = 0.25. Thus, using
the fortran routine is not possible yet for all values of the parameters in the model. We have checked
whether the boundary conditions lead to the convergence problems, but no improvement in convergence
was found, using other boundary conditions. The problems occur near r = R, where Ç' reaches a high
negative value. Near the burner rim a positive value for as I ar occurs due to a negative value for Ç',
whereas the slope of the rest of the flame front is negative. lt could be the case that the routine cannot
handle the change in slope of the flame front near the burner rim. This problem needs further attention.
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Chapter 6

Conclusions and recommendations

6.1 lntroduction
In this report two models are formulated to describe the dynamic response of a laminar premixed flame to
velocity oscillations. The first model described in Chapter 2, is the analytica! model of Fleifil, wherein the
kinematics of the flame surface is captured in a so-ca)led field equation for the flame front. The second
model is an extension of the model of Fleifil, taken into account two phenomena occurring in a non-planar
flame: flame curvature and flame stretch. The model gives a differential equation for the axial location of
the flame front ç, which is solved numerically. Experiments are done at Gasunie Research that can give
insight in the validity of the models. In the following section we will draw conclusions out of our research.
To formulate a complete structural model describing the response of three-dimensional flames to an
acoustic field, further research is necessary. In section 6.3 we will give some recommendations for this
research, highlighting the aspects that need further attention to finalise it. This then might help in obtaining
a fundamental structural solution to the noise problem in domestic central-heating devices.

6.2 Conclusions
The model of Fleifil is intensively studied and found suitable in our research. The analytica! model can be
used to predict the relationship between the instantaneous flow field and the heat release rate, as this
relationship is important in the analysis of the thermo-acoustic behaviour of burners. In the model attention
is focused on predicting the evolution of a laminar flame whose burning velocity is constant. Therefore
heat-release fluctuations will be a result of flame surface perturbations alone. lt is found that highfrequency perturbations pass through the flame without affecting the heat release significantly, while lowfrequency oscillations have a strong impact on _the heat release fluctuations. The time delay between the
velocity perturbations and the flame front/heat release oscillations reaches its maximum value of % 7t at
high frequency and its smallest value at low frequency. An equation for the heat release rate is derived in
case of uniform and non-uniform velocity oscillations. In most combustion systems uniform velocity
oscillations will occur and therefore we have focused on the model describing flame movement due to
uniform velocity perturbations.
Experiments are performed with the purpose to validate the model. Flame front oscillations are recorded
with an ICCD-camera for various frequencies and relative amplitude of the velocity perturbation. The
camera recorded the luminescence of the flame due to the existence of the spectroscopically observable
species OH, CH, CN, H2 0 and C2 at the flame front. Flame front oscillations are compared with model
predictions. The flame front movement of a rich flame is analysed, revealing so-called flame clipping which
is described in literature to.
The qualitative behaviour of the flame oscillation is predicted well by the model. The relations between the
flame oscillation and the relativa amplitude together with the frequency of the velocity oscillations are
correctly modelled. The character of the flame movement is determined by the "flame Strouhal" number G,
while its amplitude is determined by the "flow Strouhal" number F.
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The experimental · flame shapes show fair agreement with the experimental results. The major
discrepancies are:
• The oscillation amplitude of the experimental flame is much larger than predicted by the model. To
make a good comparison a correction is made for the relativa amplitude & applied in the model.
Furthermore, for the frequencies f = 42.5 and f = 170 [Hz] we had to apply an extra phase shift ~q> = ~
7t relative to the experimental instantaneous flame shapes. This could be a deficiency of the model or
due to experimental failing. The triggering of the computer is recorded and not the gating of the Image
2
lntensifier. Although only a time delay of nanoseconds should exist between both triggers the gating of
the lntensifier should be verified.
• The model has difficulty in describing the shape and the movement of the flame tip. According to the
model the tip is not rounded and shows hardly any movement. Near the tip at r = 0.5 [mm] the flame is
rigid at all phases of the velocity perturbation. Only at the tip the flame shows a slight oscillation. The
experimental tip moves with an oscillation amplitude at least equal to the amplitude at other locations in
the flame and shows no rigid point at r =0.5 [mm].
• Near the bumer rim the predicted flame shows different features than the experimental flame. This
could be due to the fact that the heat loss at the bumer rim is not considered. The experimental flame
can stabilise above or under the burner rim. In the model of Fleifil the flame is assumed to be stabilised
on the duet wall at a fixed position. This condition is enforced by applying the boundary condition Ç(R,t)
= O. The freedom of flame movement is therefore limited which could be a reason for the predicted
oscillation amplitude being much smaller than seen in experiment. The flame is assumed to be located
in the duet instead of at the stream opening of the duet which could be another reason for the smaller
oscillation amplitude predicted by the model. The experimental flame faces another flow field than
assumed in the model leading to incorrect modelling of the flame movement.

=

The agreement of the predicted and experimental flame shapes is better when a relativa amplitude e
0.115 instead of e = 0.23 is applied during experiments. At the larger amplitude bending points in the flame
shapes appear which are not predicted by the model. lt seems that non-linear effects take place during
the experiments which are not taken into account by the model.

The frequency of the flame oscillation is not equal but slightly lower than the frequency of the velocity
oscillation. To draw conclusions out of this experimental finding, the gating of the Image lntensifier should
be directly recorded instead of recording the triggering of the computer which subsequently gates the
Image lntensifier.
The major shortcoming of the model is the neglect of rounding of the flame tip and the phenomenon
related with flame stretch. Rounding of the tip may cause flame stretch which causes local burning velocity
changes. The burning velocity then again influences the flame oscillation. Therefore the model is extended
resulting in the flame stretch model as described in Chapter 5. The stationary flame predicted by this
model is smaller than the experimental flame. Tuning of parameters determining the height of the flame is
performed to see whether we could correct for this deficiency. Decreasing the Markstein length has little
effect on the flame's height. Decreasing the burning velocity has more effect at the expense of the
agreement in flame shape. The parameters as originally derived, given in Appendix D.4 are therefore
applied.
Taking flame stretch into consideration improves the agreement in flame shape between theory and
experiment. First of all the flame shapes according to the flame stretch model show rounded tips.
Furthermore, the movement of the flame tip is modelled more correctly. The tip movement is more adapted
to the movement of the neighbouring flame front elements. According to the flame stretch model no radial
coordinate exist near the tip where Ç' = 0 at all phases. The tip moves smoothly either up or downward
with the rest of the flame. However, the oscillation amplitude of the flame tip is equal to Fleifil's predictions.
The oscillation amplitude of the rest of the flame is even slightly decreased. This means that the large
oscillation amplitude of the experimental flame is due to effects not taken into account by the model yet.
Decreasing the Markstein length has only little effect on the flame dynamics. Decreasing the burning
velocity influences the flame oscillation more and the similarity with Fleifil's prediction is then recovered.
This shows us that flame stretch indeed increases the burning velocity especially at the tip, decreasing the
local "flame Strouhal" number.
The fortran routine cannot be used for all values of the parameters applied in the model yet. Decreasing
the Markstein length further than .t1 3.5·10-4 [m] and increasing the relativa amplitude further than &
0.25 is not possible due to convergence problems. Using other boundary conditions gave no improvement
in convergence.

=

2

=

According to La Vision, the manufacturer of the !CCD-camera.
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6.3 Recommendations
To obtain a complete model describing the response of three-dimensional flames to an acoustic field,
further research is required. For this research we can give some recommendations. First of all, performing
more experiments on the flame response to an oscillating flow would be useful. Due to malfunction of the
camera no further experiments than described in this report could be done. For new experiments we can
give the following recommendations:
•

•

•

In the experiments the phase of the velocity perturbation at the flame location, corresponding to the
image of the flame, should be accurately determined. When performing more experiments in this way,
conclusions could be drawn about the additional phase shift Liep we have applied to make a comparison
between model and theory possible. During our experiments the phase of the perturbation near the
loudspeaker is detected at the moment of computer triggering. For the phase lag occurring due to
propagation of the plane wave a correction could be made. The computer triggers the Camera Control
Unit which subsequently gates the Image lntensifier. During the gate-on time of the Image lntensifier
an image is recorded. lt should be verified if the time-delay between the trigger of the computer and the
trigger of the lntensifier is indeed in the order on nano-seconds, as guaranteed by the manufacturer of
the camera. lt would be most accurate to visualise the phase of the velocity perturbation in the image
area of the camera. In this way the phase is recorded in the image of the flame, reducing possible
mistakes of the experimentalist. The gate of the Image lntensifier is achieved by a pulse from a high
voltage module. This pulse could also be used to activate a switch of an apparatus that detects the
phase of the function generator which provides the loudspeaker with power. Visualising the phase in
the image area could be done with LED's werking on the voltage of the function generator. For
example, if the flame should be recorded at eight phase increments three LED's in the image area can
represent the digit of the phase binary.
Experiments with the set-up described in Chapter 3 should be done preferably with a transparant tube
over the bumer exit, enclosing the flame. The two models described in this report consider a flame
located inside a tube. Bath models predict much smaller oscillation amplitude than recorded during
experiments with the flame at the stream opening of a tube. When performing experiments with an
enclosed flame we can verify if this results in smaller flame oscillation amplitude. Besides an upward or
downward movement of the flame can be detected, when the tube enclosing the flame is transparent.
In this way we can analyse the validity of applying the boundary condition Ç(R,t) = 0. As the tube in the
experimental set-up was opaque we could not detect whether the flame moved downward in the tube.
When the camera is kept in a fixed position an up or downward movement of the flame can be
determined by the position of the flame in the image area. In doing so, an optica! bench should be used
which is more stable.
In a more advanced stadium of the research, images of the flame should be recorded with the ICCDcamera using a laser-sheet. Recording flame shapes in this way would be more accurate. In our
experiments images of the front view of the flame are taken. In consultation with La Vision, the camera
is brought into focus for the full flame area. However, using a laser sheet would give more accuracy to
the measurements.

Considering the flame stretch model some recommendations can be given too. Extension of the model
could improve the agreement of model and experiment. Attention should be paid on the following items:
•

The down stream flow field: the flame is assumed to be located inside a duet, thus the mean flow
component is assumed to be a Poiseuille flow. As in most burners the flame is not located inside a
duet. This is a major shortcoming of the model. The flow above the stream opening is not a Poiseuille
flow, the flow no langer "feels" the duet wall and the velocity has a component in radial direction (u(r=R)
0). A Poiseuille flow is assumed to be an incompressible flow. Thus the continuity equation reduces
to V · V =0. However, at the stream opening flow lines will diverge, thus the continuity equation as
defined for a Poiseuille flow will not be satisfied. Furthermore, in the model the effect of pressure,
expansion and vorticity generation across the flame front on the flow is neglected. When passing
through the flame front, the density of the flow decreases to a great extent due to the increase in
temperature on the burned side. Therefore, it would be better not to assume constant density of the
flow, but to apply a spatial and time variation in p in the continuity equation. The continuity equation
and the momentum equation should be solved numerically. The obtained instationary flow field can
then be substituted in the field equation of a stretched flame surface, as given in equation (5.16).
The change in buming velocity due to heat loss at the burner rim. We have seen differences in flame
oscillation between theory and experiment at that location of the flame. The change in flame
temperature due to loss of heat of the flame to the burner should be taken into account. Due to this
change in flame temperature the burning velocity changes resulting in variation of the stabilisation point
of the flame. Therefore the assumption that Ç(R,t) = 0 should be reassessed.

*

•
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•

The acoustic behaviour of the experimental set-up should be further analysed. The knowledge
available at TNO-TPD could be used on the behaviour of the system consisting of a loudspeaker in a
plenum at the bottom of the duet. Such a plenum may act as a Helmholtz resonator. The small volume
of gas in the neck of the opening of the plenum, moves bodily in and out of the cavity, so that its
effective volume varies. For the gas in the neck of the plenum an equation of motion can be derived,
assuming that this gas moves as a unit of constant mass, and ignoring all frictional and other losses.
For the resonant frequency of a Helmholtz resonator the following estimation can be given
1

[c sl2
2

f_ -1 - 21t l·V

(6.1)

1

where c is the velocity of sound, S is the area of the opening in the cavity, 1 is the length of the neck
and V is the volume of the plenum. For the experimental set-up the estimated value for the resonant
frequency is f = ± 70 [Hz]. During experiments we saw that the flame indeed moved extremely and
consequently blew off, when the loudspeaker was operated at this frequency. The fact that the
experimental set-up could act as a Helmholtz-resonator will not be noticeable at the other frequencies
except for the velocity perturbation not being in phase with the acoustic pressure, as is normally
assumed. For the velocity perturbation the following relation can be given
u

'

=

27tf

p(c S / 27tN - 21tfl)
2

'

p coscot .

(6.2)

We can see that the amplitude of the velocity perturbation depends on the frequency which is
measured during experiments. Furthermore, the behaviour of the set-up as a Helmholtz-resonator
may influence the phase of the velocity perturbation generated by the loudspeaker. Further
research on this aspect would be useful.
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Appendix A

A.1

lntroduction

This appendix accompanies Chapter 2 giving the solution to the differential equations (2.13) and (2.35) in
the sections A.2 and A.5, respectively. In section A.4 equation (2.24) is written in the form of an n-t model.

A.2

lntegration of equation (2.13) using Laplace transformation

The differential equation (2.13) can be solved using Laplace transformation as is described in this section.
Substituting equation (2.8) in equation (2.13) and performing the Laplace transform gives an ordinary
differential equation in Ç'(r,s)

aç· (

,
ro
s) 1
Ç(r,s)=ELI 1 ( 2
2 ) +Su-:..--.
(!) + s
s
ar s

(A.1)

This equation can be written in a more convenient form

èJÇ' (r, S)

EU1

:..r

(

S ~· (
)
2ro 2)+-..,
r,s.
Su

(A.2)

Su s + ro

u

The general solution to this first order non-homogeneous differential equation is
Ç'(r,s)=A(s)e 5 ·rlSu +B(s).

(A.3)

Along with the boundary condition Ç'(R, t) = 0, the constants A(s) and B(s) can be determined. This results
in the following solution for Ç'(r,s)

"~"::,) .;{1- e('-.".

Ç'(r,s) = (

1

(A.4)

'} .

To perform the inverse Laplace transform of this solution separation of variables is required, which gives
the following equation
,

EU1

1

Ç (r,s)=-{-(!)

s

S
52

+ (1)2

-

}· 1-e

{

(SR-r)" } .
·S

(A.5)

The inverse Laplace transformation is performed in the next section.
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A.3

Laplace transformation

In this paragraph the inverse Laplace transform for certain functions will be given, in order to be able to
perform the inverse Laplace transform of equation (A.5).
The Laplace transform X(s) of a function x(t) is
X(s) = r~ x(t)e-stdt .

(A.6)

Jo•

Using equation (A.6) the following Laplace transforms of some functions can be given, for example

[{1}=~

(A.7)

s

and

-

L{coscot} =

s

(A.8)
s +co 2
Using equation (A.7) it can be seen that multiplying with an exponential function in frequency domain
results in a time shift in time domain as shown in the following equation
2

(A.9)
with Ha the Heavyside-function which has a value zero when t < 0 and a value 1 when t > 0. Using
equation (A.8) and (A.9) the following inverse Laplace transform can be performed
(A.10)
Now it will be possible to perform the inverse Laplace transform of equation (A.5), giving

Ç'(r,t)= ·~+-cosrot)-[1-cosw(i- R;,'J]xH,(t- R5~'l},
where Ha ( t -

(A.11)

R5~ r J is the Heavyside function which has the value 1 when t > (R-r)/Su and the value 0

when t < (R-r)/Su.

A.4 Writing equation (2.24) in the form of an n·'t model
Equation (2.24) can be written in the form of an n - t model what will be shown in this section.
For equation (2.24) we can write
Q'=

~~ [(1-cosG)sincot-G(1- ~ sinG)coscot]

2

(A.12)
. cot cos on - cos cot sm
. on ) = y · 2eQ
. co (t = y · 2eQ
G2 (sm
G2 sm
1
1

't 1

)

under the following condition that
(1- cosG) = 'Y. COSo:rt1.
( G(12

2

~)sinG}=r·sinon

(A.13)
1.

As sin on 1 + cos on 1 = 1 this is only valid when (1- cosG)

2

+{G(1- ~sin G)}

2

= y2.
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To satisfy this condition y must be
(1-cosG)

r=

2

+G 2 (1-~sinG

2

r

r

(A.14)

~ sinG

2

(1-cosG) +G (1This results in

~

G(1- sinG)
--;:============ -cosrot},

2

2

(1-cosG) +G (1-

f

~ sinG

(A.15)
giving the interaction index n1 to be
n1 =

~~ x

2

r

~ sinG

2

(1-cosG) +G (1-

(A.16)

and
(1-cosG)
COS0Yt1=---.================
2
2
2
(1-cosG) +G (1)

~sinG

~sinG)

(A.17)

G(1sin OYt 1 = ---.=====================
2
2
2
(1-cosG) +G (1- sinG)

~

From equation (A.17) a value for the time delay t 1 can be determined

(A.18)

A.5 The solution to the differential equation (2.35)
In this appendix a solution to a first-order non-homogeneous differential equation is given in the form of an
integral. The solution to this integral can then be used to solve the differential equation (2.35) in frequency
domain.
A first-order differential equation is said to be linear if it can be written as
y'+p(r)y

=b(r),

(A.19)

where y' = ay . The characteristic feature of this equation is that it is linear in y and y', whereas p and b on
ar
the right may be any given functions of r.
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A genera! solution for the homogeneous equation

(A.20)

y'+p(r)y = O
is easily found by separating variables
dy = -p(r)dr,
y

(A.21)

lnlyl = -J p(r)dr + c

(A.22)

thus

and by taking exponents on both sides

-J

()

p(r)dr

(A.23)
yr=ce
.
The non-homogeneous equation can also be solved because it has the pleasant property of possessing
an integrating factor depending only on r
(A.24)
This is the same as Pdr + Qdy = 0, where P = py-b and Q = 1. Writing in terms of an integrating factor
(py-b)dr+dy=O.

FPdr+FQdy = 0 .
This equation has the following property

~(FP) = ~(FQ)

ay
ar
This can be written as

(A.25)

(A.26)

.

F aP = F aa + 0 aF .
ay
ar
ar
After reshuffling terms this results in

(A.27)

~ dF =_!_(ap -

(A.28)

~ dF =p(r)

(A.29)

aa).
F dr Q ay
ar
Equation (A.28) here results in

F dr

.

Since this depends only on r, the integration factor F(r), is obtained directly by integration and
exponentiation

ef pdr

F(r) =

(A.30)

Multiplication of equation (A.19) by this F and using the product rule of differentiation gives

e Jpdr (y'+py)= ( ef pdr y )' =e f pdr b.

(A.31)

Now it is possible to integrate with respect to r

ef pdr y =Jef pdr bdr + c

(A.32)

and solve for y, abbreviating J pdr by h,
y(r) = e-h[J ehbdr + c

J.

(A.33)

h = J p(r)dr.

lf one considers the following differential equation
aÇ'(r,s)
ar

-~·Ç'(r,s)=-2eu 1 (1-~)
2
Su

R

co

s 2 +co 2

(A.34)

with Ç'(r,s)the Laplace transform of Ç'(t), we can threat this equation as a linear differential equation as
described above.
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Here,

s

y(r,s) = Ç'(r),

p(r)=5·
u

(A.35)

h = J-...!...dr
b(r) = -2eu 1(1- r:) 2 ro 2 ,
R s +ro
Su
By using equation (A.33) the solution can be found

l;'(r,s) ~ e;• '[Je-;:(-2eu{1- ~:)
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By partial integration this results in

~·(rs )=e"
; ·r{

~

'

2eu 1ro
-;
e "
2
2
s(s +ro )

:ro' }r+C]

l

·r(1-r-2

(A.36)

·r

Su -;
4eu ror
- - '12 - -2e " · - 2
2-R
s
(s +ro )R2
(A.37)

--:-~ e< '[ (s'~~:)R' ]+C}

Using the boundary condition Ç' (R, s) =0, the constant C can be obtained and this results in the following
equation in frequency domain

l

(A.38)

2
2
1
2S ur
2s u
-2EU1ro[- 1 -r +
+
)
2
3 2
2
2 2
2 2
2 2
2
(
s (s +ro )R
R s(s +ro ) s (s +ro )R
Applying separation of variables and using appendix A.2 the inverse Laplace transform of the equation
above is performed and an equation for the perturbation in the flarile location is governed
4
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After a transient that lasts fort > RISu, the last equation is simplified to

l

r )} - R
Ç'(r,t) -4e[
. ( rot- G(1- R
r smrot
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(A.40)

The flame area ratio is now obtained by differentiating equation (A.40) to r and substituting in equation
(2.18)

r

A~ "'-27t
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~E cos(rot- G(1- ~)}+;~sin rot
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lntegration of the equation above and adding At results in

(A.42)

This leads to the following expression for the area ratio

~~ = 4 ~ I1-~sinG+2--;.(1-cosG)Jsincot-[~G-2--;.sinG+~cosGJcoscot}.
At

G

'l_

G

G

3

G

G

(A.43)
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B.1

lntroduction

In this appendix we describe the generation of sound waves performed during the experiments in section
8.2. The attenuation of these sound waves and the phase shift occurring due to propagation of the sound
waves in the tube are described in the subsequent section 8.3 and 8.4, respectively. The last section of
this appendix gives an overview of the spectrum of the experimental flame.

B.2 The generation of sound waves
During the experiments a perturbation of the gas velocity is generated in the tube. This perturbation should
be a plane axial sinusoidal sound wave of the following form
u' =eu 1 sinrot,

(8.1)

as used in the model of Fleifil.
The best and most practical way to generate a perturbation as given in equation (B.1) is to use a
loudspeaker at the inflow of the tube. This common loudspeaker can best be described by an idealised
source as a piston radiator in an infinitely extended baffle [Mey72]. By this we mean a plane surface that,
at rest, lies flush with an acoustically hard wall and, in operation, vibrates in the direction normal to its
surface in such a way that the velocity is constant in bath magnitude and phase over the entire radiating
surface. The diaphragm of commercial loudspeakers is not plane, but conical which makes it stiffer.
Hereby it comes closer to achieving the goal that all elements of the diaphragm vibrate with equal
amplitude and phase like the elements of a piston. To prevent movement of air around the edges of the
diaphragm, trom equalising the pressure difference, the diaphragm is mounted in a baffle. Thus, the
behaviour of commercial loudspeakers corresponds to that of a piston diaphragm to a very great extent
which facilitates description of the properties of a loudspeaker.
Because the tube has good similarity with Kundt's tube, which is an acoustically hard tube with a
reflectionless termination and of cross section small in comparison with the wavelength, we can assume
that the wave generated by a speaker at the bottom of this tube is a plane wave propagating into the tube
in positive x-direction
(8.2)
The quantity p_ is a constant pressure and f(u) an arbitrary function whose second derivative with respect
to the argument u exists because it has to be a solution of the wave equation.
The quantity p_ is the density that is constant in time and cis the velocity of sound. The sinusoidal wave
is a particular solution to the wave equation and therefore satisfies equation (8.2). This is a wave whose
wave fronts (surfaces of constant phase) are planes perpendicular to the tube axis. Sound pressure and
particle velocity are of constant amplitude over the phase front. The additional attenuation in the tube and
the phase lag between two different locations in the tube must be taken into consideration as is done in
the sections 8.3 and B.4. The characteristic impedance of such a wave is pc, the product of the medium
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density and the sound speed. The particle velocity in the air at the surface of the loudspeaker is equal to
the velocity of its diaphragm; the pressure on the loudspeaker is equal to the sound pressure p' = pcu'.
The mechanica! impedance (the ratio of the active force to the resulting velocity) of the loudspeaker thus is
increased by the load of the medium by the amount pc per unit surface area. This increase in the
mechanica! impedance caused by coupling to the medium is called the radiation impedance Zr and the
real part of Zr is called the radiation resistance Rr.
The sound power radiated in the tube by the vibrating conus of the loudspeaker is given by
.2

P =Rru .
(8.3)
with Rr the radiation resistance of a piston source and thus of a loudspeaker which is proportional to
Rr oc k 2 ,
(8.4)
with k the wave number of the generated waves which is m/c. This means that the radiated sound power in
the tube is

Pock

2

·U

.2

oef

2

·2

(8.5)

·U .

The loudspeaker is provided with power by a function generator which together with an amplifier supplies
the speaker with a sinusoidally varying voltage with amplitude V and frequency fv. The diaphragm of the
loudspeaker then vibrates with the same frequency fv and receives an electrical power of the function
generator of
Pe1

v2

=-,
rol

(8.6)

because the loudspeaker is an inductive load with impedance Z = jrol with ro = 21t · fv . The varying
voltage is

V=rol Î,
(8.7)
with 1the varying current. The loudspeaker has a constant impedance in the ideal case for frequencies
between 20 [Hz) and 20 [kHz). This means that for the frequency range of 42.5 to 170 [Hz] used in
experiment the impedance can be assumed to be constant. So when the amplitude of the voltage is kept
constant this means that the electric power provided to the loudspeaker is constant, the sound power that
is radiated into the tube is constant and therefore the product of the frequency and the velocity
perturbation squared is constant.
When the amplitude of the sinusoidally varying voltage is doubled, the electric power that the speaker
receives will be four times as high and as a consequence the velocity perturbation will be doubled
according to equation (8.6). When on the other hand the frequency of the voltage will be doubled this will
result in a velocity perturbation that is halved.
B.3 Attenuation of sound in the tube
Due to losses that occur in the viscous boundary layer because of internal friction and heat conduction,
sound waves in tubes are attenuated. This means that the sound wave generated by the loudspeaker
decreases in sound power and thus in amplitude while propagating in the tube. The attenuation constant a
of a round tube (in decibels per meter) is a function of the frequency f (in hertz) and the tube radius (in
centimeters):
1

ex= 2.7

· 10-2 .!..:.._

(B.8)
R
When the propagating wave has a frequency of, for example f 85 [Hz] and the tube has a radius of 1 cm
the attenuation constant is 0.25 dB/m. For the tube of 50 cm long this means that the sound power
decreases with 0.125 dB.
lf we call the sound power at the bottom of the tube (near the speaker) P1 and the sound power at the
orifice P2 this means that

=

10

1og(.!}_) = 0.125 => .!}_ = 1.33 =>
P2

P2

(8.9)

.2
U1
-,2
U2

=1.33 =>

'
U2

=0.87

,
· U1
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Thus the amplitude of the velocity oscillation decreases by about 13% due to attenuation.

B.4 Phase shift due to propagation of sound wave in tube
When the loudspeaker generates a sinusoidally varying wave this will travel by the speed of sound to the
orifice of the tube i.e. the burner mouth. According to equation (8.2) this means that there will exist a
phase shift between the waves near the loudspeaker and at the burner opening. This phase shift depends
on the value for the frequency, the length of the tube and the velocity of sound. lf we assume that the
gases in the tube will not be heated much by the combustion at the end of the tube, we can use for the
velocity of sound the value at 20 degrees Celcius, which is 344 [m/s]. The distance between the
diaphragm of the speaker and the burner orifice is 46.5 cm long so this means that the phase shift at a
frequency f is

Aq> = 2n · f · 1.35 -10-3

(B.10)

The phase lag between the velocity perturbation near the diaphragm and the burner orifice for the
frequencies applied in experiment thus is
-3

1
8

f = 42.5 [Hz]:

Aq>=2rt·f·1.35·10

f = 85 [Hz]:

Aq> = 2rt · f · 1.35·1o-3 =0.24 n "'_!_rt,
4

f = 170 [Hz]:

Aq> = 2rt · f · 135 -10-3 = 0.48 n "'..!.rt.

=0.12n "'-rt,

2

B.5 Description of the radiation spectrum of the experimental
flame
In this section a description of the radiation spectrum of the experimental flame is given. First we will
consider the different types of spectra that exist. There are three types of spectra:
1. Line spectra emitted by atoms. Each line corresponds to a transition from one stationary energy state
of the electrons to another state, i.e. an electronic transition.
2. Banded spectra that correspond to similar electronic transitions for molecules, but the electronic
change is then accompanied by the simultaneous changes in the internal vibrational and rotational
energy of the molecules: thus each electronic transition gives rise to a number of bands and each band
has a fine structure of a large number of lines. Many band spectra which lie in the visible and near
ultra-violet show obvious regularity. A group of related bands of this type is known as a system and
consists of a number of bands each with a sharp edge or head on one side and shaded off or
degraded the same way.
3. Continuous spectra due to processes such as ionisation and dissociation.
Band spectra are the most prominent in flames. Free radicals like CH, OH, C2 , CN and NH are responsible
for the strongest band systems. For these free radicals the resonance transition from the ground electronic
state to the lowest of the excited states requires comparatively low energy so that the band lie in the
visible or near ultra-violet. For the more permanent constituents of flame gases, such as 0 2 , N2 , CO and
H2 0, the main resonance transitions correspond to band systems far down in the ultra-violet and the
energy usually available in flames is inadequate for exciting these spectra.
In this section a description of the spectra of the unsalted acetylene-air and acetylene-oxygen flames is
given. Both these flames are of the premixed type and these spectra do not differ basically from these
yielded by the combustion of ether hydrocarbon fuels such as methane, ethane in the same conditions.
Thus the spectrum of the experimental flame will be about the same, but the intensity is higher in the
acetylene flames, due to the higher temperature.
More than on the kind of fuel used, the aspect of the spectrum depends on the equivalence ratio. In table
8-1 the spectra of rich flames are given and we will highlight how the spectrum of a lean flame observed
during the experiments is different from spectra of rich flames. The main information of these spectra is
listed in the table 8-1 at the end of this section. To reduce the length of the table only the bands with
medium streng (mS), streng (S) or very streng (vS) intensity are shown with the index * denoting the bands
that are transmitted by the filter in front of the CCD-camera.
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The visible spectrum of the inner cone shows the Swan bands emitted by the diatomic carbon C2 • This
regular system of bands is centred in the green. The spectrum also shows a streng violet-degraded band
in the blue with its head at 431,5 [nm] and another band with its head near 388,9 [nm]. These bands are
due to separate systems of the same emitter, the radical CH. There is streng evidence that the radical CH
is formed by the reaction C 2 +OH ~ CO+ CH*. In the ultra-violet the strongest band has its main head at
306,4 nm shaded to the red. There is a less streng band of similar appearance with its first head at 281, 1
nm, and weaker band at 260,8 and 342,8 nm appear on heavier exposures. These bands are due to a
diatomic hydride, the hydroxyl radical, OH. There appear to be at least two ways in which OH emission of
hydrocarbon flames may occur, (i) the weak thermal radiation trom the interconal gases and bumed
gases, (ii) the very streng excitation which also leads to very high effective rotational temperatures. This
excitation is due to the reaction CH + 0 2 ~ CO+ OH These C2, CH and OH bands are the main
features of the inner cone.
The light trom the outer cone is much weaker than that trom the inner cone. The acetylene-air flame only
shows the medium bands of OH with their heads at 306.4 and 212.2 [nm]. This means that the rich
methane-air flame observed will also only show these bands which will hardly be recorded by the CCDcamera.
Although the visible radiation trom a flame is the most obvious, in actual amount the infra-red radiation is
larger. The strongest band in the intra-red lies around 4,4 [µm] and is due to C02 ; there is a another
streng band at 2,8 [µm] partly due to C02 and partly to water vapeur. These intra-red emission bands are
not so strongly localised to the inner or outer cones as the visible radiation, but are shown by the whole
body of flame gases. This intra-red radiation is not transmitted by the filter.
When lean flames instead of rich flames are considered some bands are emitted by the oxygen molecule
trom about 300 to 400 nm and in the near infrared they are found particularly in the outer cone spectrum
and are more intense the smaller the fuel-oxygen-ratio. Besides, when the flame is cooled by an excess of
oxygen, the diatomic spectra fade out, and in the region form 240 to 400 [nm] a new spectrum appears.
This spectrum does not look like that of a diatomic molecule. lt is assigned to the triatomic molecule HCO,
although this assignment may still be in doubt. In tact, a careful examination of the spectra produced when
a nearty stoichiometrie fuel-oxygen ratio is used reveals the presence of the so called Vaidya's bands, but
they are strongly overlapped by the diatomic emissions. The cooling of the flame by an oxygen or
acetylene excess makes them appear because of the decrease of the diatomic emissions.
0

•
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i.c.
mS
mS
ms
vs
vS
vS
vS
vs
mS
mS
mS
mS
mS

vS
vS
vS
vs
vS
mS

M
M

288.1
287.5
294.5
306.4
312.2
314.4
315.7
318.5
325.4
339.8
340.0
342.8
348.5
387.1
388.3
387.2
431.2
432.4
436.5
437.1
438.3
466.9
467.9
468.5
469.8
471.5
473.7
477.0
499.7
509.8
512.9
516.5
547.0
550.2
554.1
558.6
563.6
590.1
592.3
595.9
600.5
606.0
612.2
619.1
722.7
746.0
771.5
785.0
790.8
795.7
810.8
822.7
827.8
875.1

..
vS
s
M
wM
vW
vW
wW
M
wW
M
s
s
s
s
vS
vS
vS
vS
vS
vS
vS
vS
vS
vS
vS
vS
vS
vs
vS
vs
vS
vS
vS
vs
vS
vs
mS
M
vS
vS
vS
vS
vS
vS
vs
vs
M
mS
s
sM
s
mS
mS
s
mS
s
wM
mS
wM
mS
wM
mS
M
mS
mS
wM
wM
mS
mS
M
s
M
s
M
s
M
s
M
s
M
s
M
s
M
s
M
s
M
s
Table B-1: Description of the spectra of an acetylene-airoroxygen f/ame.

w

".

i.c. = inner cone,
o.c. = outer cone
vS = very strong
S = strong
mS = medium strong
M =medium
wM = weak medium
W=weak
vw = very weak
wW = very very weak
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This appendix accompanies Chapter 4 and is divided in two parts. In the first part the instantaneous flame
shapes are given in figure C-1 for f
42.5 [Hz] and in figure C-2 for f
170 [Hz]. The radial flame
oscillation is given in the same appendix in figure C-3 for f = 85 [Hz] and in figure C-4 for f = 170 [Hz]. The
whole sequence of flame shapes is given for the rich flame in figure C-5. In Appendix C.2 we describe
how the radial flame oscillation is derived from the axial flame front movement.

=

=
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Fi ure C-1: lnstantaneous flame sha es , f

=42.5

Hz and e = 0.23.
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w•t=5/8•pi, e=0.69, 1=42.5 [Hz]
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w't=11/8'pi, e=0.69, 1=42.5 [Hz]
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Fi ure C-2: lnstantaneous flame sha es, f= 170 Hz

,e= 0.23
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w•t=112•pi, e=0.69, 1=170 [Hz]
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w•t=514•pi, e=0.69, 1=170 [Hz]
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Figure C-3: The width of the flame as a function of time at three heights in the flame,
f 85 Hz , e 0.23.
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Figure C-4: The width of the flame as a function of time at three heights in the flame,
f 170 Hz, e 0.23.
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C.2 Radial flame front movement
Following the analysis as given in Chapter 2 we define for the radial location of the flame front
y(r, t) =y(r, t) + y' (r, t) ,

(C.1)

with y(r, t) the steady radial location of the flame front at time t and radial co-ordinate r and y' (r, t) the
perturbation of this radial location. This radial location can be calculated out of the axial location Ç(r,t)
using the slope of the flame front tane(r, t) at timet and radial coordinate r, defined by

s:

tane(r, t) = (r, t) ,
y (r, t)
as is visualised in the figure below.

(C.2)

Flame front at time j

1
• Flame front
at time j-1

This slope of the flame front tan 9(i,j) at time j and radial
coordinate i can be calculated out of the perturbation of
the axial location of the flame front at this time j and radial
coordinate i Ç(i), and the perturbation of the axial location
of the flame front at the neighbouring radial co-ordinates
i+1 and i-1 using the following equation
. ') tan e(1, J -

~(i + 1)- ~(i -1) + s' (i + 1)- s' (i-1)
(' ) (' )
.
r1+ 1 -ri-1

(C.3)
For the co-ordinate r = R the following equation wifl be
used

tane(i

~(i -1) - ~(i)

,

j) =-"'--"'r(i) - r(i -1)

and for the tip of the flame
~(i+1.i)

r(i)

..) _ s(i) - s(i + 1)

tan e(1,J -

.

r(i + 1) - r(i)
Burner
When the distance between the neighbouring coordinates
i+1 and i-1 is small enough the calculation of the radial
R
movement of the flame front is accurate when using the
calculation described above. Only for radial coordinates
close to the burner rim where the slope of the flame front is very small at some phases the calculation can
give problems. When for the relative amplitude a large value like e =0.69 is chosen the slope of the flame
front can get so small near the burner rim that the perturbation of the radial location equated in this way by
MATLAB is near infinity. This means that for the area near the burner rim only for smaller values for the
relative amplitude the radial movement of the flame front can be calculated using MATLAB.
r(i+1)
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D.1

lntroduction

This appendix accompanies Chapter 5. In section D.2 an equation for the stretch rate Kis derived followed
by a section considering the Karlovitz number. In section D.4 the parameters in the flame stretch model
are given. The field equation in the model is written in terms of the axial displacement ç in section D.5
resulting in a differential equation in Ç. The subsequent section describes the fortran routine MOLCH
which is used to solve the differential equation.

D.2 Formulation of the stretch rate K
In the following section an equation governing the stretch rate K will be formulated. This equation can then
be implemented in the field equation (5.2).
To formulate the stretch rate a small arbitrary control volume V(t) in the flame region is considered first,
moving with the same velocity Vf as the flame surface. Let m(t) denote the mass in this control volume,
then

r

m(t) =
pdV,
Jv(t)

(D.1)

with p the local density of the gas mixture.
As V(t) moves with velocity Vf in the flame region the mass changes in time dm/dt are given by
dm
=
dt

J-+V'·
ap - ( - ~
at

pVt V

V(t)

·

(D.2)

using the Reynolds' transport theorem [Wil85].
In the new definition of De Goey and Ten Thije Boonkamp [Goe97] this rate of change dm/dt is related to
the stretch rate K

j

dm
=
pKdV.
(D.3)
dt
V(t)
So K can be interpreted as the specific rate of change of mass in V(t), due to movement of the flame
region with velocity Vt. This velocity has a component Vf,n and Vt,t normal to the local flame surface and
tangential to the surface, respectively. Thus:
vf = vf.t

+ (vf. n)n

.

(D.4)

The normal velocity component V1,n =0 for stationary flames i.e. the flame surfaces are fixed in space. The
tangential velocity is equal to the tangential component of the fluid velocity vt.
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Combination of (D.3) and (D.2) give
dp
- -()
pK=dt+pV·Vt+pVVt·ii
·ii

(D.5)

= ~~ +pv. v-pv(v. n) ·n+ p(vt ·n)v. n+pii· v(vf. n).
Using

Su =(Vf - V). ii and v t .v =v .v - ii .v(v. ii) the equation above gives
pK = ~~ +pii· v(vt ·ii)+pVt ·V+pSuV ·ii.

(D.6)

Writing the equation above in terms of the mass burning rate m = pSu gives

pK= ~~ +pii·V(Vt·ii)+PVt·V+mV·ii.

(D.7)

The last two terms are already found in literature. They are contributions to flame stretch due to stationary
flow straining and flame curvature. De Goey et al. [Goe96) found that velocity variations along flame
surfaces and flame thickness variations also play a role in the flow straining term. The first term is new and
is the contribution to K due to density variations along the flame iso-contours. When the p-iso-contours are
not parallel to the flame contours like enthalpy-contours this term arises and contributes to K. But when all
the flame iso-contours are parallel and the flame thickness goes to zero the stretch rate K is the same as
KA given in section 5.3. The second term in (D.7) is also new and arises from instationary flame thickness
variations due to different flame velocities V1,n of different flame contours.
Density variations along the flame iso-contours are assumed to be negligible i.e. the first term is not taken
into account. The flame thickness variations which may occur due to differences in flame velocities V1.n
among the different flame contours are also assumed to be small to be considered negligible. This means
that the internal flame structure is considered to be rigid. These assumptions are introduced because
there is very few information about the first two terms in equation (D.7). De Goey et. al [Goe97] have
performed numerical calculations on the contributions to flame stretch. They found that the contributions to
flame stretch of density variations along the flame iso-contours and flame thickness variations are 5 % and
23% respectively of the flame stretch due to flow straining and flame curvature. The research on that area
has only been started recently and results from this research can not be implemented in the model yet.
Thus only the two last terms of equation (D.7) are left in contributing to the stretch rate K

(D.8)

D.3 An expression for the Karlovitz number [Goe96]

In this section we will give an expression for the Karlovitz number according to De Goey and Then Thije
Boonkkamp. In their analysis they consider the flame as defined as a region in space, where a scalar
variable Z has a value between the unburned Zu and burned Zb values. For Z one may take for instance
one of the species mass fractions. A 'flame surface' then is defined as an iso-plane of Z i.e. a surface
where Z(x,t) constant like in the formulation of the field equation (here Z F) and this surface moves

=

with a velocity

=

Vf . The kinematic equation of the motion of such a surface is equal to the field equation

paz +p\it . vz =o or az +pV. vz =mlvzl .
(D.9)
at
at
",
A local orthogonal coordinate system ïi =(1;,Ç.11) is defined in terms of these flame surfaces as is shown
in figure D-1. The factors hç

=I~,

hç =

I~ and h = I~
11

in the ïi-coordinate system. Here the normal vector is

are the scale factors defining the arc-lengths

ë11 = ~~ .

1 1

De Goey and Ten Thije Boonkamp give

an expression for the Karlovitz number of the different species playing a role in the combustion
(D.10)
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where

cr = hç hll = 1~~ x ~ which is a measure for the area on the flame surface through which transport

takes place, Lei is the Lewis number of the different species and Yi is the species mass fraction.

Figure D-1: Flame surfaces Z(x, t) = 17 1 and Z(x, t) = 172 defined in terms of the sca/ar quantity Z and the 17coordinate system.
When crpK is assumed to be constant an identical expression for all Karlovitz numbers on the unbumed
si de is found out of equation (D .10)

Ka""'[ ÀpK2

c pm0

J,

(D.11)

b
0

when we substitute the approximate stretchless 1D solution for Yi (x) in equation (D.10)

l

0

- Y.i,u = exp((- m
. -) J,Tl hll ('I')d'I' ,
Yi,b - Yi,u
pD,m b llb
with D;m the diffusion coefficients of the different species.

y.'o

(D.12)

D.4 Parameters in the flame stretch model
In the differential equations described in Chapter 5 a number of parameters have to be determined. Values
for these constants p, muo • .L. D..e are given in this section.

Density of the unburned gas Pu
In experiments the test gas at Gasunie Research was used with an equivalence ratio of K = 0.95. The
unbumed gas is assumed to be a methane/air mixture of equivalence ratio K = 0.95. Using the density of
methane and air and assuming T= 20 °C and atmospheric pressure, the density of the mixture is
calculated using the stoichiometrie reaction of methane and air
CH 4 +20 2 +2·3.76N 2 ~C0 2 +2H 2 0+2·3.76N 2 .
(D.13)
The equivalence ratio K is defined as the fuel-oxygen mass ratio of the mixture divided by the
stoichiometrie mass ratio. This means that the fuel-oxygen mass ratio of the mixture is
mcH·]

( m0

1

= ·McH. ·lC=..!.·0.95=0.2375.
2·0 2
4

(D.14)

2 mixture
Now, the mass fraction of methane in the mixture can be calculated knowing that air has a mass
percentage oxygen of 22.04 %
0.2375m 02
•
=-----~-=4.97%.
mcH. + mair
mo2 + 0.2375m
2
0.2204
This means that the density of the mixture is given by
YcH. =

mcH

(D.15)

°

Pu = 0.0497 · PcH 4 + (1- 0.0497) ·Pair

=0.0497 . 0.72+0.9503·129
=1.26 [kg I m 3 ).

(D.16)
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The mass buming rate of the stretchless flame is calculated using measurements by van Maaren [Maa94]
of the adiabatic buming velocity of a stretchless flame, S~. Van Maaren performed measurements of the
adiabatic buming velocity using a specially designed flat-flame bumer. In this bumer the adiabatic buming
velocity could be measured by measuring the heat loss of the flame with small thermocouples attached to
the bumer head plate. S~ is then found by adjusting the unbumed gas velocity until zero heat loss is
found. This method is accurate because the buming velocity can be found without extrapolation to zero
heat loss and without correction for stretch. For a methane-air mixture with equivalence ratio K 0.95 Van
Maaren found S~ =0.38 [mis]. This gives a mass buming rate

=

mu0 = PuS~ = 1.26 · 0.38 = 0.479 [kg / m s] .
2

(D.17)

The Markstein length L.
For calculation of the Markstein length we need a value for the Markstein number and the flame thickness
because

L=11tlöt.
(D.18)
An accurate expression for the Markstein number is given in literature by Clavin and Garcia [Cla83]. They
effectively assumed K to be constant in the preheating and reaction zone of the flame. However, they took
into account density variations and temperature variations with respect to À I cP in their analysis. They
give an expression for the value of the Markstein number in the limit of high activation energy, small
stretch and a one-step reaction including the temperature dependance of the diffusivities and find

11t=..!.J+ ~(Le-1)(1-y)o,
y
2
y

(D.19)

with

(D.20)
and

(D.21)
where y is the reduced gas expansion factor (Tb-To)/Tb with Tb the temperature of the bumed gases, T0 the
temperature of the unbumed gases. Furthermore 0 is the reduced temperature T/T0 , h(0) the ratio of the
thermal diffusivity at temperature 0 to its value in the fresh gas (').,/cP) !(').,/cP)
0

activation energy of the reaction

0

,

~the reduced

(EI kTb )(Tb - T0 ) I Tb with k the Boltzmann constant, Le the Lewis

number of the lean species in the unbumed mixture and eb the reduced temperature of the bumed gas
T~o-

Here, we have chosen to use the Markstein number trom the work of Searby and Guinard [Sea90]
describing measurements of the Markstein number of premixed diluted flames of hydrogen, methane,
ethylene and propane. They present a method of deducing the Markstein number that relates the
Markstein number to the buming velocity at which an unperturbed flame spontaneously develops cellular
structures. The stability properties of a downwardly propagating planar premixed flame front in a quiescent
flow can be used to determine the Markstein number. In this flow the growth rate of a small perturbation
can be calculated explicitly. For small Fraude numbers the real part of the growth rate is negative and the
planar flame is unconditionally stable. At some critica! Fraude number the growth rate goes to zero and the
planar front becomes spontaneously structured with a well defined wavenumber f<c. The critica! Fraude
number Frc is directly related to the Markstein number

y ( Frc +2--hb
J
1H=--2(Pr-1)H ) ,
2+y 4(1-y)
y

(D.22)

with

2(1-y)

kc=~-

Frc

(D.23)

and

(D.24)
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where Frc is the critica! value of the Fraude number for which spontaneous structures first appear on the
unperturbed laminar flame, kc is the reduced wavenumber of these structures, Fr is the Fraude number
Fr = S~ I gDth and Pr the Prandtl number Pr = Du/v with D1h the thermal diffusivity of the unburned gas
and v the kinematic viscosity.
The integrals J and H were calculated numerically with the temperature of the burned gases estimated
assuming adiabatic combustion. For a methane-air mixture with equivalence ratio K = 0.95 they find a
Markstein number ?'Il = 3.45 ± 0.4. They state that their experimental results have good agreement with
numerical results of other researchers. They compare their experimental result of a stoichiometrie
methane flame with ?'Il = 3 .7 ± 0.4 with a numerical result of ?'Il = 3.4 of Peters and Rogg [Pet90] which is
indeed a good agreement.
Calculating the Markstein length requires also the value for the flame thickness

A.
Bt = - -

[m] .
(D.25)
pcpSu
This quantity can be calculated using a relation for /Jcp. Such a relation can be found in the work of
Somers [Som94] where a model tor the conductivity of a mixture of fuel air is given using a simplified
transport formulation yielding constant Lewis numbers

_.?:_ = 2.58·10-4(~)o.?

[gcm-1s-1] .
(D.26)
Cp
298.0
For the temperature of the unburned gas a value of T = 1200 [K] is chosen because previous calculations
of De Goey have shown that at this value for the temperature the flame thickness is best approximated,
giving

_.?:_ = 6.841·10-5

(D.27)

Cp
Substituting this value in equation (D.18) results in

A.

1

...:! = 11t ·of= 11t · -· - = 4.93 .10
Cp muo

-4

(D.28)

[m] .

The Markstein diffusivity D.4
Out of equation (D.28) the Markstein diffusivity can easily be calculated

DL =...:!·mu 0 =4.93·10-4 ·0.479=2.36·10-4

0.5

1

(kgm- s-

1

].

(D.29)

Evaluating equation (5.16)

In this appendix the field equation for a stretched flame surface (5.16) will be developed resulting in
equation (5.17). Equation (5.17) is a non-linear partial differential equation in terms of the axial
displacement of flame front Ç. This differential equation will be solved using a standard FORTRAN routine
as described in section 5.4.
The field equation tor a stretched flame surface as given in section 5.3 is

-}1- 1

aF
- {mu-DLV·n-...:!pV
o
- 1 -V VF.
pat+pV·VF=

-

(5.16)

-

with V 1 the component of V parallel to the surface.
The second term on the right-hand side of equation (5.16) can also be written in terms of the scalar F

- -

- [ VF J

-1

J- 2

VF

-(1- I)} .

V·n=-V· lvFI =1vF11v F-1vF1·V VF

(D.30)

Multiplying equation (D.30) with lvFI gives
lvFI. v ·n =-V F +ii· v(vF ·n) =-V~F '
2

with

(D.31)

V1 the transverse component of V parallel to the surface.
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Substituting equation (D.31) in equation (5.16) gives

p ~ + pV. VF = m~jvFj + D..! V~F - ..1pVt. vjvFI .
For

a

three

F( x, y, z, t) = z -

dimensional

Ç( x, y, t) with

axi-symmetric

r=

~x

2

flame

we

(D.32)

can

evaluate

equation

(D.30)

using

2

+ y . For the vector VF and its absolute value lvFI we find

-~aç
r ar

VF=

Y aç
---,

(D.33)

r ar

1
For the second-order gradient of the scalar F we find
v 2F =v. vF =

2

_! aç -

a ç .
r ar ar 2
The second-order transverse gradient of F can now be found, using

(D.34)

a

n.v(lvFI) =

1

[

1+ (açr
ar

_y_aç
r ar

x aç
r ar

ax
a
1} ay
a

1+(~;r

(D.35)

az

giving

a2ç
-2

- 2 - -(- -)

V t F = V F + n · V VF · n = -

ar:2

( aç ) 2
1+ ar

-

1 aç
rar
.

(D.36)

Finally, the transverse gradient of the velocity vector V is given to be
-

-

- -

- - - -

VF

[l

- -

VF

aç au

ar .ar

v, V=V v-n v(v n)=-IVFI v v IVFI = 1+(~ff

.

(D.37)

giving
aç. au
v t . v · IVFI =

(D.38)

ar ar

1+(~;r

We use the flow field as defined in Chapter 2 giving

V= (0,0, u(r, t)) with

u(r,t)=u(r)+u'(t)=2u{1-~: )+eu sinrot,

(D.39)

1

where u(r,t) is the axial gas velocity.
Substituting the equations (D.33), (D.36) and (D.38) in equation (D.32) gives equation (5.17) for Ç(r,t)
aç. au(r, t)
ar
ar

1+(~;r
(5.17)
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where Ç(r,t) is the axial displacement of the flame front. The boundary conditions for the differential
equation are

aç
(o t) =o
ar
1

1

s(R, t) =0 .

(D.40)

D.6 The FORTRAN-routine MOLCH
In this section we will describe the ISML-routine MOLCH which is used to solve the differential equation
(5.17). The routine uses the method of lines to solve a system of partial differential equations in the form
auk
at

=fk(r,t,U1,····UM,auM,a2~,
... a2~l •
ar ar
ar

(D.41)

with the initial conditions
uk =uk (r, t)
at t = t 0
and the boundary conditions
cxkuk +

~k auk

=

=

=

= Yk at r r1 and at r rN tor k 1, ..... , M.
ar
Cubic Hermite polynomials are used in the r variable approximation so that the trial solution is expanded in
the series
M

û(r, t) = :L(ai,k(t)<Pi(r)+bi,k(t)'l'i(r)) ,

(D.42)

i=1

where <Pï(r) and 'l'i(r) are the standard basis functions for the cubic Hermite polynomials Hn(r}, with the
knots r1 < r2 < ... < rN. Hermite polynomials are orthogonal on the interval [-00,00) with respect to the
2

weighting function e-r , that is,
=

Je-r Hn(r)Hm(r)dr = 0,
2

m :;t: n,
(D.43)

=

Je-r

2
[

Hn (r) J2 dr

=c( n) :;t: 0.

The first few Hermite polynomials are

H0 (r) =1,
H1(r) =2r,

(D.44)

H2 (r) =4r 2 -2
3

H3 (r) = 8r -12r,
with H3 (r) the cubic Hermite polynomial. At the breakpoints they satisfy
4>i(r1) =On,

'l'(r1) = 0

(D.45)
d<!>i (r1) = 0,
d'lfi (r1) = öi1·
dr
dr
The coefficients of the approximation are obtained so that the trial solution satisfies the differential
equation at the two Gaussian points in each subinterval,

P2 J-. 1 =x.J + 3 - 6.J3 (r·J+ 1 -

r.)J
(D.46)

p2 i

)
= xi + 3-.J3(
ri+ 1 + ri ,
6

for j = 1, ... , N. The approximation to the differential equation is

81

Appendix D
This system can be written in a matrix-vector form as Ade I dt

=F(t, y) with c(to) =Co, where cis a vector of

coefficients of length 2MN and c0 holds the initial values of the coefficients. The last 2M equations are
obtained by differentiating the boundary conditions.
The order of the matrix Ais 2MN and its maximum bandwidth is 6M-1. The band structure of the Jacobian
of F with respect to c is the same as the band structure of A. The system is solved using a modified
version of another ISML routine IVPAG. Gear's backward differentiation formulas are used. This is an
implicit linear multistep method. This means that a system of non-linear equations must be solved at each
step.
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