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Chapter 1 

1 Introduction 

 In the modern world, power generation (electrical and mechanical) depends mainly on 

the thermal energy produced by combustion of fossil fuels, regardless of progress in 

renewable and green energy (solar power, wind energy, nuclear energy, etc). In last three 

decades, the environmental awareness has put strong policies worldwide to reduce pollutant 

(NOx, SOx etc) emissions from industrial as well as household combustion equipments. It 

has been realized that the NOx emission can be effectively reduced by decreasing the 

combustion temperature and therefore lean premix combustion of the fuel-oxidizer mixture 

has become more popular. Many devices such as industrial boilers, household condensing 

boilers and radiant dryers use surface stabilized burners to achieve lean premixed 

combustion.   

 During the development of heating devices, combustion-associated noise (such as 

humming, buzzing or screech) is the most commonly sighted problem, especially prominent 

in case of fuel lean combustion. Combustion associated noise (more commonly known as 

thermo-acoustic instability) is a result of the periodic interaction between the energy source 

and the system acoustics. This tonal noise is different than broadband noise (for example 

turbulence noise). Typically, the burner manufacturer has to solve the problem of combustion 

associated noise during the design by optimizing other parameters (such as size, cost, etc.). 

Therefore, the burner fitted within the device must provide a stable combustion for all 

operating conditions and burner power modulations. The burner manufacturers’ ability to 

predict combustion associated noise and its solution becomes the key of survival in the 

market.  

 The general goal of this work is to develop a model for the interaction between the 

acoustic waves and different types of premixed conical flames. This model may help 

understanding the thermo-acoustic behavior of different kinds of flames and will serve as a 

necessary input for the prediction of the thermo-acoustic instabilities in combustion systems. 

 In this study, we will investigate the acoustic response of combustion systems 

containing premixed methane-air flames. The flame transfer function (TF) method will be 

used to characterize the acoustic response of premixed flames. The response of single Bunsen 
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type flames will be investigated in different combustion regimes from laminar to the weakly 

turbulent (as we nowadays have in boilers). Afterwards, a method to construct the TF of 

multiple flame burner decks from its elementary flame elements will be developed. The 

availability of such a method will provide a-priori acoustic response of more practical burner 

decks, which are used to estimate the stability of combustion systems. In addition, the 

response of multiple flame burner decks will be measured and the likeliness and/or 

differences with the response of single Bunsen type flames will be discussed. Finally, the 

stability map of a simplified combustion system (flame in a tube) will be studied with varying 

upstream duct length. This stability map obtained will be compared with the one obtained 

from network analysis of the system using the measured TF as a first step towards the 

stability analysis of more practical combustion systems. 

 In the following Section 1.1 the mechanisms underlying the thermo-acoustics of 

flames are further explained. Section 1.2 deals with two methods to describe under which 

conditions a system is instable and in Section 1.3, we consider two ways to describe the 

flame-response to acoustic perturbations. Section 1.4 gives a short resume of existing thermo-

acoustic knowledge of different premixed flames. The contents of this thesis are further 

outlined in Section 1.5. 

1.1 Thermo-acoustic instabilities 

 In a system, if the energy source/sink interacts with the fundamental acoustic modes 

and, if the amplitude of the acoustic pressure oscillation grows due to this interaction, then 

the system is said to be thermo-acoustically unstable. These increasing pressure oscillations 

due to the thermo-acoustic instability may result in loud noise, flame extinction or in some 

cases in structural damage of the combustion device. This phenomenon of flame-acoustic 

interaction is known for more than two centuries [1]. However, much of the understanding of 

this phenomenon was developed in the last couple of decades. Due to the very different 

intrinsic nature of the different types of flames (conical, groups of flames, V-flame, swirl or 

bluff-body stabilized flames, etc.) and/or the uniqueness of the combustion system, it is very 

difficult to generalize the problem of thermo-acoustic instability. Therefore, each flame sub-

category should be studied separately. Nevertheless, in any combustion system, the general 

scheme (Figure 1.1) for thermo-acoustic instabilities could be subdivided in three separate 

mechanisms i.e. i) feed-forward, ii) feed-back and iii) amplitude limiting mechanisms, 

discussed in the following.  
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Figure 1.1: Feedback loop in combustion systems 

1.1.1 Feed-forward mechanism 

 A feed-forward mechanism may be viewed as the starting point of the combustion 

instabilities. The feed-forward mechanism is due to fluctuations (pressure, velocity, 

temperature etc.) upstream of the energy source/sink which changes the state of the energy 

source/sink.  

 To visualize this as a feed-forward mechanism, let us consider a continuous source of 

velocity fluctuations (such as vortex shedding) upstream of a heat source (flame). The 

vortices formed will reach the flame causing changes in the heat release rate. This may make 

the heat release rate oscillating and the amplitude of oscillation will be determined by the 

vortices. However, the amplitude of oscillation will not grow without the presence of a 

feedback mechanism. 

1.1.2 Feedback mechanism 

The feedback mechanism is the core of the self-sustainable thermo-acoustic instabilities 

in combustion systems. A review by McManus [2] summarizes the different possible 

feedback mechanisms for thermo-acoustic instabilities. The oscillating source generates 

oscillating pressure waves. These modified acoustic waves travel upstream to further modify 

the flow perturbations. This information sent back from the flame to the upstream 

perturbations is the feedback. The self-oscillating thermo-acoustic instabilities may occur 

only if a closed feedback loop is formed. 
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1.1.3 Rayleigh criterion 

 Due to the closed feedback loop (feed-forward and feedback), the amplitude of the 

pressure oscillations may grow and self-oscillating thermo-acoustic instabilities may occur. 

The criterion for instability to occur was described by Lord Rayleigh. According to him: 

“If heat is communicated to, and abstracted from, a mass of air vibrating in a cylinder 

bounded by a piston, the effect produced will depend upon the phase of the vibration at which 

the transfer of heat takes place. If heat be given to the air at the moment of greatest 

condensation of to be taken from it at the moment of greatest rarefaction, 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.” 

1.1.4 The amplitude limiting mechanism 

If the feedback loop continues to pump the acoustic energy into the system, the 

amplitude of the pressure oscillations will keep on growing. However, in a real combustion 

system the amplitude of the pressure oscillations stabilizes at a finite value. This amplitude is 

the limit cycle amplitude. The amplitude of the pressure oscillation saturates when the 

acoustic energy fed into the system equalizes losses. The damping of acoustic energy 

increases with amplitude and the effective gain of the acoustic energy decreases with 

increasing amplitude of oscillation until equilibrium is reached. 

Mostly, self-oscillating pressure oscillations are unwanted. However, in some 

applications (e.g. pulsed combustor or thermodynamic refrigerator/heat pump) they are 

specially organized to achieve high system efficiencies. Nevertheless, in any case, the 

thermo-acoustic behavior of a system has to be studied in order to be able to describe, predict 

and suppress or promote self-oscillating thermo-acoustic oscillations.  

1.2 Approaches to predict/understand the thermo-acoustic instabilities 

The thermo-acoustic instabilities of combustion systems can be investigated in several 

ways. Example are the two-port network modeling approach, the Rayleigh criterion of 

combustion instability, analysis by compressible CFD tools (DNS, LES), etc. Below, two 

commonly used approaches to evaluate the thermo-acoustic instability of combustion systems 

are described.  
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1.2.1 Two-port network approach  

The two-port acoustic network approach is a lumped acoustic approach where each 

component (duct, area jump, junction, flame, etc.) of the acoustic system is treated as a 

separate acoustical element. The acoustical properties (p' and u') upstream and downstream of 

the acoustical element are linked using acoustic transfer matrices. Figure 1.2 illustrates the 

two-port network component breakdown of a combustion system. A system matrix 

containing the transfer matrices of each network component, including boundary conditions 

for the acoustic-waves at the ends, is then constructed. The complex roots of the system 

matrix are then obtained. The real part of the roots represents the eigen frequencies of the 

system and the sign of the imaginary part indicates the amplification/damping of the pressure 

oscillations. Also, the growth/damping rate of the acoustic oscillations can be obtained from 

the complex solution. Various aspects of the two-port network approach are described in 

more detail in Chapter 7. 

 

Figure 1.2: Network model representation of a combustion system 

1.2.2 Rayleigh integral 

 The Rayleigh criterion could also be used to evaluate the (in)-stability of a 

combustion system. A mathematical representation of the Rayleigh criterion to analyze the 

combustion system stability was proposed by Putnam et al. [3]. He proposed the following 

mathematical expression (also known as the Rayleigh Integral) for the onset of instability: 

 
1

'( ) '( )
T

R q t p t dt
T

    (1.1) 

where  and  are the heat release rate and the pressure oscillations at the position of the 

energy source in the combustion system, while T is the period of oscillations, respectively. 

 Accordingly, if the Rayleigh index (R) is positive then the thermo-acoustical 

oscillations will grow. While if the Rayleigh index is negative then the thermo-acoustical 

oscillations are suppressed. However, this expression is derived neglecting the acoustical 

losses in the system. For a thermo-acoustical system with losses the Rayleigh integral (R) 



Introduction 
 

 

 

6 

should be larger than the acoustical losses or the damping in the system for instabilities to 

occur. A detailed analytical representation of the Rayleigh criterion (Eqn. (1.1)), including 

the acoustical losses of the system was derived by Chu [4]. He found that, for low amplitude 

acoustic oscillations, the above equation is valid only if the specific heat ratios across the 

flame are constant ( ).  

1.3 Methods to describe the flame/burner thermo-acoustic behavior 

 In most of the methods used to evaluate the thermo-acoustical (in)stability of a system 

it is possible to split the system into pure acoustical behavior and flame response. The 

separation helps to understand flame and acoustic behavior separately, and either the system 

acoustics or the flame behavior could be changed to avoid combustion instabilities. Mostly, 

once the combustion system (such as a heating boiler) is designed, a very little margin is left 

to modify the acoustical properties. Therefore, the burner/flame should be modified to change 

stability.  

 The flame response to the acoustical fluctuations can be described in many ways, such 

as by the flame transfer matrix/function, the acoustic amplification by the flame, the flame 

describing function, etc. Below, two popular methods to characterize the flame response are 

described. In both the methods, using the compact flame assumption, the flame is treated as a 

black-box.  

1.3.1 Flame transfer matrix (TM) 

The flame transfer matrix is the direct representation of the flame in the network 

modeling approach for system stability estimation. This flame characterization links the 

downstream (subscript h) and the upstream (subscript c) acoustical properties , by a 

matrix. The transfer matrix is represented by  

 
11 12

21 22

' '

' '
h c

p p
TM

u u

A A
TM

A A

   
   

   

 
  
 

  (1.2) 

where, A11, A12, A21 and A22 are frequency dependent complex elements of the transfer 

matrix. These transfer matrix elements contain the information about the 

damping/amplification of the pressure and velocity waves across the flame (and burner). 
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For simple passive acoustic components such as ducts and volumes the transfer 

matrices are generally known analytically [5]. However, for active acoustic components such 

as a flame, heat exchanger, etc., the transfer matrices have to be obtained using numerical or 

experimental methods. In general, the transfer metrics of any acoustical component can be 

obtained if the acoustic properties at both sides (upstream and downstream) of the acoustical 

component are known.  

A direct measurement of the acoustical properties is possible by the so-called 

two/multi-microphone method [6]. However, the TM (Eqn. (1.2)) contains four unknown 

coefficients with two known equations relating the pressure and velocity on both sides of the 

flame. Therefore, in order to obtain the TM, two additional equations should be obtained. 

This can be done by 1) modifying the impedance at one side (other than excitation side) of 

the flame or 2) by providing an excitation from one side of the flame for the first state and 

from the other side for the second state [7]. Then, the elements of the TM are obtained by 

solving the following system: 

 

(1) (1)
11 12

(1) (1)
21 22

(2) (2)
11 12

(2) (2)
21 22

0 0' '

0 0' '

0 0' '

0 0' '
h c

A Ap p

A Au u

A Ap p

A Au u

    
    
        
           

  (1.3) 

where, superscripts (1) and (2) denote the two separate acoustical states. 

This procedure for obtaining the transfer matrix is well developed for passive acoustic 

components. However, the presence of a flame makes this procedure quite challenging. The 

accuracy of the transfer matrix measurement depends on the accuracy of the reconstruction of 

the pressure wave which is especially difficult at the high temperature side where temperature 

gradients are present. Also, the broadband noise from combustion influences the 

measurement accuracy. Nevertheless, the technique to measure the flame transfer matrix has 

been successfully established in several laboratories over the world (see for example [7, 8]). 

Alternatively, the flame transfer matrix can be obtained from the flame transfer function 

method [7, 9]. 

1.3.2 Flame transfer function (TF) 

 The flame transfer function (TF) method is an alternative method for measuring the 

flame response to acoustic perturbations under simplified assumptions. For premixed flames 
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it is assumed that the modulations in heat release rate (q') are governed solely by acoustic 

velocity oscillations (u'), as the modulations from other quantities are at least one order of 

magnitude smaller [10]. Accordingly, premixed flames can be considered as elements with a 

single input, single output (SISO) system. Therefore, the complex flame transfer function 

(TF) can be defined as the ratio of the flame response   'q f  to the upstream acoustic 

velocity fluctuations   'u f : 

 
'( )

( )
'( )

q f u
TF f

u f q
  (1.4) 

where, ,q u  are the mean heat release rate and velocity, respectively. The ratio /q  is used to 

normalize the transfer function to unity at 0. The flame transfer function requires only 

one acoustic state to characterize the response of flames to acoustic perturbations.  

1.3.2.1 Use of the flame transfer function 

The flame transfer function can be used in the form of a n-τ representation [11] in case 

of  system control or for system instability prediction. Below, the use of the transfer functions 

in network modeling (by calculating the transfer matrix) and in the Rayleigh integral is 

demonstrated. 

In the Rayleigh integral, the heat release fluctuations (q') can be expressed in terms of 

the flame response by ' 'q TF u q u . Also, p' can be expressed in terms of acoustic property 

(impedance, I) of the combustion system as ' 'p I u . Substituting q' and p' in the Rayleigh 

integral (Eqn.(1.1)) we get: 

   21
'

T

q
R TF I u dt

u T

 
  

 
   (1.5) 

Assuming periodic upstream velocity oscillations ( ˆ' sin( )u u t ) and integrating Eqn.(1.5) 

we find: 

  2ˆ( ) ( )
2

q
R TF f I f u

u
   (1.6) 

 In equation (1.6), ˆ,u q and u are real values. Therefore the sign of the Rayleigh index 

(R) will depend only on the phase difference between TF  and the acoustic impedance 

. The growth rate of thermo-acoustic instabilities will be governed by the gain of  
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and . For an unstable combustion system the growth rate should be larger than the 

damping in the combustion system. 

The flame transfer function can also be used to obtain the flame transfer matrix under 

simplified conditions [7, 12-15]. For an acoustically compact heat source (in this case the 

flame) the acoustic quantities across the source can be linked using linearized Rankine-

Hugoniot equations. The acoustic properties (p' and u') jump across the flame and can be 

linked by [15]:  

 

'
' ' 2

'
' '

'
1 ,

'
1 ,

h c
h c c c

c c

h c
h c c

c c

T u q
p p u

T u q

T pq
u u u

T q p


  

     
  

  
     

  

 (1.7) 

where, subscript h and c denotes hot and cold side of the heat source, while superscripts 

prime (') and bar ( ) indicate oscillating and mean flow quantities. Notations , , ,  and  

represent temperature, density, velocity, pressure and heat release rate, respectively. 

Substituting the Mach number  /M u c , the transfer function  TF , the temperature 

jump across the flame  1h cT T   in Eqn. (1.7) and rewriting this in matrix form, gives: 

 
 ' '

' '

1 1

1

c
h c

ch c

M c TF
p p

M TFu u
c

 
  


   
              

 (1.8) 

Comparing equation (1.8) with (1.2) we get the transfer matrix (TM) of the heat source as: 

 
 1 1

1

c

c

M c TF

TM
M TF

c

 
  


   
    
  

 (1.9) 

 For condensing boilers, the mean flow velocities in the flame are very small 

(2-3m/s). Therefore, the upstream Mach number is small ( 1)cM  . Consequently, the A12 

and A21 elements of the transfer matrix (Eqn. (1.9)) are small as well and can be omitted. 

Rewriting equation (1.9) we get: 

 
1 0

0 1
TM

TF
 

   
 (1.10) 
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 This means that the flame transfer matrix can be calculated from the flame transfer 

function and the temperature jump across the flame. A comparison between both methods is 

conducted by Truffin et al. [7] by numerical computation of laminar premixed propane-air 

flames. They concluded that the TM obtained from the TF can lead to unreliable results if the 

velocity fluctuations are not measured close enough to the flame. However, a combined 

numerical and experimental study [9] of a laminar premixed methane-air showed that the TM 

(A22 element) obtained using numerical experiments is found in good agreement with the A22 

obtained using the measured TF and the temperature jump across the flame. 

1.3.2.2 Representation of TF 

 The frequency dependent gain and phase of the transfer function can be visualized in 

three different ways (see Figure 1.3), a) the gain and the phase of TF as a function of the 

frequency or Strouhal number, b) the real and imaginary part of the TF and, c) the TF phase 

and gain representation in polar coordinates. The markers in Figure 1.3 show measurement 

points. In this thesis, all three ways of the TF representation will be used to obtain/study 

various parameters/characteristics of the TF. 

 

Figure 1.3: Complex TF representation in three different forms: a) Phase and Gain with 

frequency and St, b) real and Imaginary with frequency, c) polar plot showing the minima of 

the TF  
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 In the following we describe the typical behavior of the Bunsen-type flame TF (see 

Figure 1.3). The gain of the TF decreases non-monotonically with several recognizable 

maxima and minima. This behavior of the TF is similar to that of a low pass filter where the 

gain at high frequencies (in this case 400) is damped. The phase of the TF shows a linear 

dependence on the frequency, which is typical for a system with time delay. In polar plot, the 

gain of the TF represents the distance from the origin (0,0) and the phase is the angle 

measured from horizontal axis as shown in Figure 1.4. The information of the TF dependence 

on frequency is lost in this type of representation. The complex TF, in polar plot, results in a 

revolving curve around the origin which smoothly attenuates to the offset value. The offset 

value of the TF is a weak frequency dependent function which has a small distance, in the 

complex plane, from the origin (Figure 1.3.c). The sudden increase or decrease at the TF 

phase at point ‘A’ and ‘B’ in Figure 1.3.a and accordingly the low gain at these points is 

caused by the fact that the TF passes close to the polar plot origin (Figure 1.3.c).  

 

Figure 1.4: TF representation in Polar plot, the TF gain, phase and offset along with the origin 

of the polar plot are shown 

 A comparison of the TF of flames with different heights and/or flame base diameters 

is a difficult task. The dependence of the TF on these parameters can be eliminated by using 

the Strouhal number. The Strouhal number is a scaled frequency on the basis of convective 

time of fluctuations which effectively reduces the influence of flame geometry. Therefore, it 

simplifies the TF comparison when dealing with different flame base/heights. The Strouhal 

number is defined as: 

 
H

St
u


   (1.11) 
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where H is the flame height and  is the angular frequency. The TF dependence on the scaled 

frequency i.e. the  is also indicated in Figure 1.3.a. In this thesis, the Strouhal number 

dependence will also be used to extract/explain the TF characteristics. 

1.3.3 Types of flames 

 In practice flames can be categorized by their different properties, for example by 

using the combustion regime (laminar or turbulent), fuel-oxidizer mixing (premixed or 

diffusion), their stabilization mechanism (swirl, bluff body, surface stabilized etc.) or by any 

combination of the above properties (e.g. laminar premixed or bluff body stabilized diffusion 

flames). The governing mechanisms of thermo-acoustic instabilities for different flames 

and/or combustion systems can be different [16-19]. Therefore, the thermo-acoustic 

characterization of each sub-class of flames should be studied separately.  

 A study of the thermo-acoustic properties of flames stabilized on surface burners is 

the objective of this thesis. These surface stabilized burners are typically made from a 

perforated plate or by a knitted wool mesh. These burners mostly inhabit a collection of 

conical Bunsen-type flames. The perforated plate burners show regular (conical flames with 

constant flame height and base) laminar flames whereas the knitted burner plate shows 

irregular (nearly conical flames with random flame height and base) patterns of laminar or 

turbulent flames. These types of flames can be sub-categorized as surface stabilized premixed 

laminar and/or turbulent conical flames.  

1.3.3.1 Laminar flames 

 In the last few decades, laminar flames are extensively studied for instance to study 

the adiabatic burning speed [11, 20, 21], to validate the reaction mechanisms of different 

fuels [11] or to study the thermo-acoustic behavior of conical flames [1, 3, 10, 16, 22-26], etc. 

 For the case of thermo-acoustic properties, typically single Bunsen flames are studied 

as constituting elements of practical flames. The progress in the understanding of thermo-

acoustic instabilities are highlighted in the reviews by Candel et al. [16], Lieuwen et al. [27], 

and De Goey et al. [28]. From the thermo-acoustic studies of laminar single Bunsen-type 

flames we can infer that:  

1. This type of flames have a typical time delay ( )o  behavior i.e. the flame responds to 

the acoustic fluctuations some time ( )o  after they have been applied at the flame 
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base. This time delay ( )o  
has been recognized as the convective time of acoustic 

perturbations traveling from the flame foot to the point of interaction on the flame 

front.  

2. The flame shows a global low pass filter behavior to periodic velocity oscillations i.e. 

the gain of the transfer function decreases non-monotonically from quasi stationary 

conditions (|TF|=1 at f=0) as f is increased. 

3. The gain of the transfer function does not overshoot the quasi-static condition. 

4. The TF has several local minima and maxima as function of frequency. 

5. For higher frequencies the TF saturates to an offset value which is some distance 

away from the origin (0, 0) in the polar plot (see Figure.1.4). 

 In recent studies of multiple conical flames [10, 22] it has been noticed that the TF 

gain for multiple conical flames attains a value higher than the quasi static value (TF gain 

overshoot). In a systematic study of different types (V-type, M-type and multiple Bunsen-

type) of premixed laminar flames, Durox et al. [29] experimentally compared the TF for 

different flame geometries. They noticed that for low frequencies the TF gain overshoots in 

all types of the investigated flames unlike single Bunsen flames. In case of V or M-type 

flames they concluded that the flame surface area change is mainly responsible for the TF 

gain overshooting. But, for the case of the multiple conical flames, no mechanism for the TF 

gain amplification is described. However, for multiple conical type flames they observed that 

the flames are better attached to the burner deck and also the collective effect of the flames 

restricts the flame foot motion which perhaps is responsible for the TF gain overshoot. In a 

separate study Kedia et al. [30] numerically investigated the thermo-acoustic behavior of 

laminar premixed flames on a multiple perforation burner deck. They concluded that the 

amplification of the TF gain is due to the resonant behavior of the flame foot-burner deck 

interactions. The feedback of energy for this resonance is due to the heat transfer from the 

flame to the burner deck which is supplied to the upcoming gas flow. An increase in gas 

temperature leads to an increasing gas velocity and an increase in the adiabatic flame 

velocity. This moves the flame foot even closer to the burner deck [31]. 

In addition, it can be surmised that gas expansion restricts the flame lateral motion for 

multiple flames (Figure 1.5.b) and consequently increase the flame length. Therefore, higher 

flame stretch rates are observed. For low frequencies, the increased flame stretch can modify 

the TF behavior [32]. With these uncertainties in the acoustic response of multiple conical 

flames most of the practical flames on perforated burners require separate investigations. In 
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general, it is still impossible to estimate the TF of a given perforated burner deck without 

experimental or numerical investigations. 

 

Figure 1.5: a) The velocity field around a round tube conical flame [10], b) A schematic of the 

velocity field around a flame on a multiple perforation burner deck.  

 Alternatively, if the TF of flames on a perforated burner deck can be estimated from 

the vast knowledge on single Bunsen flames then a burner with desired thermo-acoustic 

behavior can be designed. This in principle is possible as the energy is additive in nature i.e. 

the heat released by the individual flames adds up to the heat released by the whole flame. On 

the other hand, the TF is nothing but the heat release response to the acoustic perturbations.  

 In the same line, Kagia [33] proposed to design a burner deck pattern in such a way 

that the TF phase of one local group of flames is in anti-phase with another local group of 

flames for the thermo-acoustically unstable modes of the combustion system. As a result, 

such a configuration can circumvent instabilities in the combustion system. Since the TF 

phase is proportional to the flame height an optimal ratio of the perforation hole diameter for 

different groups of flames was proposed to create a π phase shift. The optimum ratio 

proposed for phase reversal is: 
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 (1.12) 

where, d1, d2 are perforation hole diameters for different sets of flames while k is a constant. 

 The idea of optimal diameter ratio was critically analyzed by Noiray [22]. He 

experimentally investigated a burner plate with an optimal diameter ratio (Eqn. (1.12)) as 

well as one with equal heat released by each set of holes. From this experiment he concluded 
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that the result obtained by both burner plates were not conclusive. The possible reason of this 

could be the different nature of flames when organized in groups. The optimal diameter ratio 

proposed in equation (1.12) is based on the nature of single Bunsen type flames. They 

proposed another idea of modifying the TF by modifying the nature of the upstream flow 

while keeping the same flames and their dynamic response. The upstream flow is modified in 

such a way that if the flame in one set of holes is expanding at the same time it is contracting 

in the other set of holes. The Phase difference in different sets of holes is achieved by, so-

called, dynamic phase convertors. In this scheme, a smaller orifice plate is inserted in the 

holes of the perforated plate at different location  from the exit of the burner holes. 

Depending on the distance l, the phase of the oscillating flame is determined. It was shown 

that, with this method, the amplitude of the acoustic oscillations is successfully suppressed. 

This idea, however, requires a thick burner plate in order to house the orifice plate for the 

phase compensation. 

 A different route to suppress the instabilities or to modify the TF of a perforated plate 

burner deck may be used. This route includes an idea similar to that proposed by Kagia, but 

on the basis of energy balance and the TF of different subgroups of the multiple flames. This 

approach ensures that the thermal power of different subgroups of flames and the mutual 

interaction between them is taken into account. The composition of the transfer function of 

multiple conical flames is studied systematically in Chapter 4. 

1.3.3.2 Turbulent flames 

 The thermo-acoustic characterization of moderate or highly turbulent (swirl/bluff 

body stabilized) flames is important to gas turbine combustion applications [19, 34-37]. The 

driving mechanisms of thermo-acoustic instabilities in gas turbine combustion are reviewed 

by Huang et al. [19]. Only a few studies about the thermo-acoustic response of single fully 

premixed weakly turbulent flames is found in the literature. It might reflect the lack of 

applicability as most of the practical devices use highly turbulent flames. However, as 

mentioned earlier recently surface stabilized burners use the weakly turbulent flow regime for 

ultra-low NOx emission at high power [38]. Such flames are also studied in this thesis. 

In case of conical premixed turbulent flames, it can be surmised that the dynamic 

(thermo-acoustic) behavior of turbulent flames may differ from laminar flames of similar 

size. A thick flame brush is formed due to flame front fluctuations. Consequently, the 

interaction between the acoustic waves and the heat release occurs at different moments 
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whereas in laminar flames this interaction happens at a well defined flame front. It follows 

from the Rayleigh integral that the phase between the acoustic wave and the heat release is 

important. Therefore, modifications of the flame thermo-acoustics can be expected during the 

transition from the laminar to the turbulent regime of combustion, which will also be of 

interest for our study. 

 In a previous study, Lipatnikov et al.[39] calculated the effect of the turbulent flame 

development on the flame transfer function of bluff body stabilized ducted flames. They have 

shown that an increase in turbulence reduces the gain of the TF for small frequencies. In a 

similar numerical study, Santosh et al. [40] compared the acoustic response of single Bunsen-

type laminar and turbulent premixed flames at Strouhal number of 2π. They concluded that 

turbulence enhances the destruction rate of the harmonic undulations of the flame surface 

which leads to a decrease in flame response.   

1.4 Thesis outline 

 This thesis treats the thermo-acoustics instability analysis of multiple Bunsen-type 

flames in combustion systems. The analysis can be subdivided into two parts: I) thermo 

acoustic characterization of different types of conical flames (Chapter 3 to Chapter 6) and II) 

thermo-acoustic modeling of the complete combustion system.  

 The main emphasize of this thesis is to characterize the flame transfer function of the 

conical Bunsen type flames in different combustion regimes. The experimental setups used 

for this study are described in Chapter 2 along with the measurement and data processing 

techniques. In Chapter 3, the thermo-acoustic characterization of single Bunsen type flames 

in different combustion regimes is obtained. The acoustic behavior of different flames is 

compared in frequency as well as Strouhal number domain. A phenomenological function is 

used to fit the TF and the behavior of the fit coefficients with varying flame/flow parameters 

is analyzed. Chapter 4 deals with the (de)composition of the TF of composite patterns 

into/from simple elementary flames. It is shown that the TF of multiple perforation patterns 

with conical flames can be calculated from the TF of relatively simple groups of Bunsen type 

flames. This Chapter presents the formulation and validation of the TF (de)composition on 

simple round hole perforated plates. It was found that the perforation pitch, i.e. the flame 

mutual interaction is important to (de)compose the TF of multiple flame burner decks. The 

effect of perforation hole diameter, pitch, equivalence ratio and mean flow velocity on the TF 

is then studied in Chapter 5. The transfer functions of industrial multiple flame burners are 



Thesis outline 
 

 

 

17

discussed in Chapter 6. A comparison between the classical perforated burners and modern 

knitted burner deck is also presented.  

 The thermo-acoustic stability prediction by the acoustic network approach is 

discussed in Chapter 7. The model results are compared with experimental results for a 

simplified test case (flame in a tube). The upstream length could be varied to modify the 

pressure wave position in the system. A moving piston also mimics the expended inflow tube 

in case of the household boilers. It is shown that the predictions of the unstable modes from 

modeling are in good agreement with experimental data. However, a fine tuning of the model 

is required to predict stability of a combustion system accurately.  

 Conclusions are summarized in Chapter 8. 

 



 

 



 

 

Chapter 2 

2 Experimental setups and measurement techniques 

In this Chapter the experimental setups used for the TF measurements of single/multiple 

Bunsen-type flames stabilized on perforated burners are described (section 2.1). The 

measurement techniques to quantify the heat release rate and the acoustic perturbations are 

discussed (section 2.2). Furthermore, the acquisition of the heat release rate and the velocity 

signals and the post processing methods to obtain the TF from the raw data is explained. 

Finally, the reproducibility of the measured TF and inaccuracy due to various effecting 

parameters is analyzed.  

 This thesis presents two important aspects related to the thermo-acoustics of 

combustion systems: 1) the parameterization of the thermo-acoustic behavior of 

single/multiple flames, and 2) the use of the TF for (in)stability prediction of the complete 

combustion system. The first part is the core of this work and different aspects of the TF for 

different types of flames are discussed in Chapters 3-6. The measurement techniques and the 

data analysis for quantifying the flame TF is similar for different types of flames. The 

experimental setups, data acquisition and analyzing techniques for the TF measurements will 

be discussed in this Chapter. For the latter objective, a self-oscillating setup which mimics a 

simplified boiler without heat exchanger was build. The unstable frequencies of the 

simplified setup are obtained experimentally with a multiple flame burner deck. For this 

investigation, the data acquisition and processing procedure is different than discussed here. 

Therefore it will be described separately in Chapter 7. 

 In the introduction (Chapter 1) it was mentioned that the flame transfer function is 

characterized by the response of the flame  '( )q f  to the upstream periodic velocity 

perturbations  '( )u f . Therefore, to measure the TF of the different flames it is necessary, 1) 

to build an experimental setup on which the flames can be stabilized, 2) that the gas mixture 

equivalence ratio ( )  and the gas volume flow rate can be controlled, 3) that the periodic 

velocity perturbations at different frequencies with the desired amplitude can be introduced 

and the parameters '( )q f  and '( )u f  can be quantified and finally 4) that a processing 

module is available to obtain the flame transfer function from the measured raw data of 

velocity and heat release rate. Also, the reproducibility of the measured TF and the 



Experimental setups and measurement techniques 
 

 

 

20 

inaccuracy due to various parameters (flow setting, noise influence on measured signal etc.) 

will be investigated. 

2.1 Experimental setups for measuring the TF 

 In the previous Chapter it was mentioned that surface stabilized perforated burners are 

used for fuel lean combustion of the mixture of natural gas and air in household boilers, 

industrial dryers, etc. The natural gas composition may vary slightly at different places. 

However, the methane (CH4) gas remains the largest component (~81%), with a significant 

part (~15%) of non combustible gases (N2 and CO2) and the remaining part (~4%) are the 

higher hydrocarbons. The TF measurement for all different compositions is an elaborated 

task. Therefore, a methane–air mixture is used for the TF measurements in all the 

experiments. The mixture equivalence ratio (Φ) and the mean flow velocity ( )u  are controlled 

by Bronkhorst Hi-tech mass flow controllers (MFC).  

 The TF was experimentally obtained for i) a single Bunsen flame in different 

combustion regimes and ii) surface stabilized burners with multiple conical laminar flames 

(such as multiple perforation plates or knitted burner decks). Therefore, two different 

experimental setups for characterizing the TF are built.  

2.1.1 Single Bunsen-type flame burner 

 Single laminar and weakly turbulent Bunsen type axisymmetric flames are stabilized 

on a round tube burner (Figure 2.1.a). The setup consists of a 10mm diameter long glass tube 

(tube length 45D), which allows a fully developed laminar/turbulent pipe flow [41]. A pilot 

flame head (Figure 2.1.b) is used to prevent flame blow-off for moderate/high flow velocity 

regimes. The use of a pilot flame is traditional for stabilizing turbulent jet flames. The 

methane-air mixtures for the main flow as well as for the pilot flame are controlled 

separately. This configuration gives the flexibility to control the pilot flame independently 

from the main flame gas flow mixture, and also to provide the acoustic fluctuations to the 

main flame. 

 The pilot flame is formed by a circular array of 40 holes (0.8mm diameter) around the 

core Bunsen flame. The pilot flame was ignited using Φ 0.8  and 40 /u cm s  through the 

pilot flame holes and a nearly flat flame ring was formed. 

 The turbulence fluctuations are developed naturally by the flow through pipes without 

using any turbulence generating grid or mesh. The gas mixture is supplied at the bottom of 
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the experimental setup which is filled with fine metal wool. The metal wool enhances the gas 

mixing, prevents bulk velocity fluctuations and helps to distribute the flow evenly at the 

entrance of the glass tube. This smoothed flow in the tube is then excited with harmonic 

acoustic oscillations using a loudspeaker.  

 

 

Figure 2.1: Experimental setup for stabilizing the single Bunsen type laminar, transient and 

turbulent flames 

2.1.2 Multiple-perforation burners 

 The experimental setup used for multiple Bunsen type flames on surface stabilized 

burners of regular or irregular patterns is sketched in Figure 2.2.a. The burners with regular 

patters (Figure 2.2.c) are made from a 65mm diameter brass disc with a hexagonal pattern of 

machined holes in the central 50mm diameter portion. The irregular pattern burners are made 

by fixing a knitted metal wool pattern over the wire mesh (Figure 2.2.b). The knitted burner 

can also be operated in the weakly turbulent flame regimes. However, the perforated plate 

burners are suitable only for the laminar flames. 
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 The perforated burner plates show flames only in the central 50mm diameter part. In 

order to avoid any area jump and/or any unwanted vortex formation near the burner plate, the 

experimental setup was build with a tube of uniform internal diameter. The plenum was made 

from PVC plastic with a 50mm internal diameter having a wall thickness of 10mm. To 

measure the velocity fluctuation, a velocity probe is mounted at a distance of 25mm upstream 

from the burner deck. This configuration for velocity measurements is valid only for small 

velocities (<0.7m/s) in the plenum. For velocities higher than 0.7m/s, the pipe flow Reynolds 

number is higher than the critical Reynolds number ( 2300) [41]. Consequently, the 

velocity will be disturbed by turbulent eddies and bulk flow oscillations. Fortunately the 

porosity of the laboratory samples of the perforated burner decks is quite low and the 

corresponding mean flow Reynolds numbers is small. However, for the measurement of a 

more porous or a full scale industrial burner the Reynolds number may reach values above 

the critical Reynolds number for turbulent pipe flows which will introduce unwanted 

turbulence velocity fluctuations. To measure the velocity fluctuations for these burner decks, 

a block of flow straighteners of 7mm diameter (15cm long) is placed in the upper part of the 

tube. This arrangement significantly reduces the pipe flow Reynolds number ( 470Re   at 

1 /m s  mean flow velocity). The velocity probe is installed inside one of the flow 

straighteners at a distance of 10mm from their exit (Figure 2.2). The burner deck is mounted 

at the exit of these flow straighteners with a water cooled mounting head. The water cooled 

head is used to keep the burner temperature constant which may influence the measurement 

of the flame transfer function [31]. The distance between velocity probe and the burner deck 

is small (25mm). The flow is excited at discrete frequencies with a loudspeaker which is 

installed in the base of the experimental setup where the gas mixture enters into the setup 

(Figure 2.2.a). A small 10mm diameter adapter with delivery line is used to deliver the gas 

from the mixing board to the experimental setup. Due to the small opening area, the gas 

velocities at the entrance of the setup are very high. For example, a 1m/s flow velocity in the 

plenum will result in a ~25m/s velocity at the entrance. To reduce the fluctuations generated 

by jet impingement in the system, the mixture was subdivided into two parts and a dump 

chamber filled with metal wool was added at the flow entrance.  
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Figure 2.2: a) Experimental setup - multiple Bunsen type flames, b) burner deck made from 

knitted material, c) burner deck made from machined holes in hexagonal pattern 

2.2 Quantifying techniques 

 The transfer functions presented in this thesis are measured in the (linear) limit of 

small velocity fluctuations ( ’/ ~10%) where a sinusoidal velocity fluctuation results in a 

sinusoidal flame response [10, 22, 29]. The transfer function was measured for the frequency 

range 30 500Hz  with 5 10Hz  frequency steps. In order to characterize the flame transfer 

function two quantities should be obtained 1) the velocity fluctuations and 2) heat release rate 

fluctuations. The methods used for quantification are described below.  

2.2.1 Velocity measurements 

 The main requirements for quantifying the mean and fluctuating velocity are that a 

localized measurement can be carried out and that the response of the probe should be fast 

enough in order to measure for frequencies up to f=fmax. In previous studies of the TF 

measurements three methods have been used for this purpose: 1) the two/multi-microphone 

method, 2) laser Doppler velocimetry and 3) hot wire anemometry.  

 The two/multi-microphone method is typically used for transfer matrix measurements 

[42, 43]. However, it also can be used to measure the velocity fluctuations upstream of the 
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burner deck [34, 44-46]. This method uses two or more microphones to measure the pressure 

at different locations in the plenum. The phase and amplitude of characteristic (left and right 

travelling) waves is then calculated by fitting these pressure points with a wave 

corresponding to the excitation frequencies. The phase and amplitude of the velocity at any 

location and time is then restored from the fitted characteristic waves [6]. However, this 

method requires a relatively long plenum chamber to place the microphones and for low 

frequencies the influence of noise on the velocity measurement is significant. The mean flow 

velocity through the plenum which is used to obtain the quasi static response of the TF cannot 

be obtained by this method. 

 The Laser Doppler velocimetry (LDV) method can be used to measure the mean and 

the fluctuating velocity at any position in the laser beam focus e.g. the exit of the burner hole 

i.e. near the flame base. Rudd in his review summarized the working principle and signal 

processing techniques of LDV [47]. This method of velocity characterization is used 

extensively at the EM2C laboratory for the TF measurements of laminar flames [7, 22, 29, 

48-51]. This method of velocity measurement requires special expertise in flow seeding and 

laser alignment. Wrong selection of seeding particles may result in a situation that they do not 

follow the flow/acoustic fluctuations. This may also affect the flame response and a 

misalignment of laser beams may result in a measurement of vortices shed from the edge of 

the individual holes. 

 Hot-wire anemometry or constant temperature anemometry (CTA) is another way to 

quantify velocity perturbations. The working principle and instrumentation of hot wire 

anemometry can be found in a review by Comte-Bellot [52]. The Hot-wire probe is typically 

installed 2-3cm upstream of the burner deck. This method of quantifying velocity 

perturbations is also used for TF measurements [9, 10, 34, 45, 53, 54]. Special attention must 

be paid while aligning the CTA probe perpendicular to the flow streamlines. Misalignment 

may lead to wrong measurements. The flow perturbation by the CTA probe may also, for 

some cases, influence the flame behavior.  

 The CTA method is selected to quantify the acoustical velocity fluctuations for the TF 

measurements in this thesis. The CTA used is manufactured by Dantec dynamic (product no: 

55P16) and contains a 1.25mm long 5μm diameter wire. This small wire is supported by a 

relatively thick (2mm diameter) probe holder. In multiple-Bunsen type flames the flow/flame 

disturbances due to the CTA holder are negligible. Therefore, the standard CTA probe could 

be used. However, in the case of single Bunsen type flames, the use of standard CTA probe 
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results in flame surface distortion by the perturbations/vortices shed from the probe holder. 

The change in flame form reflects the TF measurements. In order to avoid flame surface 

modification by CTA an X'wire is used to measure the velocity fluctuations [10]. 

 An X'wire is a thin tungsten wire (10μm diameter) stretched and installed across the 

burner tube diameter at a distance of 20mm from the flame base. The working principle of 

this crosswire (X'wire) is the same as for a CTA probe. However, instead of a comparatively 

point measurement (1.25mm length for CTA probe) it gives an integrated response over the 

diameter. The integration of velocity fluctuations across the diameter also includes the 

fluctuations in the boundary layer, where the acoustic fluctuations 'u  might have a difference 

in phase than the central velocity [22]. The cutoff measurement frequency of the X'wire 

probe is relatively small (7KHz) compared to the standard CTA probe (20KHz) which 

makes it unsuitable for high frequencies.  

 In order to compare the response of the CTA and X'wire, the flow intensities are 

measured for mean flow velocities between 1– 8 /m s  in a configuration illustrated in Figure 

2.3.b. It can be observed that (Figure 2.3.a), due to the combined effect of the integral 

response and low cutoff frequency of the X'wire, the amplitude of the obtained turbulence 

fluctuations is lower than obtained by the standard CTA probe. This behavior of the X'wire 

works, in this case, as a preconditioning of the velocity signal as some part of the turbulence 

is already filtered. Therefore, an X'wire results in a better signal to noise ratio for the TF 

measurement. The amplitude of the velocity oscillations measured by CTA and X'wire is the 

same. Therefore, the use of the X'wire does not change the TF behavior.  

 

Figure 2.3: a) the turbulence intensities obtained by the CTA and X’wire probes for increasing 

mean flow velocity through the 10mm burner tube, b) the experimental configuration 
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2.2.2 Heat release rate measurement 

 A direct measurement of the flame response or the heat release rate is not possible. 

Fortunately, the chemiluminescence of intermediate chemical species during combustion 

reactions is a good indicator for the heat release rate. Therefore, the heat release can be 

quantified using optical techniques. Two methods for heat release rate measurement are used 

in the literature: 1) the area of the flame surface as a direct measure for the heat release rate 

and 2) by integrating the chemiluminescence intensity of intermediate chemical species.  

 The first method uses the flame surface area as a direct measure for the heat release 

rate [24, 34, 44, 46, 55-57]. In this method, the flame surface is captured using an appropriate 

optical filter equipped CCD camera. Then, the total flame area can be calculated by 

integrating over the flame surface. The heat release rate is then obtained as the product of 

total flame area and the flame burning speed (mostly assuming a constant flame burning 

velocity over the entire flame front). The heat release rate is obtained at different phases of 

the acoustic wave to construct the heat release rate wave at the excited frequency. This heat 

release fluctuation is then correlated with the velocity perturbations to obtain the TF at one 

frequency. This extended process makes this technique a slow tool for quantifying the flame 

transfer functions. However, by characterizing the heat release rate in this manner, some 

theoretical studies based on flame surface area can be validated directly and the flame surface 

interaction with the acoustic wave can be visualized.  

 In the second method, the heat release rate is obtained by integrating the 

chemiluminescence emission intensity by the flame. The correlations between the 

chemiluminescence of different species and the heat release rate are extensively studied in 

literature for different kinds of flames [44, 57-61]. A photomultiplier tube (PMT) is used to 

detect the intermediate chemical species (OH*, CH*, C2 etc.) of the complete or part of the 

flame and gives a voltage signal proportional to the species population density at the flame 

front. A narrow band filter can be used to filter out the chemiluminescence emission from 

unwanted chemical species. This method of quantifying the heat release rate is very fast as 

compared to the flame surface area method and is widely accepted for the measurement of 

the flame TF [9, 10, 50, 54, 62-67].  

 In this thesis, the heat release rate is quantified by the chemiluminescence of OH* 

radicals emitted by the complete flame. A photomultiplier tube (PMT) equipped with a 
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309nm (central wavelength) narrowband filter is used to filter out the chemiluminescence 

contribution from the other intermediate species.  

2.3 Controlling experiments 

 The measurement of the flame transfer function is executed via a fully automated 

script programmed in LabView (see Figure 2.4). This LabView program excites the flame 

and measures the heat release rate and velocity fluctuations to calculate the TF in the desired 

frequency range. The excitation voltage provided by the programme is controlled for each 

probed frequency using feedback from the CTA probe (see flowchart in Figure 2.5) to keep 

the desirable amplitude of velocity fluctuations  (for instance 102% of the mean velocity). 

The amplitude controlling step acquires  from the CTA and if the value of  is higher than 

the desire level then it reduces the excitation voltage given to the loudspeaker. A national 

instrument PCI-6251 card (resolution: 16-bit, input range: 100.5V, max sampling rate: 

1.25MS/s) is used as a data converter from analog to digital signals (A2D) and vice versa. 

The signals from the CTA and PMT are recorded at the desired sampling rate and the time 

series is stored. Typical values are, a sampling rate of 25kS/s per channel and time history of 

0.7sec long for f>150Hz. The transfer function is calculated and plotted in the display 

window for each frequency step (see Figure 2.4). This procedure is repeated until the whole 

frequency range is measured and the measured TF data file is stored. 

 After the measurements, the acquired time history (raw data) of the velocity and the 

heat release rate are processed with Matlab to obtain the transfer function and other 

quantities. The calibration of the CTA and PMT will be used to normalize the measured TF. 

2.4 Data processing 

The TF is a frequency dependent function. Therefore, the flow is excited with a 

harmonic excitation at each discrete frequency and a data file with the time history from the 

CTA and PMT is recorded. Each stored data file contains the information of the mean and 

oscillating part of the velocity  and the heat release rate  response to the 

velocity oscillations. Figure 2.6 shows the oscillating part of the heat release rate and velocity 

time history in a laminar and a turbulent flow. The time histories obtained are processed in 

Matlab to obtain the gain | | and the phase  of the flame transfer function at every 

forced frequency. The transfer function, therefore, can be presented as: 

   ( ) ( ) exp ( )TF f TF f i TF f    (2.1) 
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Figure 2.4: LabView interface for control and measurement. 
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. 

Figure 2.5: Measurement and control flowchart of the LabView programme 

 

 

Figure 2.6: a) PMT and b) CTA signal in laminar (line 1) and turbulent flow (line 2) for 

f=40Hz. 

2.4.1 Calculation of TF gain 

The TF gain  TF  is the ratio of the amplitudes of heat release rate |q'| to the velocity 

oscillations |u'|. Fast Fourier transformation (FFT) of the time history gives the amplitude of 

oscillation at the forcing frequencies. The frequency resolution of the FFT is the ratio of the 



Experimental setups and measurement techniques 
 

 

 

30 

sampling rate to the number of obtained samples e.g. a 25kHz sampling rate and 0.7sec time 

history will lead to a 1.4Hz frequency resolution. Due to the FFT frequency resolution, if the 

peak at the excited frequency is truncated, the nearest next peak will be taken as the 

amplitude. The ratio of the real amplitude to the peak detected will be constant for velocity as 

well as the heat release rate signals. Therefore, the factor due to the amplitude truncation will 

be normalized while calculating the ratio of the velocity and heat release rate. The TF gain 

obtained by this method is the same as obtained from the root mean square amplitude of the 

velocity and heat release rate signal. 

The gain of the transfer function obtained above is the ratio of the voltage output of 

the CTA and the PMT probes. As a result, the gain may have an arbitrary value at quasi static 

state  0f  . Therefore, calibration of the CTA and PMT probes are necessary to obtain the 

exact values of 'u , u  from the CTA and ',q q  from the PMT probe. Alternatively, the TF 

calibration procedure can be simplified if the mean heat release rate  is expressed as the 

product of the calorific value  of the gas mixture and the volume flow rate , where A  

is the cross-section area. Then, the normalizing part of the transfer function  q u in Eqn. 

(1.4) can be obtained as q u CA . The TF can then be rewritten as: 

 
'

'

q
TF CA

u
   (2.2) 

This normalization factor CA  can be evaluated in two ways:  

1) Use of the quasi steady state: In this method, the quasi-steady response i.e. 

1TF  at 0f   is used. Using this, the gain of the TF is smoothly extrapolated 

to zero frequency and this value can be used as the normalizing factorCA . 

However this condition can be used only when the TF gain has a smooth response 

in the low frequency area (f20÷40Hz) [10, 54]. 

2) Use of CTA and PMT response: This method of obtaining CA is very similar to 

the exact calibration of the CTA and PMT probes. In this method the mean 

voltage from the CTA and PMT probe is measured for a few mean velocities (u

5,10cm/s) around the point of the TF measurement velocity u . Then the mean 

voltage of both probes is plotted against the velocity and the slope of the CTA 

/  and the slope of PMT /  is obtained. The 
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ratio of the slopes CTA PMTm m is the normalization factor(CA) for the measured TF 

at velocity u . 

 Despite the different approaches described above, both methods yield the same 

normalization factor. Therefore, the latter method will be used only if the TF gain at low 

frequencies is not a smooth function. 

2.4.2 Calculation of TF Phase 

 The TF phase  is the phase difference between the flame heat release rate  

and the flow velocity oscillation . The TF phase can also be obtained from the FFT 

phase difference of the two quantities at the excitation frequencies. However, in this method 

the influence of noise is large especially when the gain of the TF is small. Therefore, a more 

accurate method to calculate the phase difference is used which is based on the cross-

correlation between the two signals. The cross-correlation function of two waveforms is a 

measure of the similarity between them. Matlab inbuilt function xcorr is used to calculate the 

cross-correlation between q′ and u′ which essentially calculates the cross-correlation as: 

*
' '

1
( ) '( ) ' ( )q u

T

R q t u t dt
T

  
 

  (2.3) 

where    is the time shift between the two signals and,  *'u  the complex conjugate of u'. The 

time shift    is obtained as the first maximum point from the origin and the phase shift is 

calculated by  2 f   , where f is the excitation frequency.  

2.5 Flame kinematics measurements 

 In addition to the flame transfer function, different flame form details (flame height 

and flame brush thickness) are extracted from flame snapshots. An infrared filter equipped 

CCD camera (14bit image depth with CCD matrix of 1018×1008 pixels) is used to capture 

the chemiluminescence of the flame in the visible spectrum range. The flame images are 

taken with a 32ms exposure time and a stack of 10 images is stored. Depending on the flame 

height, the image resolution may vary (for instance ~8px/mm is achieved for single Bunsen 

flames). The image processing techniques also vary according to the type of flame and the 

required flame details. 

 For single Bunsen type flames in different combustion regimes the flame brush 

thickness and main flame height is calculated. To obtain these details, a flame intensity curve 

was obtained by integrating across the flame cone area of 8~10px width around the center of 
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the flame as shown in Figure 2.7. The integration window may move slightly to capture the 

flame tip which, for high flow velocities, may be inclined slightly from the burner centerline. 

The flame inner cone and outer cone are then determined from the change in the slope of the 

flame intensity curve. The change of slope is defined as the minimum point (point B) for the 

outer cone and the maximum point (point A) for the inner flame cone in the 1st derivative of 

the image intensity curve (shown in Figure 2.7). The flame brush is, thus, the difference in 

height at the burner centerline between the flame inner and outer cone (HB-HA). The flame 

height (H) is defined as the height from the burner to the middle of the flame brush at the 

burner centerline H=(HA+HB)/2. The burner deck location and the scaling factor are obtained 

from an initial image of the burner deck with a grid placed at the center of the burner. 

 

Figure 2.7: Image processing for obtaining turbulent flame geometrical details. The flame 

details for the illustrated case are Φ=1.0, u =5m/s.  

 For multiple Bunsen type flames some additional parameters such as the flame base 

width, inter flame spacing and the flame stand-off distance are obtained. The flame stand-off 

distance is a small quantity (~1mm). Therefore, to obtain such small values with sufficient 

accuracy the flame investigation area is reduced to ~25mm width around the central flame 

area. This gives a sufficiently high resolution (~45px/mm) to measure the flame stand-off 

distance. The calibration of the image is obtained from an image of a reference grid placed at 

the center of the burner plate. For multiple Bunsen type flames the determination of the 
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burner surface is complicated. The difficulty arises due to the buckling of burner deck caused 

by the thermal stresses during the experiments. Therefore, the position of the burner deck is 

measured from the same image used for the flame detail measurement.  

 A single flame was selected from the multiple flame deck images to obtain the 

intensity curve for the flame height measurement. The flame tip and base location is defined 

as the position of the change in slope of the intensity, integrated across the single flame. This 

procedure is similar to the flame cone height measurement in case of a single Bunsen flame, 

indicated above. The flame height is, thus, the distance between the flame base and the tip of 

the flame and the standoff distance is the distance from the burner deck to the flame base. 

Once the flame base position is known, the image intensity at the flame base is obtained. The 

location of flame foot can then be identified as the peaks in the intensity curve. The distance 

between two peaks, corresponding to the holes position from the reference image, is the 

measure for the flame width. The inter flame spacing is obtained as the distance between two 

adjacent flame foots.  

2.6 Possible source of errors 

2.6.1 Mass flow controllers 

 To control the gas flow rate and the mixture composition, Bronkhorst EL-Flow series 

mass flow controllers (MFC’s) are used. The calibration of MFC’s is done routinely to limit 

inaccuracy in mixture composition and/or the flow velocity. These MFC’s, when properly 

calibrated, have an accuracy of ~1% when operating between 15% to 85% of the full load and 

it may increase up to ~3% for other loads (for MFC <3Ln/min). In this study, the MFC’s for 

methane as well as for air are used in the central optimum range of the MFC’s. An estimated 

(rather worse case) 2% error in each of the MFC’s may results in a maximum 2% inaccuracy 

in the mass flow rate and ~4% error (max) in the equivalence ratio. 

 Steady measurement of the velocity and heat release rate does not show any 

fluctuations in the mean values. Therefore it is assumed that once the flow rate and the 

equivalence ratio are set by MFC’s they do not fluctuate. Also, no fluctuations in the flame 

surface or the heat release rate are observed.  

2.6.2 Signal to noise ratio 

 The time histories of the velocity and the heat release rate in the laminar flow regime 

(Figure 2.6.b) show that the main source of noise in the TF measurements is from the 
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occasional random fluctuation of the flame chemiluminescence and the inherent noise of the 

PMT. Therefore, a PMT noise (measured with no excitation) to velocity fluctuations 

(measured with excitation) TFnoise could be defined to evaluate the inaccuracy in the TF 

measurements: 

   
'

' ( )
noise

noise

q u
TF f

u f q
   (2.4) 

 In the turbulent flow/flame regimes, the velocity and heat release rate signals have an 

additional velocity component due to the turbulence fluctuations ' ',T Tu q . Therefore, a longer 

signal time history (5s instead of 0.7s) is used to minimize the effects of turbulence on the 

TF. Still, the influence of the turbulence velocity perturbation exists but because of using an 

X'wire instead of the CTA, the perturbations are integrated along the X'wire, resulting in 

much smoother fluctuations. Nevertheless, this method could be used for an approximate 

error estimation in the measured TF. 

 Figure 2.8 shows a typical example of the measured TF on a single Bunsen type flame 

in the turbulent (line 1) and the laminar (line 2) flow regime. Also the signal to noise TF line-

3 and line-4 are shown for the respective cases. From this plot it can be deduced that for the 

laminar case the TF has an accuracy which is better than 1% in the low frequency range and 

~5% for high frequencies. For the turbulent case, the indicated accuracy is ~10%.  

 

Figure 2.8: Flame TF measured for 1) turbulent flame Re=4666,Φ=1.0, 2) laminar flame 

Re=1333,Φ=1.0, 3) noise TF for turbulent flame, 4) noise TF for laminar flame 
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 The repeatability of the TF was checked for multiple Bunsen type flames. The 

repeatability test includes measuring the TF on different days with different settings of the 

experimental setup, hotwire probes with controller and PMT’s. It was observed that the 

reproducibility of the TF gain is within ~5% of the reference TF and the phase was 

reproduced in a range of ~10-20 degrees. The largest part of the error in the TF measurement 

was observed for measuring with two different experimental setups. This source of error is 

probably associated with the difference in burner plate temperature in both the setups.  

2.6.3 Flame form measurements 

 The flame form details are obtained from the image data obtained by a CCD camera 

with high zoom optics. It was observed (sometimes) that due to occasional weak random 

fluctuations, the flame cone tip slightly varies which directly influences the measurement of 

the flame height. A median of the flame height from all processed images (10 or more 

images) is quantified as the flame height. Therefore, if a few images have large fluctuations 

from their mean values, it will not affect the median value of the flame height. Occasional 

fluctuations in other flame parameters such as the flame base or width are not observed. On 

the other hand, due to noise in the flame image, the accuracy in flame shape measurements is 

of the order of ~3 pixels. Additionally, a ~7pixels inaccuracy was measured while 

determining the flame height for near stoichiometric equivalence ratios due to the strong 

influence from the out of focus flames. This leads to a ~2-5% inaccuracy in the flame height 

measurement. 



 

 



 

 

Chapter 3 

3 TF of premixed single Bunsen-type flames in different combustion 

regimes 

The flame response to upstream acoustic perturbations is measured with a pilot flame 

stabilized single Bunsen-type flame in different combustion regimes. The effect of the flame 

transition from the laminar to turbulent combustion regime on the TF is discussed. A 

phenomenological function used to fit the measured TF in all the combustion regimes is then 

described. The mean system time lag  is obtained as one of the fitting coefficients of the 

measured TF and its correspondence with the convective time lag  is investigated. Finally, 

a method of a-priori estimation of the system time lag from the flame form is evaluated. 

 In the introduction (Chapter 1) it was mentioned that the thermo-acoustic behavior of 

turbulent flames may differ from laminar flames. This study is performed in order to compare 

the flame response to the acoustic perturbations in different combustion regimes. The 

Bunsen-type conical flame is a constituting element of the burner surface stabilized flames. 

Therefore, a pilot flame assisted, single Bunsen-type flame will be investigated in the 

different combustion regimes. The experimental setup used for this study has been described 

in Chapter 2. 

 The three specific goals of this study are i) to determine experimentally the thermo-

acoustic behavior of single conical flames for various fuel equivalence ratios in combustion 

regimes progressing from laminar to the turbulent state; ii) to reveal and describe the 

measured flame transfer function behavior in a phenomenological form and; iii) to find the 

correlations between flame thermo-acoustic properties and flame front kinematic parameters. 

In Section 3.1, a method to characterize the different combustion regimes is 

described. The effect of the pilot flame on the TF is then measured (Section 3.2). The TF is 

measured in different combustion regimes for different Φ’s. The comparison is presented in 

Section 3.3. The time delay is obtained from the phenomenological fit of the TF and the 

correlations with flame geometry are discussed in Section 3.4. The result of the study is then 

summarized in Section 3.5. 
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3.1 Flame characterization 

 The combustion regimes are determined by the corresponding mean flow Reynolds 

numbers in the burner tube. Therefore, it is necessary to identify whether the flame and the 

flow are in the same regimes i.e. if the mean flow Reynolds number corresponds to the 

turbulent regime then the flame is also turbulent. The correspondence between flame and 

flow regimes can be identified by measuring the turbulence velocity fluctuations and the 

flame brush thickness correlations.  

 The turbulence velocity and the flame brush thickness are obtained for a range of 

mean flow Reynolds numbers without acoustic perturbations. The turbulence velocity (v’rms) 

is obtained as the root mean square (r.m.s.) value of the velocity signal recorded at a 25kHz 

sampling rate (5s long). Flame brush thickness is obtained from the flame images as 

explained in Chapter 2. 

 Figure 3.1 shows the development of the turbulence velocity ’  and the flame 

brush thickness as function of Reynolds number. It can be observed that the flow turbulence 

intensity grows rapidly in the transient regime. In the weak turbulence regime a linear 

increment with increasing mean flow Reynolds number is found, i.e. indicating a constant 

turbulent intensity (~4÷5%). The flame brush thickness is proportional to the turbulent 

intensity variation in the weak turbulence regime. However, in the transient regime 2300

3000 , small increments in the turbulence velocity results in strong flame brush 

fluctuations. Nevertheless, from this comparison, it can be concluded that the combustion and 

flow regimes correspond well. Therefore, the mean flow Reynolds number will further be 

used as an indicator of the different combustion regimes.  

3.2 The pilot flame effect on the TF 

 The TF in different combustion regimes is measured with a pilot flame. Although the 

acoustic perturbations are provided only to the main flow, still the pilot flame influence on 

the TF should be investigated. For this investigation, the TF was measured with and without 

the pilot flame at a 2 /  and Φ 0.8. The pilot flame mixture parameters were 

0.4 /  through the holes and Φ 0.8. With these mixture parameters, the thermal 

power ratio of the pilot flame and the main flame was 1/20. The result shows that the pilot 

flame has a negligible effect on the measured TF (Figure 3.2). At higher burner mean flow 

velocities, even a smaller influence of the pilot flame is expected as the thermal power ratio 

between the pilot and the main flame will become smaller. 
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Figure 3.1: The turbulence velocity and flame brush thickness (Φ=1.0). 

 

Figure 3.2: The pilot flame (u =0.4m/s, Φ=0.8) effect on the measured TF (u =2m/s, Φ=0.8). 

3.3 Flame Transfer function  

 The burner used for this study has a 10mm tube diameter. The combustion regimes of 

the flame are varied by increasing the mean flow Reynolds number in the tube (progressing 

from Re=1333 to 4666). The TF was investigated for fuel lean (Φ=0.8, 0.9), stoichiometric 

(Φ=1.0) and fuel rich (Φ=1.1, 1.2) methane-air mixture equivalence ratios. The effect of 

various parameters on the transfer function is discussed below. 
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3.3.1 Effect of equivalence ratio 

The influence of the change in the equivalence ratio on the TF is measured and is 

described below for laminar (Re=2000) and turbulent (Re=4000) flows. 

3.3.1.1 Laminar regime 

 A variation in mixture equivalence ratio affects the laminar adiabatic burning velocity 

[68] resulting in a change in flame, keeping the same mean velocity. Figure 3.3.a shows the 

effect of changing mixture equivalence ratio (from fuel lean to fuel rich) on the measured TF 

with varying frequency for laminar flames ( 2000). It can be observed that a change in 

flame burning velocity affects the gain as well as the phase of the TF. For low frequencies 

( 90 ), an increase in burning velocity reduces the TF phase and at the same time 

increases the TF gain. Also the TF phase has its smallest value for the equivalence ratio 

corresponding to the highest adiabatic flame speed. At 100Hz, an increase in the mixture 

equivalence ratio from 0.8 to 1.1 results in a TF phase shifts change of π, which is crucial for 

switching between stability and instability in a combustion system.  

 

Figure 3.3: TF variation due to change in equivalence ratio plotted versus a) excitation 

frequency, b) Strouhal number, in the laminar combustion regime (Re=2000) 

 Figure 3.3.b shows the effect of the mixture equivalence ratio (Φ) on the measured TF 

with respect to the Strouhal number (St) for the measured highest and lowest adiabatic flame 

speed (SL). The St is calculated as / , where H is the flame height and   2  is the 

angular velocity. The flame height H is used from the measurements (shown in Section 

3.4.1.1). It is observed that the phase and the gain curve of the measured TF collapse with 
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each other when plotted against the Strouhal number. This is due to the fact that the TF of 

laminar Bunsen-type flames depends mainly on the flame height, and the Strouhal number 

scales the frequency axis such that the effect of flame height (i.e. equivalence ratio in this 

case) is eliminated.  

3.3.1.2 Turbulent regime 

 Figure 3.4.a shows the effect of the equivalence ratio on the measured TF with 

varying frequency for the turbulent flame (Re=4000). It can be observed that the influence of 

equivalence ratio on the measured TF is less prominent than in the laminar combustion 

regime. For small frequencies 80 , the gain of the TF attains a value higher than the 

quasi static value (|TF|=1 as 0). The value at the peak of the TF is highest for the 

equivalence ratio corresponding to the highest laminar burning speed (SL at Φ 1.1) and 

vice versa. Similar to the laminar flow regime, the phase of the TF has its lowest value for the 

mixture equivalence ratio (Φ) corresponding to the highest laminar burning velocity and vice 

versa. 

 The measured TF in the turbulent regime against the Strouhal number (St) is plotted 

in Figure 3.4.b. Similar to the laminar case Φ 0.8 and 1.1 are presented. The maximum of 

the TF gain which occurred at slightly different frequencies is the same St (~π/2).  The TF 

gain and phase curves come closer to each other when plotted with the Strouhal number. The 

peak value of the TF gain around a π/2 Strouhal number is different for all the equivalence 

ratios.  

 

Figure 3.4: TF variation due to change in equivalence ratio with respect to a) excitation 

frequency b) Strouhal number, for turbulent combustion regime (Re=4000) 
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3.3.2 TF evolution with turbulence intensity 

 From Section 3.3.1, it is clear that a change in the mixture equivalence ratio has 

similar effects on the TF in both combustion regimes and that the effect is more pronounced 

for laminar flames. It was also noticed that the gain of the TF attains its highest value for the 

highest adiabatic burning speed. The effect of turbulence intensity will be analyzed further 

for the equivalence ratios (Φ=0.9 and 1.1) in the following.  

3.3.2.1 Fuel lean mixture  

 For the lean equivalence ratio (Φ=0.9), the influence of turbulence intensity on the TF 

is shown in Figure 3.5.a. Increasing turbulence velocity is marked by an arrow. It is observed 

that the gain of the TF increases with increase in turbulence at low frequencies. Also, the 

peak of the TF is higher for larger turbulence velocities. Therefore the flame shows smaller 

damping in the turbulent flame regime to the acoustic fluctuation than in the laminar 

combustion regime. The phase of the TF decreases with increase in turbulence velocity. The 

TF phase difference between laminar (Re=2000) and turbulent (Re=4666) flames is equal to 

π at 100Hz which is the same as changing the equivalence ratio from 0.9 to 1.1 in the laminar 

combustion regime. For higher frequencies 400 , the phase and gain of the TF 

saturates to similar levels for all the Reynolds numbers.  

 

Figure 3.5: The TF variation due to the development of the turbulence velocity with respect to 

a) excitation frequency, b) Strouhal number, for fuel lean mixture equivalence ratio  Φ

0.9 . 

 If we presume that the Strouhal number, used in this study, eliminates the effect of the 

mean flow velocity (Figure 3.5.b), then it can be deduced that an increase in the turbulence 
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velocity (v'rms) amplifies the gain of the TF. The phase of the TF is the same for all measured 

turbulent combustion regimes for a given St. In the transient regime, the phase curve is 

situated in between the laminar and turbulent regimes.  

3.3.2.2 Fuel rich mixture  

 The effect of turbulence intensity on the measured TF (Figure 3.6) for fuel rich 

mixture (Φ=1.1) is similar to that of the fuel lean mixture. The TF gain sensitivity to the 

turbulence development is higher for the fuel rich mixture as it attains at higher peak than the 

for fuel lean mixture. The phase of the TF is weakly dependent on the turbulence intensity as 

it roughly collapses to the same phase curve plotted with respect to   (Figure 3.6.a).  

 Figure 3.6.b shows the TF dependency on Strouhal number for Φ 1.1. The effect of 

turbulence development for both cases (Φ 0.9, 1.1) is similar. An increase in flow 

Reynolds number increases the maximum value of the gain. The time delay of the TF also 

increases as the Reynolds number increases from laminar to turbulent values. But for 

turbulent flow regimes it is almost constant for a given St.   

 

Figure 3.6: The TF variation due to the development of the turbulence velocity with respect to 

a) excitation frequency, b) Strouhal number, for a fuel rich  mixture equivalence ratio  Φ

1.1 . 

 From the above analysis it can be summarized that the gain of the TF decreases non-

monotonically in the laminar regime with several recognizable maxima and minima with 

respect to perturbation frequencies. Also, the phase of the TF shows a nearly linear increment 

with increasing frequency depicting a typical system with time delay. The phase of the TF in 

the laminar regime is sensitive to the equivalence ratio change and it has its minimum value 
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for the mixture equivalence ratio corresponding to the highest burning velocity. The 

measured TF behavior for laminar single conical flames is consistent with previous studies 

[10] apart from the TF offset. The TF offset obtained in this study for laminar single Bunsen 

type flames is one order of magnitude higher than that measured by Kornilov [10] for similar 

flames without the pilot flame. The flame foot motion (partially fixed by the pilot flame here) 

may be responsible for the offset difference in both studies which is one of the possible 

governing mechanisms for the TF offset. 

 In the turbulent combustion regime the gain attains a value higher than the quasi-static 

value | | 1  before it shows a low pas filter behavior similar to laminar flames. An 

increase in the turbulence velocity gives a rise (for  150 ) in the amplitude of the gain. 

At any equivalence ratio the TF gain peak attains its highest value for the largest flow 

turbulence. The frequency at which the TF gain peak occurs, increases marginally with 

increasing turbulence velocity fluctuations (or with increasing Reynolds number). The phase 

of the TF in the turbulent regime is weakly sensitive to a change in the mixture equivalence 

ratio. The transfer function for all combustion regimes at high frequencies saturates to similar 

values.  

 Let us presume that the simple model for the burning velocity in a turbulent flow 

described by Damköhler [69] is valid: ST=SL+v’rms, where SL is the adiabatic laminar burning 

velocity and v’rms the root mean square of the turbulence velocity fluctuations. Further, if we 

assume that v’rms does not change with the equivalence ratio then the turbulent flame speed 

will be highest for the largest adiabatic burning velocity. Therefore, in a nutshell, it can be 

anticipated that the larger the burning velocity, the higher is the TF gain peak value, at least 

for the measured range of parameters.  

3.4 Fit Function for measured TF in laminar and turbulent regimes 

 Despite of all the qualitative and quantitative differences of the TF in the laminar and 

turbulent combustion regimes, it can be generalized that the acoustic behavior of a single 

Bunsen type flames is conserved in all flame regimes. Therefore, it is possible to propose a 

phenomenological fit function to capture all the trends of the measured TF for varying 

parameters. 

 In the past, the theoretical estimation of the thermo-acoustic response of Bunsen type 

flames received considerable scholarly attention. A review of existing phenomenological fit 

functions is performed by Kornilov [10]. Based on the survey of existing analytical/ 
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phenomenological models, a phenomenological fit function was proposed to fit the measured 

experimental TF’s for single Bunsen type flames. The fit function uses a second-order 

polynomial in combination with an offset parameter to reproduce a fit for the ‘humps’ of the 

TF gain in frequency domain. The proposed fit function of Kornilov [10] is: 
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where, τo is linear system time delay, τ1 is the rate of the TF damping and Ao is the offset of 

the TF. 

 Qualitatively, the measured TF in this study for all combustion regimes shows a 

similar low pass filter behavior with a second-order attenuation of the TF gain. However, the 

gain of the TF in turbulent flows attains a value higher than the quasi static state condition. 

Therefore, Eqn. (3.1) should be adapted. To make a fit function for the gain peak at low 

frequencies in the turbulent combustion regime a parameter ξ is introduced. A fit of the trends 

in the gain is reproduced by the function 2 1
1(1 ( ) 2 )i    , this leads to a new 

phenomenological fit function which can be used in the laminar as well as in the turbulent 

regime: 
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 The parameter o r iA A iA   is introduced to fit the valleys in the TF gain and jumps 

in the TF phase and is called the TF offset [54]. In absence of the TF offset, the gain of the 

TF will be a second-order smooth function and the phase of the TF will be a linear profile 

without humps or saturation (see Figure 3.7). It is possible to propose a fit function without 

TF offset but the number of unknown coefficients will be large (For example Chong et al. 

[70] used six coefficients). The offset of the TF is a small quantity which is slightly larger 

than the noise in the system. Therefore, the dependence of  on other flame/flow parameters 

is not analyzed in this thesis. 

 The coefficients 1  and   in combination provide the fit for the gain of the measured 

TF. The TF phase and gain are captured nicely by the fitting curve (Eqn. (3.2)) as seen in 

Figure 3.7, apart from the TF gain peak. At present the dependence of the coefficients 1  and 

  with some flame acoustic response phenomenon is not known. Therefore, the analysis and 
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dependence of these coefficients is not presented. However, the coefficient o  can be 

correlated with the convective time  of the perturbation to arrive at the flame front [54, 71] 

and is known as the system acoustic time delay (τo). 

 

Figure 3.7: The TF fit in the laminar and turbulent combustion regime 

3.4.1 The acoustic time delay (τo) 

 The acoustic time delay  o  of the thermo-acoustic transfer function is one of the 

most important parameters for stability analysis of combustion systems as well as for 

numerical modeling (see e.g. τ in the so-called n-τ representation of the flame response [11]). 

It is known that for laminar flames o  is proportional to the convective time delay  c  

which is the ratio of flame height  H
 

and mean flow velocity   [54, 71]. The 

proportionality between the acoustic time delay and the convective time delay can be 

estimated as o kH u  ; where k  is a proportionality constant and, H u  is the convective 

time delay  c . For laminar Bunsen type premixed flames on a tube with a parabolic velocity 

profile, this proportionality factor k was found to be 0.67 [53, 54, 71]. 

3.4.1.1 Proportionality between acoustic and convective time delays 

 The proportionality factor k obtained for laminar flames [53, 54, 71] can be used to 

estimate the system acoustic time delay (τo) for each burner/flame geometry. Therefore, the 

proportionality constant becomes an important parameter for a-priori estimation of τo. To 
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check whether a proportionality between  and  exists in the transient/turbulent 

combustion regimes, both time delays will be investigated. The system acoustic time delay 

 is obtained as the fit coefficient of the measured TF (as shown in Figure 3.8), the 

convective time delay  will be obtained from the corresponding flame geometry. 

 

Figure 3.8: τo obtained from the fitting of the measured TF’s in different combustion regimes  

 The convective time delay  is calculated as a ratio of the mean flame height  

and the mean flow velocity  similar to the laminar combustion regime. The flame height is 

obtained for Φ 0.9, 1.0, 1.1 at different Reynolds numbers ranging from laminar to weakly 

turbulent flames. The procedure of obtaining the flame height is discussed in Section 2.5. 

Figure 3.9.a shows the measured mean flame height  and flame brush thickness for 

different equivalence ratios Φ  with respect to the mean flow Reynolds numbers. The 

convective time delay calculated from the flame heights is plotted in Figure 3.9.b. 

 The proportionality factor k is then calculated as / . The evolution of the 

proportionality factor in different combustion regimes is plotted in Figure 3.10. It is observed 

that in the laminar combustion regime the factor k  is in agreement with previous studies of 

conical flames [53, 54, 71]. It also appears from Figure 3.10 that in the turbulent combustion 

regime the acoustic time delay o  is linearly proportional to the convective time delay c . 

However, the proportionality constant has a different value (~1.12) than in the laminar 

combustion regime (~0.67). 
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Figure 3.9: Variation of a) mean flame height and flame brush thickness, b) convective time 

delay of perturbations, as function of Re for different Φ’s. 

 

Figure 3.10: Evolution of factor 'k' for different equivalence ratios 

 Physically, the value of k indicates how fast the flame responds to the acoustic 

fluctuation. A value of k smaller than unity indicates that the effective response occurs within 

the flame cone. For turbulent flames the value of k is larger than unity i.e. the effective 

response of the flame appears at a point above than the average flame height (H). An 

effective flame response to acoustic perturbations outside the flame is not possible. It is 

obvious that the value of k strongly depends upon the actual flame height (H), which is 

defined as the mean of the outer and inner flame cone (see Section 2.5). Conversely, if the 
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flame outer cone height (H+flame brush/2) is used to calculate the convective time delay, then 

the aggregate response of the flame to the acoustic perturbations occurs within the flame cone 

0.93 . Figure 3.10 also shows the factor k calculated from /   using the outer flame 

cone height. Therefore, in order to correlate the acoustic parameters with the geometry of 

turbulent flames, the reference flame height must be defined carefully. 

3.4.2 τo estimation from flame geometry  

 The proportionality factor (k), obtained above has a constant value for laminar as well 

as for turbulent combustion. In the transient regime a linear increase from the laminar to the 

turbulent value is observed. Therefore, we may say that the system acoustic time delay can be 

estimated a-priori from the proportionality constant if the convective time delay is known. 

 The convective time delay of acoustic perturbations is defined as the time taken by 

flow perturbation to travel to the outer flame cone. Mathematically, 

  c H u    (3.3) 

where H is the flame height and  is the mean flow velocity. 

 If we assume that the single Bunsen type flames has a conical shape, then the flame 

height can be obtained from the flame geometry by 

 
2

2
1

2

D u
H

S
    (3.4) 

where D is the burner tube diameter, S is the normal flame propagation speed and  denotes 

the mean flow velocity.  

 To estimate the convective time delay ( ), the flame speed (S) in different 

combustion regimes has to be known (Eqn. (3.4)). For laminar combustion the flame speed 

 is well defined (for instance see [68]). However, for the turbulent combustion regime 

different models are available to estimate the burning velocity . A few models for 

estimating the turbulent burning speed in weakly turbulent flows (as reviewed by [69]) are 

listed in Table 3.1. The same turbulent flame speed models will be used in the transient 

regime. 
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Table 3.1: Different models for turbulent burning speed as reviewed by Makepeace [69] 

Author Model 

Damköhler 
'

T L rmsS S v   

Frank-Kamenetskii  1/2'
T L rmsS S v  

Shchelkin/Leason  
1/22'1 2T L rms LS S v S    

 

Talentov  
'

'ln 1

rms
T L

rms L

v
S S

v S
 


 

 

 Different models for estimating the turbulent flame speed require the laminar burning 

speed and the turbulent velocity fluctuations (see Table 3.1) as input. Here, '
rmsv  is measured 

experimentally (shown in Figure 3.11.a). However it also can be estimated assuming a ~4-5% 

turbulence intensity for pipe flow. Figure 3.11.a shows the turbulent flame speed calculated 

using different classical models (from Table 3.1) and a value of 36.4 cm/s for the laminar 

flame velocity SL at Φ 1.0 for a methane-air mixture [68]. Figure 3.11.a also shows the 

experimentally obtained flame consumption speed determined from the mean flame height 

using a conical flame assumption [69, 72].  

 The convective time delay (τc) is then obtained using the calculated turbulent flame 

speed ( ) by different analytical models in Eqn. (3.4). The estimated system acoustic time 

lag ( ) is then calculated using the value of proportionality factor (k) for all measured 

combustion regimes as presented in Figure 3.10. Figure 5.b shows the ratio of the system 

time delays obtained experimentally exp( )o  to the estimated ( )o cal  with respect to the 

Reynolds numbers (for the transient/turbulent regime). It is observed that the acoustic time 

lag calculated using the different turbulence models for the flame speed  lead to a 

reasonable estimation for o . The accuracy of the  prediction depends on the model chosen 

for the  calculation. 
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Figure 3.11: a) Flame speed for laminar and turbulent flames calculated from different 

analytical models. b) Ratio of system acoustic time delays (experimental to the estimated 

value from different flame models) versus the Reynolds numbers in the transient/turbulent 

regime. 

3.5 Summary 

 The flame transfer function for a single Bunsen type flame was measured using 

harmonic excitation with frequencies ranging from 10 to 500Hz for varying, 1) mean flow 

Reynolds number in laminar, transient and turbulent flame regimes, and 2) equivalence ratio 

from fuel lean to fuel rich mixtures. The acoustic response of single Bunsen type flames in all 

combustion regimes shows a similar low pass filter behavior. The flame transfer function for 

transient/turbulent flames overshoots the quasi static value | | 1    0  for certain 

frequency ranges whereas in the laminar regime it always remains below the quasi-static 

value. A phenomenological fit with four fitting parameters is proposed which can fit the 

measured TF in all combustion regimes. 

 One of the TF fitting parameters, namely the system acoustic time delay  can be 

correlated with the flame cone convective time delay  by introducing a proportionality 

constant . 

 The proportionality factor k has different values in the laminar (0.67) and in the 

turbulent flame (1.12) regimes. In the transient regime it shows a linear increase from 

laminar to the turbulent value. 

 The convective time delay  can be estimated within ~10% a-priori for a given 

burner diameter and flow rate using classical theories for the turbulent burning velocity. 
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 In conclusion, we can say that the results of this study can be used for  modeling 

of transient/turbulent flames and to address problems concerning thermo-acoustic instability 

in different combustion devices with Bunsen type flames in different combustion regimes. 

 



 

 

Chapter 4 

4 Thermo-acoustic behavior of multiple flame burner decks: Transfer 

Function (de)composition 

In this Chapter, an idea to (de)compose the cumulative TF of multiple flame burners to/from 

the TF of constituent sub-systems of the flame is examined. The TF superposition is based on 

the additive nature of energy i.e. the heat release rate. It is shown that the TF of a multiple 

flame burner deck can be represented as a weighted sum of the TF’s of the flame sub-

systems. The weighting factor is the thermal power of the particular set of flames. The TF of 

a composite burner (with two different perforation hole diameters) is obtained from the 

weighted sum of the measured TF of burner decks with unisize holes. In comparison with 

experimental results, it is found that the perforation hole diameter and the perforation 

pattern porosity are the governing parameters for the TF (de)composition.  

According to the Rayleigh criterion (Eqn. (1.6)), the instabilities of a system are 

governed solely by the thermo-acoustic characteristic (the TF) of the burner, for constant 

acoustic properties of the system. Therefore, if a burner can be designed with the desired TF 

then the instabilities in the combustion system can be suppressed effectively without 

changing the design/configuration of the acoustical system.  

The sign of the Rayleigh integral indicates the (in)stability of the combustion system. 

Therefore, a phase shift of π between the TF and the acoustic impedance will switch the 

combustion state from a stable to an unstable regime and vice versa. For a given combustion 

device such as household boilers, mostly, the size, weight or economical constraints 

determine the acoustical properties of the system. Therefore, the phase difference (between 

pressure and heat release rate) for instability to occur depends on the phase of the TF. In 

Chapter 3, it was shown that in different combustion regimes the TF phase is proportional to 

the convective time of the acoustic perturbations from the flame base to the flame tip. 

Consequently, the phase delay for larger diameter holes will be larger than for smaller holes 

if the bulk velocity is kept constant. On similar basis, Kagia [33] proposed a burner design 

using optimal hole diameter ratios such that a π phase shift may be achieved at eigen 

frequencies of the combustion system (Eqn. (1.13)) as discussed in the introductory Chapter. 
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This approach of burner design is based on the heuristic idea that the acoustic response 

(more precisely the TF) of a group of flames can be “compensated” or “cancelled” by 

surrounding flames. The possibility of such a TF superposition is based on the additive nature 

of the energy or the flame heat release rate. 

The TF superposition principle is explained first in Section 4.1. The perforation 

patterns used to verify the superposition principle is then discussed in Section 4.2. In Section 

4.3 the experimentally obtained TF’s for different burner patterns with varying perforation 

pitch and diameter are presented. Also, the TF of a composite burner pattern is obtained from 

(de)composition principle and is compared with the experimentally obtained TF. The 

outcome and future scope of the study is summarized in Section 4.4. 

4.1 Flame Transfer Function superposition principle 

Let us first consider a multiple flame burner deck for which the perforation pattern and 

accordingly the flame sizes are random, such as for a knitted burner or a burner with random 

perforation holes (see Figure 4.1). The flame stabilized on the burner deck may be split in 

non-intersecting segments which together cover the total flame area. Therefore, the heat 

released from the complete burner (subscript Σ) will be equal to the summation of the heat 

released by the individual segments (subscript i). Mathematically, the mean  and 

oscillating  part of the heat release rate can be expressed as: 

  ' '
i i

i i

q q and q q      (4.1) 

In addition, the mean heat released by the individual segment ( iq ) can be calculated from the 

volumetric heat release h and the volume flow rate through the segment ( i iAu ) as:  

  i i iq hAu   (4.2) 

Then, the heat released by the entire flame (q ) becomes, 

  i i
i

q h Au     (4.3) 
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Figure 4.1: Schematic of the de-composition of multiple flames, a) arbitrary flame pattern, b) 

multi-perforation, burner decks 

The flame transfer function of the complete burner is defined from the global mean 

and fluctuating part of the heat release rate and velocity. For individual flames, the TFi is 

defined using the local mean and oscillating velocity and heat release rate for a element i. The 

global and local TF’s are defined as: 

 
''

' '
i i

i
i i

q uq u
TF and TF

q u q u





    (4.4) 

Substituting the local heat release from Eqn. (4.2) into (4.4) and solving for the local 

fluctuating heat released rate ( 'iq ), we get 

  ' 'i i i iq hTF Au   (4.5) 

Combining Eqn. (4.5), (4.3) with Eqn. (4.4) to obtain the cumulative TF of the whole flame, 

we get: 

 

'

'

i
i i ii

i

i i
i

u
TF Au

u
TF

u
Au

u



 
 
 
 
 
 




  (4.6) 

The above equation is valid for calculating the cumulative TF of any arbitrary 

perforated burner deck from the TF of its elementary flames. The physical interpretation of 

obtaining the cumulative TF is obvious: the transfer function of a composite burner deck (

TF ) can be composed as the weighted sum of the transfer functions of individual parts ( iTF

). The weighting factors for the composition are the relative heat release rate ~ /  

and the relative oscillation intensity ~ ( ' ) ( ' )i iu u u u . 
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Eqn. (4.6) is obtained from the principle that the energy is additive, using the 

definition of the TF’s. Therefore, this equation is valid for any surface stabilized flame. 

However, the use of this expression requires the information about the local mean and 

oscillating flow velocities ( iu  and 'iu ) and the local TFi. These quantities may depend on the 

surroundings of flame segment i. Therefore, it is important to find a suitable manner to 

decompose the total flame into “elemental” or “basis” flames. 

For the random perforation pattern like the knitted burner deck, an estimation of the 

mean and oscillating velocities is difficult as the flow resistance through a particular hole is 

different and unknown. Techniques like CFD or PIV may be used for velocity ( iu  and 'iu ) 

estimation. This problem is rather simple for regular perforation burner decks because the 

velocity through a particular hole/segment can be measured using experimental techniques 

(as described in Chapter 2) or can be calculated by available analytical expressions [73]. For 

this reason the TF superposition/(de)composition principle will further be investigated for 

regularly perforated burner plates. 

4.1.1 Flow distribution along perforation holes 

 In case of unisize perforation holes, a homogeneous distribution of the total flow 

among all the holes is evident. But for composite patterns, the hydraulic resistance of each 

hole will determine the flow rate through that particular hole. Therefore, in order to apply the 

TF superposition (Eqn. (4.6)), it is necessary to know the flow distribution among the 

different perforation holes of the burner deck.  

4.1.1.1 Estimation of mean flow velocity through perforation holes 

 It is assumed that the presence of the flames and the associated pressure drop over the 

flame front do not alter the cold flow distribution among the holes. In this case, the flow 

velocities through the holes can be calculated using the extensively available data of the 

hydraulic resistance of different holes [73]. The corresponding equations to calculate the flow 

distribution are shown in Appendix A. For the cases tested (1mm thick brass plate with 2 and 

3mm holes) the calculation provides a relatively small difference between the mean velocities 

through the holes (~5cm/s at 150cm/s of bulk flow). However, the assumption that the 

presence of flames does not alter the mean flow distribution among the holes in composite 

perforation decks may not be true, because the pressure drop across the flame front and the 

perforated deck are of the same order of magnitude. For instance, the burner decks studied 
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here induce a pressure drop of ~2Pa. Therefore, this assumption should be verified by direct 

flow measurements.  

 The PIV technique is used to measure the velocity field of the flow through one of the 

composite perforation patterns (see Figure 4.3.c). The axial and the radial component of the 

velocity across the perforated plate are displayed in Figure 4.2. Part of the flow nearby the 

burner deck is not illuminated by the laser sheet. Therefore, no velocity information is 

available there. The solid line represents the distribution of the longitudinal velocity 

component V along the dashed line (the scale of the velocity is marked between 0 and 2m/s). 

The velocity profile in the upstream part of the flow is flat up to a distance ~3mm from the 

burner deck. The measured peak velocity through the holes of 2 and 3mm is the same within 

~5%. The comparison of the cold flow and flow including flame shows no difference in the 

upstream flow field. 

 

Figure 4.2: Flow field (streamwise V, and radial U velocity components) of upstream and 

downstream regions near a burner deck with composite perforation pattern ( 2, 3  and 

4 ). The flame parameters are 1.5 / , =0.9. The solid line indicates the axial 

velocity profile along the dashed line. 
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 Therefore, for this study, the assumption that the flame presence does not affect the 

cold flow distribution among different holes is valid and the velocity through different holes 

is roughly the same. However, for more complicated cases this assumption must be verified. 

For regular perforated burner plates studied here, Eqn. (4.6) can then be simplified 

using iu u . Also, the heat released by total flame can be written as i ii
A u Au  . We 

obtain: 

 

 ' '
.

i i i
i

TF Au u u
TF

A u





  (4.7) 

4.1.1.2 Estimation of acoustic velocity through perforation holes 

Equation (4.7) still requires a relationship between the fluctuating velocities /  

which should be assessed. The acoustic flow through the perforation hole, even for cold flow, 

depends on the mean flow rate and the surrounding (for further reference see, for instance 

[74, 75]). The presence of flames may complicate the relationship (between  and ) even 

more. For the examples presented in this study, the relationship between the oscillating 

velocities for 2 and 3mm perforation holes is checked with a hot-wire probe in case of cold 

flows. It is found that the condition u’2mm= u’3mm is valid within ~25% accuracy for their 

magnitudes and within 10 degrees for the phase difference in the frequency range up to 

1KHz. Therefore, for this case, it can be reasonably assumed that the oscillating velocities in 

different holes are also the same. The TF will therefore only depend on the thermal power as 

weighting factor: 

  .
i i

i

TF Au
TF

A u





  (4.8) 

4.1.2 Use of probability distribution function 

For a finite number of different perforation hole diameters the equivalent flames may 

be grouped together. The flames in each sub-group are identical. Therefore, the TF and 

velocities through similar perforation holes will be the same. If there are k groups formed and 

the total perforation area of the flames together is denoted by Ak, then a flame Probability 

Distribution Function (PDF) may be introduced as /∑ /  where Nk and N 
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are the number of flames in group k and the total number of individual flames. Equation (4.6) 

can be rewritten in the notation of the PDF as:  

 

'

.
'

k
k k k

k k

k k
k

u
TF A u

u
TF

u
A u

u



 
 
 
 
 
 




  (4.9) 

For perforated plates we then have 

  .
k k k

k

TF A
TF

A


 


  (4.10) 

4.2 Test perforation patterns 

The validation of the superposition principle is done with patterns having regular 

perforation holes on a 1mm thick brass perforated disc. Figure 4.3.a shows a unisize 

perforated pattern with perforation hole diameter d and the pitch l between the holes. For 

simplicity a square perforation pattern is chosen. Patterns b and c in Figure 4.3 show a typical 

composite pattern with two different perforation hole diameters. 

 

Figure 4.3: Perforated disc with a) uniform hole diameter, b) composite pattern of 2 and 3mm 

diameter holes with equal pitch of 6mm, c) composite pattern of 2 and 3mm diameter holes 

with different pitch 

 The TF of multi-port burner decks with unisize regular round holes (pattern a) is 

studied for varying perforation hole diameter d, spacing between holes l and mean velocity 

through the holes u . The mixture equivalence ratio =0.9, as well as the burner plate 

material, thickness and pattern geometry (square grid) are fixed. The TF was measured in the 

experimental setup discussed in Section 2.1.2. The burner deck was not specially cooled and 

the temperature may reach ~200-300C depending on the gas volume flow rate. 
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4.3 Flame Transfer Functions of perforation patterns  

 The idea of the multiple flame TF (de)composition is examined for the example of a 

burner deck with a square perforation pattern of round holes of two sizes – 2 and 3mm. In this 

case the natural choice for the basic (elemental) sub-pattern is a uniform perforation. 

Accordingly, it is necessary to analyze the behavior of the TF for the decks with unisize 

perforation first. Next, the directly measured TF of the decks with composite patters will be 

analyzed and compared with the superposition of elemental TF’s according to the 

(de)composition approach. The TF will be presented as a function of the excitation 

frequency. The frequency scaling by Strouhal number is not used because it is not clear 

which Strouhal number should be used when there are more perforation patterns and because 

the Strouhal number is not sensitive to a change in the burner pitch. 

4.3.1 Parametric study of uniform multiple flame TF’s 

4.3.1.1 TF dependence on the hole diameter 

 Figure 4.4 presents the results of the TF measurement for the burner pattern with 

perforation holes of different diameters d. The mean flow velocity through the perforation 

holes is kept constant, (u =1.5m/s). The ratio of the hole diameter to the pitch, l, is fixed to 

/ 2 which implies constant porosity of the burner decks. 

 It can be observed that the TF gain as well as the phase are strongly sensitive to the 

perforation hole diameter d (Figure 4.4). The strong dependence of the TF phase on d 

confirms the TF phase proportionality with the hole size. This dependence of the TF on d is 

similar as discussed in Chapter 3. 

4.3.1.2 TF dependence on the pitch 

 It was discussed (Section 1.4.1) that in case of multiple flames the mutual interaction 

between the adjacent flames can alter the flame parameters and consequently the TF may 

depend on the pitch of the perforation pattern. To assess the mutual interaction of the flames 

and the effect on the acoustical behavior of the flames, the TF was measured for the decks 

with the same perforation holes size d but varying hole pitch l, i.e. varying the porosity of the 

burner deck. The flame parameters u , Φ are kept constant. 

Figure 4.5 presents the effect of changing the pitch of the burner perforation. A strong 

sensitivity of the TF phase delay to the perforation pitch l is visible while the gain is 

influenced less. For example, for a frequency of 500Hz the difference between the TF phases 
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of the burner with l=3 and l=6mm equals ~, which induces, if all other variables are the 

same, an opposite effect concerning the sign of the Rayleigh integral.  

 

Figure 4.4: Transfer Function gain and phase for multiple flame burner deck with varying 

perforation hole diameters d at fixed pitch to diameter ratio / 2 and 1.5 / , 

Φ 0.9 

 

Figure 4.5: Transfer Function gain and phase for multiple flame burner deck with fixed hole 

diameter 2  and varying pitch l. 1.5 / , Φ 0.9 
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4.3.1.3 TF dependence on mean flow velocity 

 The TF (de)composition expressions (Eqn. (4.6)) indicate that the redistribution of the 

mean flow between the groups of holes with different perforation size should be explicitly 

included as one of the weighting factors. However, the velocity of the flow through the 

burner holes may also change the particular flame TF and in such a way indirectly act on the 

cumulative TF. In order to check this effect, the TF of a fixed perforation pattern was 

analyzed for various mean gas velocities. The result shows that the TF phase is weakly and 

the TF gain is moderately sensitive to the flow rate variation similar to the single Bunsen-

type flames (discussed in detail in Chapters 3 and 5).  

4.3.2 The TF of burner deck with composite perforation pattern  

 Two different deck configurations with composite patterns of 2 and 3mm holes were 

tested.  

4.3.2.1 Test case 1 

 This pattern consists of 48 holes of 2mm and 21 holes of 3mm distributed as sketched 

in Figure 4.3.c. The open areas of these sub-patterns are almost the same (

150mm2). The calculation (See Appendix-I) of the flow distribution among the holes 

also provides almost equal values of the mean velocities through the holes. As an illustration, 

for the total average velocity u =1.5m/s the particular velocities through the 2 and 3mm holes 

are 2 1.47 /mmu m s  and 3 1.53 /mmu m s , respectively. This calculation result was also 

confirmed by direct CTA measurements of the cold flow velocities inside the holes of the 

composite perforation. Therefore, Eqn. (4.10) for the composite TF becomes: 

 2 31 2 mm mmTF TF TF   
 
with equal weighting factors (1/2) for both holes. The question 

that remains unanswered is which l/d value for the particular TF should be selected. 

Two hypotheses for the l/d selection are examined and explained in the following. 

1) The TF is measured for the direct split of the composite pattern in two burner decks of 

only 2 and only 3mm holes placed in the same positions as they are in the composite 

pattern. In this case, the porosities of the constituent patterns are equal to half the porosity 

of the composite pattern. A test of this hypotheses shows that the resulting TF(see lines 

2 in Figure 4.6) poorly correlates with the gain and phase of the directly measured TF of 
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the composite burner pattern. Therefore, a more adequate method for the choice of the 

constituent TF is required. 

2) It is natural to suppose that the mutual interaction between flames on a multiple flame 

burner deck depends on the distance between the flames (l). Furthermore, the size of 

flames (diameter of holes) is also an essential parameter as for a fixed pitch two bigger 

flames interact stronger than two smaller ones. The pattern parameter which can be 

applied to both unisize and composite patterns is the porosity ( The linear dependence 

of the TF phase on the pitch (see Figure 4.5) suggests probably a better use of the 

parameter 1/2( )m   which linearly scales with the ratio l/d. Thus, the working 

hypothesis to examine is that the elemental TF for the burner decks with the same 

porosity (or parameter m) as the one of the composite deck should be used. 

 For the deck pattern presented in Figure 4.6 the parameter m equals 0.51. Lines 3 in 

Figure 4.6 is the result of the superposition of the TF’s for the deck with 2mm holes, 3mm 

pitch and the deck with 3mm holes, 4.5mm pitch and thus  both have m=0.59 (these were the 

decks with a porosity closest to the one of the composite pattern). Both the gain and phase of 

the cumulative TF give a good qualitative correlation and quantitatively well predict the 

reference values. 

 

Figure 4.6: Comparison of measured (line 1) and calculated Transfer Function gain (a) and 

phase (b) for multiple flame burner deck. Line 2 corresponds to the superposition of the TF 

measured for the direct split of composite pattern having different porosity. Line 3 

corresponds to the superposition of particular TF for the sub-patterns with similar perforation 

porosity 1.5 / ,Φ 0.9, 0.51. 
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4.3.2.2 Test case 2 

 A second composite pattern configuration tested is formed by 32 holes of 2mm and 21 

holes of 3mm (see Figure 4.3.b); m=0.533. The areas of the corresponding sub-patterns are 

100 and 150mm2. The calculation of the flow velocity redistribution for a 

cold flow suggests again almost equal particular velocities through the holes. The expression 

for the cumulative TF now takes the form: 2 3(100 / 250) (150 / 250)mm mmTF TF TF     . 

 Curves 1 in Figure 4.7 present the measured TF gain and phase for the composite 

burner pattern. For examining the superposition principle, the TF for 3  (TF3mm) is 

measured for a deck with a pitch of 4.5mm (m=0.59). In order to examine the sensitivity of 

the TF prediction to the parameter m, the cumulative TF is composed by the single TF3mm 

( 4.5 , 0.59  and three TF2mm measurements for different pattern pitches: l=3mm 

(m=0.59), l=4mm (m=0.443) and l=5mm (m=0.355). This is also shown in Figure 4.7 by 

lines 2, 3 and 4. 

 

Figure 4.7: Comparison of measured (line 1) and calculated Transfer Function gain and phase 

for multiple flame burner deck. The superposition of TF measured for the pattern with 3mm 

holes and 4.5mm pitch and the TF of decks with 2mm holes and pitches of 3mm (line 2); 4mm 

(line 3) and 5mm (line 4). 1.5 / ,Φ 0.9. 

 The major parts of the reference TF (line 1) are squeezed between lines 2 and 3. This 

confirms the idea to use the pattern porosity (m) as a governing parameter for the selection of 

the constituting particular TF. 



Conclusions 
 

 

 

65

 This leads us to conclude that the treatment of the composite TF requires the 

measurement of constituent TF’s of which the parameterization variables are the hole 

diameter d and the perforation porosity m. Another necessary input parameter is the 

distribution of the flow among the holes. A weighted superposition of the TFs which 

corresponds to a uniform hole perforation with the same hole diameters and the same porosity 

as the composite perforation gives a good estimate for the TF of a composite burner pattern. 

 It is also interesting to mention one non-obvious observation that the total TF in 

Figure 4.7 has a gain which is closer to the gain of the TF3mm and a phase which is closer to 

the phase of the TF2mm. 

4.4 Conclusions  

 The results presented in this Chapter propose a method to determine the total thermo-

acoustic transfer function for multiple laminar premixed flames anchored on a burner deck 

with composite patterns. The method is based on the principle of cumulative TF 

(de)composition to/from elemental TF’s of sub-patterns. The applicability of the proposed 

approach is tested for examples of regularly perforated burner decks with circular holes.  

The specific conclusions of this study are the following:  

 The cumulative TF of the composite flame can be computed as the weighted sum of 

the particular TF’s for the flame elements. The weighting factors are the thermal powers of 

particular flame elements. For the case of a burner deck with composite perforation a suitable 

method for the elemental TF choice is based on the equivalence of the hole diameters and the 

perforation porosity of the composite and elemental patterns. Accordingly, these 

characteristics have to be used for the elemental TF parameterization. The approach proposed 

in the present study might be used as a method to design burner deck patterns with desirable 

thermo-acoustic characteristics. 

 



 

 



 

 

Chapter 5 

5 Multiple flame burner decks: TF parameterization 

 The transfer function of flames stabilized on multiple perforation hole burners is 

measured and analyzed. The effect of varying burner ,  and flame ,  parameters on 

the TF is investigated. A phenomenological function is used to fit the measured TF. The 

fitting coefficients are a measure of the typical characteristics of the TF. The TF behavior 

with variations in burner/flame parameters is then presented. Flame details such as flame 

height, flame width, etc. are measured from flame luminosity images. Correlations between 

the TF characteristics and the flame geometry are found and discussed.  

 The TF of multiple conical type flames on perforated burner decks differs from the TF 

of the constituent single Bunsen type flames. This was shown in Chapter 4 and also in [10, 

29]. It was anticipated that the difference in the TF occurs due to the mutual interactions 

between the adjacent flames. This mutual interaction between flames will be stronger if the 

flames are closer. Numerical investigations [9, 30, 76] report that the “resonance” behavior 

(i.e. overshoot of gain above unity) of the TF of multiple Bunsen type flames could be due to 

the heat exchange between the flame foot and the burner deck. It is also possible that the 

inter-flame spacing restricts the flame foot motion due to the fact that gases have less space to 

expand. As a result, a modification of the flame foot as well as flame height compared to 

single flames is expected which affects the TF phase. It is also discussed in Chapter 4 that for 

the superposition of the TF of multiple conical flames, the inter-flame spacing (pitch) is an 

important parameter. 

 In Chapter 4 it was observed that the TF of multiple conical type flames shows a 

“resonant” behavior. This type of TF characteristic is typical for the burner stabilized flat 

flames (see for instance [31]), where the frequency of the resonance peak is dependent on the 

flame stand-off distance. If we assume that the flame surface around the flame base behaves 

similarly as flat flames, then the TF of multiple flames can be viewed as a superposition of 

the TF of Bunsen type flames and the TF of a flat flame [9]. Figure 5.1 shows the TF for a 

single Bunsen type flame TF (line 1) and for a flat flame TF (line 2). If a superposition of the 

TF’s is performed, assuming that both flames have equal power, i.e. 0.5
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, then we obtain a TF3 (line 3) which has similarities to that observed for the multiple 

perforated burner decks.  

 

Figure 5.1: The TF gain and phase for a Bunsen type flame (line-1), a flat flame (line 2) and 

superposition of a flat flame and a Bunsen type flames (line 3) 

 Earlier studies performed on the acoustic response of multiple flames [9, 10, 29-31, 

76, 77] showed that the TF of multiple flames has a “resonant” behavior. A linear relation 

between the time delay  and the convective time  was proposed in [22, 30, 71]. However, 

the relationship them between them differs for all the cases. In another study of slit flames 

[9], the effect of changing slit width and distance between two slits (pitch) on the TF was 

characterized. It was shown that due to the change in pitch of the multi-slit burner, the flame 

height H and standoff distance δ increases which leads to changes in the TF phase. A 

systematic study of the acoustic response of multiple conical flames stabilized on a perforated 

plate with varying flame/burner parameters, to the best of our knowledge, was never reported. 

In addition, typical characteristics of the TF and their dependence on the flame geometry will 

help to understand the physical nature of multiple flames. These arguments for the TF of 

multiple Bunsen type flames support the purpose of this chapter, i.e. a systematic 

investigation of multiple conical flames.  
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 The specific goal of this study is to understand the acoustical behavior of multiple 

Bunsen type flames stabilized on plates with unisize perforation holes with a hexagonal 

pattern. This work may therefore lead to a more accurate prediction of the TF due to changes 

in burner perforation patterns. 

 For this study, the burner patterns investigated are described in Section 5.1. The 

influence of the burner deck perforation pattern (hole size and pitch) and the mixture 

parameters (velocity and equivalence ratio) on the flame transfer function is examined 

(Section 5.2). The variation of the TF characteristics due to changes in the burner and flame 

parameters is reported in Section 5.3. The geometrical details (height, width, stand-off 

distance) of the multiple flames are also measured (Section 5.4) and correlations with the TF 

are presented in Section 5.5. 

5.1 Object of study 

 For the parameterization of multiple conical type flames, in total 10 perforated plates 

were produced by varying the perforation hole diameter and the pitch. The perforation plates 

are all made from a 0.5mm thick brass plate and the perforation is achieved by drilling 

circular holes of diameter d in a hexagonal pattern of pitch l (see Figure 5.2). The study was 

performed by varying one flame/burner parameter ,  Φ, ,  at a time while keeping the 

others constant. Table 5.1 describes the details of the different burner plates used in this 

study. The effect of Φ and  on the TF was measured with a burner pattern having 

3 , 4.5 . Perforation patterns with 3  having different burner pitch (l=4 to 

8mm) are used to quantify the effect of l on the measured TF’s. Different hole diameters 

( 2, 3, 4 ) keeping the pitch to diameter ratio (l/d=1.5, 2) i.e. the porosity constant are 

measured for 100, 125  /  and Φ 0.8, 0.85. 

Table 5.1: Different perforation patterns 

d [mm] 2 2 3 3 3 3 3 4 4 

l [mm] 3 4 4 4.5 5 5.5 6 6 8 

l/d 1.5 2 1.33 1.5 1.67 1.83 2 1.5 2 
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Figure 5.2: a) The Perforated burner plate, b) perforation hole diameter d and pitch l 

5.2 Effect of various parameters on the measured TF 

 The perforated burners were installed in the experimental setup described in Section 

2.1.2. The TF measurement and the data processing method were also explained in Chapter 2. 

The flame height and width details were extracted from flame luminosity images as described 

in Section 2.5. The TF’s were measured with burner plates whose outer edge was kept at 

~80oC with help of a water-cooling jacket. The effect of different parameters ( , Φ, l and d) 

on the multiple-flame TF is presented below in Sections 5.2.1-5.2.4. 

5.2.1 Effect of mean flow velocity  u  

 The burner deck with perforation pattern 3 , 4.5  was used. The TF 

was measured for different  values keeping  (=0.85) constant. The gain and the phase of 

the TF are plotted against the excitation frequency in Figure 5.3. It is observed that the gain 

of the transfer function first increases to a value higher than the quasi stationary value (|TF|=1 

at f=0) before it non-monotonically decreases for higher frequencies of acoustic excitation. 

An increase in the mean flow velocity through the perforation hole results in an increase in 

the gain of the TF. This is different than for the single Bunsen type laminar flames where the 

gain is marginally sensitive to the flow velocity as discussed by Kornilov [10]. The TF gain 

attains its highest value for the largest measured velocity indicating a reduced damping of the 

acoustic perturbations for higher velocities. For stability calculation a larger gain at higher 

flow rates might lead to wider unstable frequency ranges. The phase of the TF is almost 

insensitive to the change in the mean velocity as it mostly coincides with a single curve for 

different flow velocities. The jump in the TF phase curve of 2π around 330Hz (for 1m/s 
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velocity) is the result of the small TF gain which in polar plot passes close to the origin [10]. 

The increase in the TF gain with increasing velocity is similar to that of the turbulent flames 

studied in Chapter 3.  

 

Figure 5.3: Measured TF for different mean flow velocities through perforation holes with 

respect to the excitation frequency, d=3mm, l=4.5mm and Φ=0.85; arrow indicates increasing 

. 

5.2.2 Effect of equivalence ratio () 

 Figure 5.4 shows the measured TF for different equivalence ratios (Φ 0.7 to 0.95), 

i.e. burning speeds, keeping the  (=125cm/s) constant. The TF was measured with the same 

burner deck as used for the  effect (Section 5.2.1). The gain of the TF increases with 

decreasing Φ and it attains the highest value for the lowest measured . Also, the frequency 

corresponding to the TF gain peak increases with an increase in the mixture equivalence ratio 

whereas the slope of the TF phase increases with a decrease in the mixture equivalence ratio. 

This effect of increasing TF phase is directly related to the flame height [10]. For leaner 

mixture the SL is smaller resulting, for the same , in an increased flame height. The effect of 

 on the TF is similar to that observed for single Bunsen type laminar and turbulent flames 

(Chapter 3).  

 At 500Hz, the gain of the TF has a similar order of magnitude for all values of Φ. 

However, the TF phase difference between 0.75 and 0.95 equivalence ratios is ~π. According 

to Rayleigh’s criterion (Eqn. 1.6), a π phase difference can switch the thermo-acoustic 

stability of a combustion system.  
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Figure 5.4: Measured TF for different fuel lean equivalence ratio with respect to the excitation 

frequency, d=3mm, l=4.5mm and =125cm/s; arrow indicates increasing Φ. 

5.2.3 Perforation hole diameter (d) 

 The effect of the perforation hole diameter is characterized with burners having holes 

of d=2, 3 and 4mm, keeping the 125 /  and Φ 0.85 constant. The different burner 

plates were made with the same pitch to diameter ratio (l/d=1.5), i.e. keeping the porosity 

constant. The TF gain and phase for the multiple conical flames with varying d is plotted in 

Figure 5.5. It is observed that the maximum value of the TF gain for d=2 and 3mm is larger 

than unity whereas for d=4mm it decreases below unity. The damping of the TF gain is 

higher for larger burner diameters d. The slope of the phase increases with the perforation 

hole diameter as for Bunsen type flames [10]. However, the scaling of the TF frequency in 

case of multiple Bunsen type flames is different than for single Bunsen type fames. For 

example, the gain of the TF for d=2mm has a minimum point at 630Hz, so if we scale the 

frequency similar to that of the single Bunsen type flames then we would obtain the 

minimum gain point at 630×2/4=315Hz for d=4mm. However, the measured minimum of the 

TF gain for d=4mm occurs at 240Hz. Nevertheless, it can be hypothesized that for larger 

diameter perforation holes the TF is closer to that of the single Bunsen type flames and for 

smaller d it is closer to that of flat flames. Note that the flame foot contributes to the TF 

similarly as for the flat flame and for smaller perforation hole diameter the flame foot area 

will be relatively larger than for the larger d values. This, results in a higher value of the TF 

gain for smaller perforation holes.  
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 As mentioned, the slope of the phase of the TF increases with increasing perforation 

diameter. This effect is similar to the effect of a decrease in the mixture equivalence ratio 

(Figure 5.4). This increase in the TF phase for larger d values can be related to the flame 

height as an increase in the perforation diameter, for the same , will result in longer flames, 

i.e. a larger convective time. 

 

Figure 5.5: The measured TF for different perforation hole diameter d with respect to the 

excitation frequency, l/d=1.5, =125cm/s and Φ=0.85; arrow indicates increasing d. 

5.2.4 Effect of burner hole to pitch ratio 

 Figure 5.6 shows the influence of the perforation pitch (l) on the measured TF of 

multiple conical flames. The perforation pitch was varied from 4 to 8mm while other 

parameters such as 125 / , =0.85 and d=3mm are fixed. The maximum value of the 

TF gain increases first when l is increased from 4 to 6mm. If we further increase the pitch of 

the perforation pattern, then the maximum of the TF gain decreases whereas the frequency at 

which it occurs decreases continuously with increasing l. The gain of the TF damps faster 

(with frequency) for larger pitch, i.e. the low-pass filter behavior of the flame is stronger 

when l is larger. The slope of the phase of the TF increases with increase in the burner 

perforation pitch. A possible reason for the difference in the TF, for the same d, Φ and , is 

that the flame height and/or the flame stand-off distance is affected by a variation in the 

perforation pitch l. This will be studied further in Section 5.4.3  

 From flame luminosity images, it was observed that the flames on the burner deck 

with small pitch are in contact with other close vicinity flames whereas for large pitch they 

are almost independent. In addition, the flame height, flame base diameter, and flame stand-
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off distance change depending on the perforation pitch. A change in these flame geometries 

results in a change in the measured TF. 

 

Figure 5.6: The measured TF for different perforation pitch to diameter ratio (l/d) with respect 

to the excitation frequency, d=3, =125cm/s and Φ=0.85; arrow indicates increasing l/d. 

 From the above analysis it is summarized that the effect of the mixture parameters 

,  on the TF of multiple conical flames is similar as that of single Bunsen type flames 

[10], except for the “resonant” behavior or the overshooting of the TF gain above unity. The 

dependence on the hole diameter d in case of multiple flames is qualitatively similar to that of 

the single Bunsen type flames with some quantitative differences. The differences are, 

probably, due to the interaction between flames, which depends on the perforation pitch l 

which eventually determines the flame height, stand-off distance, flame width, etc. Therefore, 

the pitch of the perforation pattern becomes an important parameter in order to understand the 

“resonance” behavior of the TF.  

 Although the measured TF for multiple conical flame perforation decks are 

qualitatively similar to the TF of single Bunsen flames, the gain of the TF of multiple flame 

burner deck does exhibit some quantitative differences from the TF of single Bunsen type 

flames. The most noticeable difference is that the gain of the TF for multiple flames 

overshoots the quasi-static value | | 1 at  0  which for single Bunsen type laminar 

flames always remains below the quasi-static response (see for instance [10]).  
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 The modification of the TF of multiple Bunsen type flames due to the different 

flame/flow parameters is clearly visible. However, to quantify the change of the TF further it 

is necessary to describe the behavior of the TF (e.g. the maximum of the gain, the f at which 

it occurs, the slope of the TF, etc.) with a well defined frequency dependent function. This 

will be studied in Section 5.3. One of the ways is to fit the measured TF with a 

phenomenological fit function and then to study the variations of the fitting coefficients with 

changes in flame/flow parameters. 

5.3 Proposed flame transfer function 

 The TF of multiple Bunsen type flames has the following characteristics: a) the gain 

first attains a value higher than the quasi stationary response at a certain frequency then, b) it 

decreases with several recognizable maximum and minimum points to a final offset value at 

high frequency, c) the TF is a function showing a linear time delay, i.e. the phase of the TF 

increases linearly before it saturates and, d) the phase and gain saturate to a level higher than 

the noise being the offset value. These characteristics are similar to those of the conical 

turbulent flames studied in Chapter 3. Therefore, the same function (Eqn. 3.2) will be used to 

fit the TF for multiple Bunsen type flames with, of-course, different fitting coefficients. The 

flowing TF fitting function with varying angular frequency (ω=2 ) is chosen: 
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  (5.1) 

 The experimentally obtained TF for varying flow/geometrical parameters is then fitted 

to Eqn. (5.1) in MATLAB using a least square non linear fit and the fitting coefficients are 

obtained. The initial values for the fitting are obtained from the measured TF. The initial  is 

the slope of the phase delay, and  is the value of TF at the last measured frequency. The 

initial value or  and  are provided from the combination of the maximum value of the 

transfer function gain ( ) and the corresponding frequency . The initial values for 

,   are obtained from maxima/minima analysis of the gain function which is approximated 

as 1/ 1 . We get for the initial value of  and : 

    2
max 1 max3

max

1
1 1/ 3 .

2
G and  


     (5.2) 

 The initial values of the fitting coefficient are optimized by the Matlab function to 

provide the best fit and the final coefficients , ,  and     are stored. Although the 
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fitting for most of the measured TF experiments is quite good for the TF phase, the peak and 

the position of it is not captured always precisely. In TF gain peak is fitted with an accuracy 

of ~10% whereas its frequency is reproduced with ~40Hz (worst case) accuracy. Therefore, 

the  and  values are fixed to their initial values obtained from the TF whereas the 

 and Ao value are obtained from the fitting optimization procedure. The variations of the 

coefficients with the mixture/burner parameters are obtained and discussed below. 

5.3.1 Linear time lag (τo)  

The dependence of the mean system time lag  on different burner and mixture 

parameters is shown in Figure 5.7. The variation of  with equivalence ratio is plotted for 

100, 125 /  (Figure 5.7.a) and the variation with  is plotted for Φ 0.8, 0.85 

(Figure 5.7.b) keeping l/d=1.5, d=2, 3mm. The effect of perforation hole diameter (Figure 

5.7.c, l/d=1.5) and perforation pitch (Figure 5.7.d, d=3mm) on the obtained  is shown for 

100, 125 /  and Φ 0.8, 0.85. It is observed that  decreases with an increase in 

mixture parameters (Φ, u) whereas it increases if the perforation dimensions (d, l) are 

enlarged.  

 In Section 3.4.1, it is discussed that for single laminar flames the  is proportional to 

the convective time delay ( / ). Also, the flame height depends on the burner hole diameter, 

mixture velocity and the flame burning speed. If we assume that a similar proportionality 

exists between  and convective time delay /  for multiple flames, then the effect of 

flame/burner parameters on  can be predicted by the flame height only.  

 An increase of the mixture equivalence ratio will increase the laminar burning 

velocity which, for same , will reduce the flame height H, and therefore also . The mean 

flow, in case of a single Bunsen type flame, has an un-noticeable effect on the  because the 

flame height H is almost linearly proportional to . However, for multiple flames, the  

decreases with increasing  (Figure 5.7.b). Two possible reasons for this behavior can be 

given: 1) the flame height for multiple flames is not proportional to  due to the influence of 

the surrounding flames which results in a reduced flame height, 2) the flame stand-off 

distance adds a relatively large part to the convective time for smaller  which decreases as  

increases. The latter argument supports the saturation of  with increasing  (Figure 5.7.b). 

 The flame height is directly proportional to the burner diameter d. Therefore, an 

increase in d will results in an increased time delay . An increase in burner pitch has no 

direct effect on the flame height, still it affects the TF significantly. One of the possible 
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mechanisms can be the change in heat transfer from the flame to the burner deck. An increase 

in l/d will reduce the energy gained by the burner deck and as a result the flame stand-off 

distance increases. An increased flame stand-off distance will i) increase the flame height 

and, ii) reduce the fmax similar as in case of the equivalence ratio. Therefore, an increase in l/d 

will result in an increase in the time delay  (see Figure 5.7.d) and in a reduced “resonance” 

frequency fmax. The latter effect of increasing l/d will be discussed in Section 5.3.2.2. 

 

Figure 5.7: The linear acoustic time delay  dependence on a) mixture equivalence ratio Φ 

/ 1.5 , b) mean flow velocity  through perforation holes / 1.5 , c) perforation 

hole diameter d / 1.5 , d) perforation pitch l 3  

5.3.2 τ1 and ξ correlation with different parameters  

 The TF gain fitting parameters (Eqn. (5.1)), i.e.  and , in combination provide the 

fit for the overshoot of the gain and the frequency at which it occurs. Therefore, analyzing ξ, 

τo independently does not lead to any relation with flame/burner parameters. However, if 

Eqn. (5.2) is used then the TF gain peak  and the corresponding frequency 

/2  show a clear dependence on burner/flow parameters. 
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5.3.2.1 The gain peak  

 Figure 5.8 shows the variation of Gmax with flame (Φ, ) and perforation (d, l) 

parameters. It is observed that the value of Gmax decreases with increasing equivalence ratio 

while it increases if the mean velocity is increased as shown in Figure 5.8.a and 5.8.b, 

respectively. For Φ 0.95 the TF gain attains its maximum value 1 at 0. 

Therefore, these points are not present in the plot. Increasing the perforation diameter d also 

results in a decreased Gmax (Figure 5.8.c) which is similar to the effect of increasing Φ. Due 

to an increase in the perforation pitch l/d, the value of Gmax first increases and attains its 

highest value at l/d=1.8 and then decreases marginally with further increase of l/d (see Figure 

5.8.d). 

 

Figure 5.8: The maximum of the TF gain  dependence on a) mixture equivalence ratio 

Φ / 1.5 , b) mean flow velocity  through perforation holes / 1.5 , c) perforation 

hole diameter d / 1.5  and, d) perforation pitch l 3  
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5.3.2.2 The frequency  

 Figure 5.9 shows the variation of frequency (fmax) corresponding to Gmax with flame 

(Φ, ) and perforation (d, l) parameters. It can be observed that fmax increases with an increase 

in the mixture parameters (Φ, ) whereas it decreases if the burner perforation dimensions (d, 

l) are increased. For some cases when the TF gain does not overshoot the quasi stationary 

condition i.e. 1, then the lowest measured frequency is obtained as fmax. For example 

at Φ=0.95 (Figure 5.9.a) the lowest measured frequency is 30Hz. For higher velocities or 

perforation pitch, the value of fmax tends to saturate. The TF was measured with a step of 

10Hz in frequency. This leads to at least 10Hz difference between the two peaks. If for any 

case, the TF gain maximum occurs at two measured frequencies then the lower frequency is 

taken as fmax. 

 

Figure 5.9: The frequency corresponding to the Gmax  dependence on a) mixture 

equivalence ratio Φ / 1.5 , b) mean flow velocity  through perforation holes /

1.5 , c) perforation hole diameter d / 1.5 , d) perforation pitch l 3  
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 The maximum value in the TF gain is due to “resonance” of some part of the flame. 

The TF overshooting typically occurs in flat flames where the peak is due to the heat transfer 

between the flame and the burner deck [31]. The frequency of the resonance depends on the 

stand-off distance of the flame so that / . For multiple flames, the flame foot 

behaves as a flat flame which would produce the overshooting of the TF. Now, the above 

results of fmax can be discussed on the basis of the flame stand-off distances. For example, an 

increase in equivalence ratio will result in an increase in the flame temperature, i.e. an 

increase in the heat transfer to the burner deck. As a result, the flame foot will be closer or the 

stand-off distance δ will decrease i.e. an increase in the “resonance” frequency fmax. Also, 

since , Figure 5.9.b can be explained. 

 Analysis of the offset Ao is not possible with the current range of measured data 

because the measured TF does not, yet, saturate to the offset value for all cases and the 

proposed fit function does not capture this well. The offset of the TF is less than 10% of the 

TF gain. An error of 50% in the value of Ao will change the analysis of Ao completely. 

However, in the TF analysis a 50% error in the offset will result only in ~4-5% change in the 

TF. This is similar as the level of uncertainty in the measurements.  

5.4 Flame geometrical details 

The flame geometrical details such as flame height H and stand-off distance  are 

extracted from flame luminosity images. In addition, the inter-flame spacing at the flame foot 

is also obtained. From the above discussion we know that the flame height and stand-off 

distance have a direct effect on the measured TF. Therefore, the variations of H and  with 

mixture (Φ, ) and burner perforation parameters (l, d) are discussed below. The flame height 

H is defined as the distance between the flame foot to the flame outer cone as illustrated in 

Figure 5.10. The variations of inter-flame spacing due to changing burner/mixture parameters 

are not presented because, as of now, the contribution of it to the flame transfer function is 

not known. 

 

Figure 5.10: Schematic of the Flame pattern on a multiple perforation burner deck. 
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5.4.1 Effect of mixture equivalence ratio    

From Figure 5.11 it can be observed that the flame height H as well as the flame 

stand-off distance δ decrease with increase in the equivalence ratio. A decrease in the flame 

height with increasing Φ is expected (Figure 5.11.a) as it is inversely proportional to the 

flame burning speed. Also, a rise in Φ will raise the flame temperature and hence the energy 

transfer to the burner deck. A hotter burner deck will result in a smaller stand-off distance 

(Figure 5.11.b).  

 

Figure 5.11: The variations of the flame geometry a) flame height, b) stand-off distance, with 

mixture equivalence ratio. d=3mm, l=4.5mm and =100, 125cm/s. 

 A reduction in both the flame height as well as the stand-off distance for the same  

will reduce the convective time from burner deck to the outer cone / . This is 

similar as the behaviour of the measured  with increasing equivalence ratio shown in 

Figure 5.7.a. It is known that the resonance frequency fmax is inversely proportional to  [31]. 

Therefore, if the peak of the TF corresponds to the resonance frequency then the peak should 

shift towards higher frequencies. In the measured TF for varying equivalence ratio a similar 

trend is visible (Figure 5.9.a).  

5.4.2 Variations of mean flow velocity  u  

The flame height and the flame stand-off distance increase, for the same Φ, with 

increasing velocity through the perforation holes. The flame height shows a linear 

dependence on the mean flow velocity (Figure 5.12.a). Therefore, the convective time delay 

( / ) will be more or less constant. However, the  variation with  is not completely linear 
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(Figure 5.12.b). For instance, for d=3mm the δ initially increases first with increasing  and 

then shows saturation behaviour. The saturation for different d’s occurs at different . As a 

result, the overall convective time delay will decrease first and then it tends to saturate for 

large velocities. A similar trend of  is visible in Figure 5.7.b. In addition, an increase /  

will result in an increased “resonance” frequency (as observed in Figure 5.9.b). 

 

Figure 5.12: The variations of the flame geometry a) flame height, b) stand-off distance, with 

mean flow velocity through perforation holes. d=3mm, l=4.5mm and Φ=0.8, 0.85. 

5.4.3 Variations of burner diameter and pitch 

The change of H and  with increasing burner diameter d is plotted in Figure 5.13. It 

can be observed that the flame height is not completely linearly proportional to the 

perforation hole diameter unlike the single Bunsen type flames. It is also visible from Figure 

5.14 that the flame height as well as stand-off distance increase with an increase in the l/d 

ratio. It is noted that the flame foot diameter increases either with increasing burner diameter 

d or perforation pitch l. Therefore, the flame height is proportional to the actual flame foot 

diameter instead of the perforation hole diameter. 

 In a previous study, multiple flames on perforated plates were numerically 

investigated [78]. The effect of varying heat transfer to the burner deck, mixture parameters 

(Φ, ) and perforation pitch was investigated on multiple flames. The variations of multiple 

flame geometry with the investigated parameters are qualitatively similar to that presented 

here. A quantitative comparison is not possible as the details are not available in [78]. 
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Figure 5.13: The variations of the flame geometry a) flame height, b) stand-off distance, with 

burner diameter. l/d=2,Φ=0.8, 0.85 and =100, 125cm/s. 

 

Figure 5.14: The variations of the flame geometry a) flame height, b) stand-off distance, with 

perforation pitch to diameter ratio. d=3mm,Φ=0.8, 0.85 and =100, 125cm/s. 

 An increase in burner geometry (d and l/d) results, for same  and Φ, in an increase in 

both flame height as well as the stand-off distance. Therefore, the time delay  will be 

increasing if any of these perforation dimensions are increased. This observation supports the 

variation of  measured with changing d, l (see Figure 5.7.c and 5.6.d). An increase in stand-

off distance for the same velocity and equivalence ratio will result in a lower resonance 

frequency as seen in Figure 5.9.c and 5.8.d. 
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5.5 Discussion 

For single Bunsen type flames, the phase delay or the acoustic time lag  is 

proportional to the convective time  of the acoustic fluctuations taken to travel from the 

burner exit to the flame outer cone (Chapter 3). In case of single Bunsen type flames, the 

flame height is proportional to a change in mixture/burner parameters and the flame height 

can be calculated using a conical flame shape assumption (Eqn. 3.4). Therefore, the acoustic 

time lag  can be estimated a-priori from burner/flame parameters.  

In case of perforated burner decks the flame height is not directly proportional to the 

perforation hole diameter but to the flame base diameter. The flame base diameter is larger 

than the perforation hole diameter depending on the l, ,  and burner deck temperature. In 

addition, the flame stand-off distance  is larger than 10% of the flame height H. For such 

flames Putnam [79] expressed the acoustic time lag as the sum of the convective time of the 

perturbations to transverse the stand-off distance and one-third of the convective time of 

perturbations travelling from flame base to the outer cone: 

  .
3c

H

u u

     (5.3) 

Figure 5.15 shows the ratio of the acoustic time delay  obtained from the TF phase and the 

convective time delay . The  is calculated by the relation of Putnam (lines) for multiple 

Bunsen flames (Eqn. (5.3)) with measured values of H and . It is observed that the 

convective time delay proposed by Putnam provides a qualitatively correct relationship for a 

change in Φ and  but it deviates for variations in d and l. Alternatively, if the  is 

calculated as the travel time from burner deck to the flame outer cone i.e /  

then a relationship / 0.56 is found. The relationship between all measured  and  

(markers) is plotted in  

Figure 5.16. All points scatter closely around the linear relation =0.56  . For small 

values of / 1.5, a somewhat lower value for /  is observed.  

Other studies of multiple conical flames propose a similar dependence but with a 

different constant. For instance a value of / =0.67 and 0.4 was proposed in [71] and [29], 

where  is calculated as ( )/ . Another mechanism for the linear time delay of flames is 

proposed by Kedia et al. [30]. They found that the time delay is mainly governed by the 

convective time due to stand-off distance  by a relationship / , where  is the 

velocity of the gas approaching the flame base. In addition, they reported that the convective 
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time from the flame foot to the outer cone /  has a smaller influence on the time delay. The 

ratio /  obtained in this study is close to the one observed by Matsui [71]. However, if 

only the  values above 6ms are considered, then the relationship is close to that proposed 

by Durox et al. [29]. For all measured burner/mixture parameters, the stand-off distance  is 

of the order of 10% of H. The linear time delay mechanism proposed by Kedia et al. [30] is 

not checked as it is difficult to measure/estimate  incident to the flame foot. In addition, the 

 will vary along the flame base so the question arises which  should be 

measured/estimated and how to obtain the  from varying / . 

 

Figure 5.15: The ratio of the acoustic time lag  to the convective time lag  for varying, a) 

mixture equivalence ratio, b) mean flow velocity, c) perforation hole diameter and, d) 

perforation pitch to diameter ratio. The markers represent the convective time delay calculated 

from the total convection time and the lines are from the relation of Putnam Eqn. (5.3). The 

same color of lines and markers represents the same burner perforation and flow conditions. 

From the results of the frequency corresponding to the “resonance” peak (Section 5.3.2) 

it follows that the frequencies ~ / . The resonance occurs due to unsteady heat transfer 

between the flame base and the burner deck [30]. This behavior of TF is similar to that of the 
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flat flames [31]. It is reported [30] that the TF gain resonant peak value will be higher if the 

stand-off distance is smaller because the interaction between the flame and the burner deck 

will be higher. Accordingly, the fuel rich flames attain a higher maximum value of the TF 

gain than the fuel lean mixtures. However, in this study the resonance peak of the TF gain is 

observed highest for the leanest flame (Φ 0.75) (Figure 5.8). 

 

Figure 5.16: Variations of acoustic time delay τ  with convective time delay τ  for all 

measured burner/flame parameters. 

5.6 Summary 

The results presented in this chapter summarize the effect of the variations in the 

mixture/perforation parameters on the acoustic behavior of multiple conical flames. The 

effect of variations in equivalence ratio, mean flow velocity through perforation holes, 

perforation hole diameter and perforation pitch on the TF of laminar premixed methane-air 

flames is analyzed.  

Furthermore, the measured TF for all the measured combinations of parameters is fitted 

with a phenomenological function with four fitting coefficients. The fitting coefficients are 

the linear time delay , the maximum in the gain  and the frequency at what it occurs 

 and the TF offset . The change in these TF characteristics with varying mixture/flow 

parameters is discussed. 

A linear proportionality between the time delay  obtained from the TF and the 

convective time delay  obtained from the flame geometry has been observed. For all 
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measured TF’s the proportionality ratio between  and  was ~0.56. This observation opens 

the possibility to estimate the linear time delay  of the TF from the flame height i.e. from 

the flame luminosity images. 

The stand-off distance contributes to the TF time delay only marginally compared to 

the flame height. The time delay added by the stand-off distance is ~10-20% of the total time 

delay of the perforated pattern. 

 



 

 



 

 

Chapter 6 

6 Flame Transfer function of some industrial burners 

The acoustic response of industrial burners is measured for burner decks with 

perforation patterns and knitted material. A comparison between them is presented. In 

addition, the acoustic response of three samples of knitted burner decks with similar 

knit/material properties is reported. The effect of mixing supplements in real can-type 

burners such as distribution plate, swirler, etc. on the TF is discussed. The effect of flame 

impingement on the heat exchanger is also characterized. 

 A part of this research is conducted in the framework of the STW project “combustion 

associated noise in central heating equipment.” One of the associated companies produces 

different types of surface stabilized burner decks with regular or irregular conical flame 

patterns. Other participation companies use some of these burners in their central heating 

boilers. This obtained TF is used for system stability estimation. Here, the peculiarities about 

the industrial burner and the effect of burner subelements (gas mixer, distributor plate, flame 

impingement, etc.) is studied. Some examples are discussed to reveal typical features of the 

industrial burners. 

In Section 6.1, the industrial burners discussed in this chapter are described. The effect 

of flame type and shape on the TF is discussed in Section 6.2.1. Section 6.2.2 reports the 

deviations of the acoustic response of the random flame (knitted) burners from the “standard” 

burner with the same knit/material properties. A comparison between the TF of the perforated 

plate and knitted burner deck for the same thermal power is presented (Section 6.2.3). For can 

type burners, the effect of the distribution plate/liner on the measured TF is discussed in 

Section 6.2.4. Finally, the effect of flame impingement is illustrated in Section 6.2.5. 

6.1 Different burner patterns 

 The industrial burner decks studied are either made by regular perforation of small 

slits and holes or by using mesh of metal wool with shaping gauze. Both burner decks are 

used for the combustion of natural gas – air mixtures and the flame formed can be a 

combination of Bunsen type conical flames and flat flames. The burners from knitted material 

have longer life time and can resist higher thermal stress than regular perforated burner 
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decks. In addition, the knitted burner decks can be operated in the weakly turbulent 

combustion regimes, i.e. higher thermal power density than conventional perforated can-type 

burners. A larger burner power density allows to increases the burner power, modulation 

range and/or for a given power it may also result in reduced burner size.  

 Figure 6.1.a shows a typical industrial burner with knitted pattern with a rated thermal 

power of 30kW (source BEKAERT Tech.). The data obtained for this burner is property of 

BEKAERT, and are not discussed here. Instead, a sample of the knitted pattern as shown in 

Figure 6.1.d will be used for discussions. However, it should be mentioned that the flame 

formed and the acoustic response of the sample and full scale industrial burners is not the 

same. For the industrial burner the flame base follows the shape of the burner surface and the 

flames may also intersect each other. However, in the sample of Figure 6.1.d the flames burn 

mainly in the streamwise direction. The acoustic response of the knitted burner depends on 

many knit/material parameters, such as knitting pattern, knitting fiber, the shape-providing 

mesh, etc. The sample shown is investigated to see the likeliness/differences of the acoustic 

response of the knitted and perforated patterns. A parametric study of knitted burners is not 

performed. 

 The burners with perforation patterns used in condensing boilers have typically a can-

type shape (as shown in Figure 6.1.b). The perforation pitch and the combinations of slits and 

holes may vary according to the requirements. In this study, the peculiarities of the industrial 

burner made by combinations of slits and flames are shown for a sample burner (similar to 

Figure 6.1.e) with some arbitrary combinations of perforation patterns. Once again, the aim is 

not to present a parametric study but to show the peculiarities of the burner deck.  

 In addition to the perforated plate, some can type burners may have subelements such 

as a coarse perforated distribution plate (Figure 6.1.c) or a swirler (Figure 6.1.f) for flow 

distribution. These subelements spread the mixture along the can type burners. This study 

also includes the effect of the perforated plate flow distributor on the TF of a sample burner 

with (only perforation holes). The effect of flow distribution by a swirler on the acoustic 

response of can type burners is not in the scope of this research.  
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a. b. c.

d. e. f.  

Figure 6.1: Industrial multiple flames burner with knitted material (a) and perforated plate 

having slits and holes (b). A test sample knitted material (d) and perforated pattern (e). For 

long can type burners the mixture is distributed with a coarse perforated linear distributor plate 

(c) or a swirler (f). 

6.2 Acoustic response of industrial burners 

The acoustic response of the industrial burners with sub-elements is presented in this 

section. If the flame is affected by the sub-elements in such a way that the TF is affected then 

the individual element cannot be investigated separately. The TF of that industrial burner 

should be measured with the sub-element included. The effect of different sub-elements is 

discussed in Sections 6.2.1-6.2.5 below. 

6.2.1 Effect of flame geometry 

In Chapter 5, the effects of varying perforation geometry as well as varying mixture 

parameters were discussed. It was concluded that the TF changes according to the flame 

geometry and type. For can type burners made with combinations of slits and holes the flame 

geometry/type is determined by factors such as the burner power, equivalence ratio, the 

perforation pitch, etc. A small burner power will result in a small velocity through perforation 

slit/hole and a flat flame over the entire burner deck may be observed. For higher power a 

conical flame may form over a few slits. As a result, the TF of the burner will jump from that 

of a flat flame to a superposition of flat and Bunsen type flames. For burners with knitted 

material variations are even more pronounced as they may be operated in the radiant/flat 

flame regime but also in the weakly turbulent combustion regimes. In addition, the non-

similarity of the flame shapes for two burners made from the same materials results in further 

variations of the TF. 
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6.2.2 Knitted burners 

The burners made with metal wool with shape providing gauze have non-uniform 

opening pores. This results in an uneven mass flow from all the openings and accordingly 

random flame patterns are formed (see Figure 6.2.b). Consequently, the TF of each burner 

may vary from the “standard” characterized burner pattern. Figure 6.2.a shows the measured 

TF for three different samples of the same burner deck. It is observed that the TF phase is 

consistent for all three different samples. However, the TF gain changes slightly. The gain 

differs ~20% for the measured frequencies between 100-400Hz. This difference in gain might 

be sufficient to overcome the acoustic losses and the system may change stability. Therefore, 

for these kinds of burners the TF margins should be defined where the combustion system is 

stable. 

 

Figure 6.2: a) Comparison between three samples of an industrial knitted burner having same 

knitting pattern and material, b) Flame stabilized on one of the burners at measured 

conditions. 
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6.2.3 Knitted and perforated burners 

The regular perforated burners have lower thermal power density than the knitted 

burners, i.e. power produced per unit of area is lower. Therefore, the bulk velocity through 

the perforations will be large in case of knitted burner decks. As a result, for small power, the 

perforated deck has flat flames whereas the knitted burner may have conical flames. 

Accordingly, the TF will have different shape. Figure 6.3 shows the measured TF at a thermal 

power of 8kW (Φ=0.8) for a knitted (dotted) and a regular perforated (line) burner. The phase 

of the TF decays almost linearly for both burners, i.e. they demonstrate constant time delay 

behavior. The gain, however, attains a “resonance” peak at low frequencies for the knitted 

burner whereas for the perforated burner it occurs at high frequencies. In addition, the TF 

gain for the perforated burner decreases with a slower rate than for the knitted burner.  

 

Figure 6.3: Comparison between the perforated plate and knitted burner deck at 8kW thermal 

power, Φ=0.8.  

6.2.4 Effect of distributor plate 

The industrial can type burner typically contains a coarse perforated liner plate to 

distribute the flow along the burner. The distributor plate is typically installed 3-4mm 

upstream of the burner surface and has a lower porosity than the perforated burner. Therefore, 

the flow velocity through the distribution holes is larger than through the burner holes. The 

flow through distribution plate therefore cerates zones of low and high velocities at the burner 

surface. Consequently, the flame height is different at these high and low velocity places (see 

Figure 6.4.b). This leads to a modification of the TF of the burner. Figure 6.4.a shows the 
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influence of the distribution linear on the measured TF for a perforated plate with holes. It is 

observed that the gain and the phase of the TF vary for these two cases. The TF gain without 

distribution linear attenuates to the offset value whereas with linear it contains local maxima 

and minima similar to single Bunsen type flames. The linear time delay of the TF increases if 

a distribution linear is installed.  

 

Figure 6.4: a) The TF measured with (dash) and without (line) distribution linear, b) the flame 

pattern with distribution plate installed 3mm upstream. =75cm/s, Φ 0.9 

6.2.5 Impingement of the flames 

In addition to the effect of the above discussed parameters on the acoustic response of 

the flame, the flame impingement effect should also be included. For example, at relatively 

high powers, the measured flame length is larger than the distance between burner surface 

and the heat exchanger. When the flame impinges on a surface it stretches and this influences 

the TF. The TF f impinging flames was measured with a 10mm tube Bunsen type burner. The 

metal plate on which the flame impinges is water cooled and the temperature was kept at 

60oC. The TF for impinging flames was characterize for different h/d values, where h is the 

distance between burner exit and impinging plate and d is the burner tube diameter (see 

Figure 6.5.d). Figure 6.5.a shows the TF measured for h/d=3, 2 and 1 with =125cm/s, 

Φ=0.9. The flame shape for these three cases is illustrated in Figure 6.5.b, c and d 

respectively. It can be observed that an increase in impingement increases the gain of the TF 

for frequencies between 50 250 . The slope of the TF phase also changes for flames 

with impingement which has an effect on the system acoustic stability. For example, the 
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phase difference between high impingement (h/d=1) and a free Bunsen flame (h/d=3) is  so 

this may switch the stability of the system.  

This study was performed within the scope of the AETHER project in collaboration 

with IST Lisbon. For more information about the acoustic response of the impinging flame, 

see for instance [80, 81] and for flame stretch effect see [32]. 

 

Figure 6.5: a) Flame impingement effect on the measured TF. The flame luminosity images 

corresponding to the h/d = 3, 2 and 1 are shown in b, c and d respectively (d=10mm, 

=125cm/s, Φ=0.9). 

6.3 Conclusions 

On the basis of the measurements of thermo-acoustic Transfer Functions conducted for 

a wide range of different pattern geometries and flow conditions the following general 

conclusions can be formulated:  

The qualitative behavior of the burner TF firmly correlates with the form of the flames 

attached to the burner deck. Globally, two classes of the flame forms were observed: i) one 

flame per perforation (hole or slit) and, ii) one flame for several perforations. The transition 

between these two types of flames is taking place within a relatively narrow range of 

parameters. Consequently, the form of TF gain and especially the phase may change 

dramatically. 

The transition of the flame form (from one type to another) leads to strong modifications 

of the TF, particularly visible as the “jump” in the TF time delay. 



Flame Transfer function of some industrial burners 
 

 

 

96 

If the flame form is preserved, a variation of the pitch of the perforation patterns leads to 

regular and moderate changes of the TF time delay. 

If a sub-element of the burner is present which has an influence on the flame shape/type 

then the TF of the combination should be measured. Using the TF of only the burner without 

sub-element may lead to false stability analysis. 

For knitted burners a margin of the TF gain and phase should be taken into account for 

stability estimation, as the gain and phase may not be the same for all burners having the 

same knit/material properties. In addition, burners with a few different knitting 

pattern/materials and shape providing gauze were investigated. The dependence of the TF on 

the knitting metal wool material and the type of shaping gauze is relatively small. 

In addition, it is possible that inside the boiler and at open air conditions the type of the 

flame can be different for some range of flow parameters (fresh gas temperature, equivalence 

ratio and thermal load) and pattern parameters. Accordingly, the measurement of the TF 

conducted for one type of flame will not be relevant for the that of other types of flames. This 

fact should be taken into account and the type of the flame pattern should always be checked.  

 



 

 

Chapter 7 

7 Thermo-acoustic instabilities of a simplified boiler 

 The instability map of a simplified boiler is measured. The effect of varying TF on the 

instability map is analyzed for different perforation holes, mean flow velocity through the 

holes and mixture equivalence ratios. In addition, the unstable frequencies of the simplified 

boiler are obtained by the network modeling approach. The network modeling approach is 

also briefly described. The instability map obtained experimentally is compared with the 

unstable frequencies obtained from network modeling.  

 In previous Chapters 3-6, the parameterization of the thermo-acoustics TF of a single 

and multiple conical type flames was studied in the laminar as well as in the turbulent 

combustion regimes. It is shown that possibilities exist to estimate the TF of some types of 

practical burner decks, having the detailed information about perforation pattern and the flow 

parameters through the perforation holes. In principle, this measured or estimated TF can be 

used to evaluate the (in)stability regimes of a complete thermo-acoustical system. However, a 

model for the system acoustics is needed. In this chapter, the network modeling approach is 

used to examine the system combustion stability using the TF as one of the inputs. In network 

modeling the system is subdivided into simple elements whose acoustic properties can be 

described by linearized equations. The system of linear equations is then solved for the roots. 

The eigen frequencies of the system and their growth rate are obtained from the complex 

roots. A simple flame in a tube system was selected as a test object for the instability 

investigation. The flame was stabilized on a perforated burner deck. The instability map was 

measured for varying Φ, u and d and its variation with the TF is discussed. The unstable 

modes predicted by the model of the combustion system are compared with the 

experimentally obtained results.  

 This study aims to use the measured or estimated TF (Chapter 3-6) for system 

stability evaluation. The stability map of a simplified boiler was measured for some 

burner/flame parameters and the relations with the corresponding TF (measured in Chapter 5) 

are discussed. This study provides a test tool for the validation of the system modeling. The 

well established acoustic network approach [33, 51, 82, 83] is used to model the system. The 
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unstable frequencies obtained from the system modeling and experimental investigation are 

compared. 

The network model to estimate the system stability and the effect of variations of 

passive acoustic elements on the system stability are not discussed here. These tasks are a 

part of system control studies and are started by Maarten Hoeijmakers [84]. In this study, the 

model developed of [84] is used for stability investigation and the simplified boiler serves as 

the test case. 

 In this chapter, the network modeling approach is first demonstrated for a thermo-

acoustic system (Section 7.1). The system was represented with a set of linear equations. The 

solution of the system provides the information about the resonance frequencies of the 

system. The growth rate of acoustic fluctuations at these frequencies gives the information 

about the stability of the system. As a test case, in Section 7.2, a simplified boiler setup is 

then used as an illustration and the equivalent network elements are defined. The 

experimental setup and the measurement procedure are described in Section 7.2.1. The 

system matrix of the simplified boiler is obtained (Section 7.2.2) and solved for the complex 

roots of the system using the Nelder-Mead root finding algorithm. The unstable modes of the 

simplified boiler with multiple flames (studied in Chapter 5) are experimentally obtained. In 

Section 7.3, the instability map obtained from experiments is discussed for varying Φ,  and 

d. The experimentally obtained instability map is then compared with the calculated unstable 

modes from network modeling (Section 7.3.3). The outcome of the study and 

recommendations for further improvements are given in Section 7.4 

7.1 Network modeling approach 

Practical combustion devices consist of connecting tubes (ducts and vessels) and 

burners with flames. For most applications the streamwise dimensions (length) of 

ducts/vessels is much larger than the transversal dimensions (diameter). Therefore, for 

relatively low frequencies it can be assumed that only longitudinal acoustic waves are 

important for (in)-stability estimation of the combustion system. However, if the streamwise 

and transversal dimensions of the duct are comparative then, transversal acoustic modes 

should also be considered [85]. 

The complete thermo-acoustic system can be subdivided in a set of (acoustic) elements 

in such a way that the acoustic analysis of each element can be treated separately. The 

acoustical properties at both sides (upstream and downstream) of one element can be defined 
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either by the pressure p' and velocity u' or by the Riemann invariants (f and g’s). The f and 

g’s are the representation of the characteristic up and down-stream travelling acoustic waves 

[86]. The f and g’s are connected to the acoustic p' and u' by relations: 

 
 '

' ,

p c f g

u f g

 

 
  (7.1) 

where  is the specific acoustic impedance. 

 The analysis below will be conducted in frequency domain. Therefore, we assume a 

harmonic time dependence of all the acoustic variables ( , ) as: 

  ˆ' i tp pe    (7.2) 

Where, ̂ is the amplitude of pressure oscillations.  

 

Figure 7.1: Simplified boiler Experimental setup 

 Let us consider an acoustic element E with ,  as upstream and ,  as 

downstream acoustic invariants. The characteristic acoustic waves leaving ( , ) the 

element E can be related to the entering acoustic waves ( , ) by frequency dependent 

transmission (T) and reflection (R) coefficients. The coefficients T’s and R’s contain 

information about the modification of the acoustic wave by element E. The relationship 

between the upstream and downstream acoustic properties can be expressed as: 

  ,
up down

up down

down f up g down

up f up g down

f T f R g

g R f T g

 

    (7.3) 

The subscript of T’s and R’s indicate the frequency dependent transmission and reflection of 

the corresponding characteristic waves.  

Solving for downstream f and g’s in terms of upstream acoustical properties, we get: 
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11 12

21 22 ,

down up up

down up up

f A f A g

g A f A g

 

    (7.4) 

where, A11, A12,A21,and A22 are functions of T’s and R’s which contain the dependence 

between upstream and downstream acoustic properties and their modification by element E.  

Relation (7.4) can be expressed in matrix form as: 

 
11 12

21 22down up up

f A A f f
TM

g A A g g
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The transfer matrix (TM) contains the relationship coefficients A11, A12, A21,and A22. 

 Having the analytical (or experimentally measured) transfer matrices for all the 

system constituting elements, the complete system acoustics can be modeled using the 

acoustic network modeling approach.  

 In the acoustic network model, the output of one element is the input for the next 

connecting element (as shown in Figure 1.1). Accordingly, the acoustic properties (f and g’s) 

of all the network elements (simple duct, area change, flame, etc.) and of the boundaries can 

be linked together and a system of linear equations is finally formed. If there are n elements 

in the network system, then the total number of linear equations to represent the system will 

be 2 . If the acoustic system is autonomous, i.e. there is no external forcing, then the system 

of equation is homogeneous and it can be represented in matrix form: 
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The above system matrix (Eqn. (7.6)) has a form of S(ω)F=0. This system has non-trivial 

solutions for the roots when:  

  det ( ) 0S     (7.7) 

where, S(ω) is the coefficient matrix containing frequency dependent complex numbers (Ai,j). 
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 Eqn. (7.7) can be solved by a number of available numerical methods. In this study, 

the Nelder-Mead root finding algorithm [87] is used. A set of complex roots  is obtained as 

the solution of the linear system equations. The eigen frequencies of the network system are 

represented by the real part of the complex root . The amplification or the damping of 

these eigen frequencies will depend on the growth rate Γ at these frequencies. The growth 

rate is calculated as [88]: 

   exp 2 1.imag real       (7.8) 

 According to the harmonic time dependence Eqn. (7.2), a positive value of   

indicates an amplification of acoustic pressure in a cycle. For linear systems, a positive value 

of Γ indicates that the amplitude of the acoustic oscillations will grow in every cycle and may 

reach infinity. However, this is not true n practice due to acoustic losses and gains. The 

acoustic losses/gains may increase/decrease non-linearly with increasing acoustical amplitude 

in the system, therefore resulting in a smaller Γ. At a point the acoustic energy gained in a 

cycle equals the losses i.e. Γ 0, resulting in limit cycle. The acoustic oscillation amplitude 

at limit cycle is the amplitude of the self-sustained acoustical instabilities of a system. The 

task to find the amplitude of limit cycle requires a nonlinear analysis of the problem [22] and 

is out of the present considerations. 

7.2 The test object: a simplified boiler 

In order to avoid thermo-acoustic instabilities of a combustion system, two closely 

related strategies can be considered, 1) the system acoustics can be modified by changing the 

geometry until stable operation is achieved or, 2) to select a burner which, once installed in 

the given system, provides stable operation. In many practical situations, the latter approach 

is preferable because the modifications to the combustor geometry are often restricted by 

conditions other then the stability issue.  

Typical examples when there is some freedom to modify the burner behavior include 

domestic heaters, boilers and dryers. These appliances typically have laminar, fully premixed, 

fuel lean combustion. The flame is anchored either to a uniformly perforated burner deck or 

to a burner made from an irregular structure, such as a porous or knitted material. In previous 

Chapters 5-6, it is known that the TF of such burners strongly depends on the perforation 

size, pitch, and mixture equivalence ratio, but is less sensitive to the mean flow rate. 
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Furthermore, by combining on one deck perforations of two (or more) different sizes it is 

possible to modify the cumulative TF significantly.  

7.2.1 Setup for measuring Self-stabilized acoustic oscillations  

A simplified version of a boiler is built to measure the flame transfer function and the 

system stability map. The setup consists of three main components: a) an upstream duct, b) a 

perforated burner deck and c) a downstream quartz tube. These parts of the experimental 

setup mimic the snorkel, combustion chamber and exhaust chimney of a household boiler 

respectively (see Figure 7.2.a). The upstream duct is made with a 5cm diameter Plexiglas 

tube whose length can be varied between 9 and 69cm by a movable piston. The piston has a 

thin circumferential slot to deliver the gas mixture and it works as an acoustically closed 

termination. The design of the piston is similar to the one used in [33, 51]. On the 

downstream side of the burner, the flue gases pass through a 17cm long quartz tube of 6.5cm 

diameter. One end of the quartz tube is clamped rigidly to the burner deck holder while the 

other end is an unflanged exit. 

The used burner decks are made of 0.5mm thick brass discs of 70mm diameter of which 

the central 50mm is perforated with a hexagonal pattern of round holes of diameter d. The 

burner decks are fixed in a water cooled burner holder and the temperature of the outer rim of 

the burner deck is kept constant (~30oC) for all the test cases. The equivalence ratio Φ and 

bulk velocity  in the perforation holes are controlled by digital Mass Flow Controllers 

(MFC) as described in Chapter 2. The map of the combustion instabilities is obtained by 

varying the length of the upstream tube with a 2cm step size. A piezo-electric pressure probe 

produced by Kistler systems was used to obtain the pressure amplitude. The pressure 

transducer was installed upstream close to the burner deck and the signal was acquired with a 

sampling rate of 25kHz. The pressure-time history (1sec) was stored only for the lengths 

where the system is self-oscillating. Only steady oscillation regimes were recorded. 

To identify the self-oscillating frequencies of the combustor, a spectral analysis of the 

pressure signal was performed. The acoustic modes of the duct studied are close to the 

quarter-wave modes. Accordingly, the even harmonics generated by the fast Fourier 

transformation (FFT) of non-linear waveform are removed while preserving the main peaks. 

The odd harmonics are not removed because it is hard to distinguish them from the other 

modes of the vessel. 
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For the network modeling and the eigen mode calculation of the system the gas 

temperature after the flame (in exhaust chimney) was measured at 5 different locations with a 

R-type thermocouple. 

 

Figure 7.2: a) Simplified boiler experimental setup, b) equivalent network model 

7.2.2 Equivalent network model 

 Figure 7.2.b shows the equivalent network elements of the simplified boiler 

experimental setup. Subscripts denote the f’s and g’s at the corresponding nodes and 

 k c is the wave number of the corresponding element as the speed of sound may vary 

in different network elements. The acoustic losses in the network element can be taken into 

account by modifying the wave number using the dispersion relation [89]. The modified 

wave number for large diameter tubes where the boundary layer is thin compared to the tube 

diameter is (frequency limit 4d    and 2 1r c   ): 

 
1 2 1

1 1
2 Pr

i
k

c r

  


        
  

  (7.9) 

where ν is the kinematic viscosity, Pr Prandtl number, r the tube radius,   the specific heat 

ratios and ω the angular frequency.  
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The acoustic relationships between the different nodes are: 

a) Section 1: The closed end 

Assuming a perfectly closed end, i.e. u'=0 

  1 1 0f g    (7.10) 

b) Section 1-2: The inlet duct [5] 
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  (7.11) 

c) Section 2-3: The perforated plate [5] 

If 1 3 2( )A A   is the area jump between the inlet tube and the perforated plate  
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  (7.12) 

Note that no acoustic losses are taken into account due to the change in area. 

d) Section 3-4: The flame [15, 84] 

The transfer matrix across the flame is calculated using the flame transfer function TF and the 

temperature jump θ across the flame as input as described by Eqn. (1.8). The TM in terms of 

the Riemann invariants across the flame are obtained by combining Eqn. (7.1) and (1.8) as: 
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  (7.13) 

where 4 3T T   is the temperature jump, 3 3 4 4c c    the specific impedance jump across 

the flame and 3M  the Mach number before the flame. 

e) Section 4-5: The area change 

Similar to Eqn. (7.12), with 2 5 4( )A A   
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f) Section 5-6: The variable temperature exhaust tube 

After the flame, the temperature along the longitudinal as well as radial direction decreases 

gradually due to the heat loss to the exhaust tube walls. Therefore, this element is subdivided 

into small longitudinal segments (of length ) to incorporate the temperature decreases. The 

temperature in these small segments is assumed constant. In addition, for simplicity, it was 

assumed that the radial temperature is also constant which in reality is not the case. The effect 

of temperature is included by varying the speed of sound c~√  in the wave number k. The 

relationship across any such an element is now similar to a constant temperature simple duct 

similar to Eqn. (7.11).  
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  (7.15) 

where,  is the longitudinal segment length and n is the total number of constant temperature 

segments.  

 At the node of two such elements the acoustic impedance differs due to a change in 

the temperature. Therefore, an additional network element for the temperature jump should 

be introduced. The relationship between the acoustical properties at both side of this element 

is: 
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  (7.16) 

where,  is the specific impedance jump /  

g) Section 6: The open radiative end 

For a perfectly open end p'=0, 

  6 6 0 .f g    (7.17) 

However, if the acoustic radiation and the inertia losses at the unflanged open end are 

considered, then the above equation has to be replaced by [89]: 

  6 6 6 6(1 ) (1 ) 0,Z f Z g      (7.18) 

where Z6 is the boundary impedance for a hollow thin unflanged tube. The real and imaginary 

parts of the impedance represent the radiation and inertial effects at the non-flanged open 
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end, respectively. The impedance at the open end is calculated by Levine and Schwinger for a 

cold jet (see, for instance, [5, 89]): 

 
21

( ) 0.61 ,
4

Z c kr ikr     (7.19) 

where, r is the tube radius at the open end. 

 The resulting system matrix s(ω), similar to Eqn. (7.6), is formed by combining the 

acoustic relationship of different network elements from Eqn. (7.10) to (7.19) and is shown in 

Eqn. (7.20). 
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7.3 Results 

 The natural modes of the experimental setup without flame are compared with the 

unstable modes with flame. Then, the instability map of the simplified boiler is presented for 

two different mixture equivalence ratios, mean flow velocities and the perforation hole 

diameters (for l/d=1.5). A comparison between the experimentally obtained instability map 

with the unstable frequencies obtained from network modeling is finally performed. 

7.3.1 The instability map 

 Figure 7.3 shows the instability map of the simplified boiler setup with multiple 

conical-type flames (Φ=0.75, =100cm/s, d=2mm and l=3mm) as function of the plenum 
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length lup. All the frequencies obtained from the FFT spectral analysis of pressure oscillations 

(o) and filtered for even harmonics ( ) as described in Section 7.2.1 are presented. 

 The continuous lines in the instability map represent the natural modes of the system 

without flame but with temperature jump. The natural modes are calculated by 4f n t

(closed-open duct), where t is the acoustic travel time in the duct and n (=1, 3, 5 etc) is the 

mode number. For the exhaust tube the temperature decreases gradually after the flame 

resulting in a change in speed of sound c. If the variable temperature duct is subdivided into n 

segments (of length ) of constant temperature then the acoustic travel time in the whole 

system can be calculated as: 

  ,up i
up down n

up i

l
t t t

c c


      (7.21) 

where, ,up downt t  are the acoustic travel time in the upstream (plenum) and downstream 

(exhaust) duct, respectively.  

The total acoustic travel time in the exhaust duct is the sum of the travel time in each 

individual segment ∑ / . If we assume that the temperature in the downstream duct 

decreases linearly, then the tdown can be calculated using an average speed of sound cdown as 

/ . An additional length (d/2) is added to the downstream duct to 

compensate for the radiative open end correction resulting in an 

/2 / . The eigen frequencies of the passive experimental setup are then obtained by: 

  .
4 ( 2)

up down

up down down up
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f
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    (7.22) 

 The unstable eigen frequencies of the simplified boiler are close to the natural modes 

estimated by the travel time (Eqn. (7.22)). The differences between symbols and lines can be 

due to the flame (acoustically active element) as it may shifts the natural frequencies towards 

higher frequencies (see [90, 91]). 
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Figure 7.3: Instability map of simplified boiler setup with a burner deck of d=2mm, l/d=1.5 

and at Φ=0.75, =100cm/s. The solid lines are the higher order modes of the calculated 

quarter wave natural frequencies of the system Eqn. (7.22). Markers show all frequency peak 

detected from the FFT spectrum of the pressure signal (o) and the frequency peak after 

filtering the even harmonic peaks ( ). The size of the markers is according to the normalized 

oscillation amplitude. 

7.3.2 System instability sensitivity to flame/flow parameters  

 In previous chapters, while discussing the measured TF and its effect on the system 

stability, it was mentioned that the equivalence ratio has a larger effect on stability as the TF 

phase changes significantly than the velocity and other parameters. However, an increase in 

the mean flow velocity results in an increased flame power and the acoustic losses in the 

system will be same. This might result in an increased instability range. The instability map 

for changes in Φ,  and d is analyzed below. 

7.3.2.1 Variation of equivalence ratio: 

The stability map and the TF for burner pattern for d=3mm and l=4.5mm is shown in 

Figure 7.4.a and b respectively for equivalence ratio 0.75 and 0.85 (corresponding flame 

power 1.74 and 1.85kW). It is observed that a lower equivalence ratio (Φ=0.75) has a wider 

range on unstable frequencies compare to Φ=0.85 where the flame has a slightly higher 

power. The unstable frequencies occur around TF phase (2n-1)π, where n is an integer.  
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Figure 7.4: The effect of equivalence ratio on the measured, a) system stability, b) flame 

transfer function, for d=3mm, l=4.5mm and u 100cm/s for Φ=0.75 and 0.85. 

7.3.2.2 Variation of mean flow velocity 

 In the laminar combustion regime, the TF phase is almost insensitive to an increase in 

the mean flow velocity whereas the TF gain increases (Chapter 5). If only the mean flow 

velocity is changed keeping the equivalence ratio constant then the temperature of the gas in 

exhaust tube will remain more or less constant. Therefore, the specific acoustic impedance 

will also be approximately same for all . From Rayleigh’s integral (Eqn. 1.6), this results in 

a similar instability map for all the mean velocities. 

 

Figure 7.5: The effect of mean velocity on the measured, a) system stability, b) flame transfer 

function, for d=3mm, l=4.5mm and Φ=0.75 for u=100 and 125cm/s. 

 Figure 7.5.a shows the instability map for =100 ( ) and 125cm/s ( ) (d=3mm, 

l/d=1.5 and Φ=0.75). The corresponding thermal powers at these velocities are 1.75 and 
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2.18kW. It is observed that for lower frequencies the instability range is determined by the 

TF phase. However, for higher frequencies ( 400), when the TF phase is saturated (~-3 ) 

the gain of the TF and the thermal power becomes important for stability estimation. The 

large thermal power for the same acoustic losses will result in a relatively wider instability 

range (as observed in Figure 7.5.a). 

7.3.2.3 Variation of perforation hole diameter 

 The perforation hole diameter has a strong influence on the flame shape and size 

resulting in a different TF gain and phase slope. As a result, the TF phase will reach at the 

instability regime (2n-1)  at different frequencies. Therefore, a shift of the instability regimes 

in the stability map of the investigated system is expected.  

Figure 7.6.a shows the instability map for perforation hole diameter d=2, 3 and 4mm 

keeping l/d=1.5, Φ 0.8 and =100cm/s. The corresponding gain and phase of the TF is 

plotted in Figure 7.6.b. The thermal power of the burner decks at the measured conditions are 

1.47, 1.85 and 2kW, respectively. It is observed that the instabilities occur when the TF phase 

reaches (2n-1) . At higher frequencies 500  the TF gain as well as the phase have 

similar values but unstable modes are observed only for large thermal powers (d=3, 4mm). 

 

Figure 7.6: The effect of perforation hole diameter on the measured, a) system stability, b) 

flame transfer function, keeping l/d=1.5mm, Φ=0.8 and u=100 for d=2, 3 and 4mm. 

 From the above analysis it can be summarized that the simplified boiler shows 

instability when the TF phase is ~(2n-1) . The higher modes (or higher frequencies) of 

instability are observed for large thermal power in the system. In addition, the amplitude of 

the higher frequencies is small as the acoustic losses increase with increase in frequency. 
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7.3.3 Instability map obtained from network modeling 

The TF and the temperature profiles at the downstream duct measured for a specific 

burner deck serve as the input to the network model. The output of the model is a set of 

eigen-values from which the frequencies and the growth/attenuation rates of the modes can 

be deduced. Naturally, the growth rate describes the stability or instability of the mode. 

Figure 7.7 shows the comparison of unstable frequencies obtained from the model ( ) and 

experiments (∆) as function of the tube length for d=3mm, l=4.5mm, =125cm/s and Φ=0.75. 

 

Figure 7.7: Experimental (∆) and modeled (o) frequencies of unstable combustion as function 

of the length of upstream tube. The size of symbols indicates relative value of the amplitude of 

oscillation and grow rate of unstable modes 

As Figure 7.7 shows, the model correctly predicts the frequency of the unstable modes 

and gives a qualitatively correct indication for the range of duct lengths which corresponds to 

stability/instability of the operation. However, the model overpredicts the range of unstable 

operation observed experimentally. This shortcoming of the model was observed for all 

tested cases and was reported earlier for similar experiments in [14, 88]. The cause of such a 

discrepancy can be either the under-estimation of the acoustic losses in the vessel or the over-

estimation of the acoustic energy source provided by the flame. Furthermore, the model does 

not include effects of non-stationary heat transfer between (i) the flow and perforated plate 

and (ii) between the flow and the downstream hot walls. These questions should be 
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investigated separately. In summary, we may conclude that the model gives a conservative 

estimate of stable operation at the moment.  

7.4 Discussion and Conclusions  

The instability map of a simplified boiler is obtained experimentally. The effect of the 

TF phase on the system stability was illustrated for varying d,  and Φ. A 1D acoustic 

network model of the test setup was built and the unstable frequencies and corresponding 

growth rates are obtained. In the analysis of the experimental and modeled results several 

assumptions were made, which are, in general, not self-evident and will be discussed below.  

In the experiment, the system stability is measured in steady self oscillating state. This 

means that for the self oscillating state a limit cycle is reached, i.e. there is no gain or loss in 

acoustic energy in an acoustic cycle. Therefore, the spectral analysis gives the frequencies of 

the limit cycles, which is the result of a non-linear process. It is widely assumed in literature 

that these (limit cycle) frequencies are very close to the frequency of the onset of the 

instability. This argument supports the practice of the linear acoustics of the system even in 

the case of limit cycle oscillation. The limit cycles are entirely determined by nonlinearity of 

the flame behavior, i.e. the TF dependency on the amplitude. It is frequently stated (for 

instance, see [83]) that the nonlinear “drift” of the TF doesn’t alter the eigen-frequency of the 

whole system significantly. The TF used in the network model is measured in the linear 

regime. Therefore, this effect is not taken into account in experimental identification of the 

unstable frequencies at present.  

It is known that, in addition to soft types of instability onsets, finite amplitude triggering 

of instabilities is also possible. This may lead to hysteresis and may change the measured 

instability map like Figure 7.2 depending on the movement direction of the piston. The 

results presented in Section 7.3.2 were specially selected cases where no significant evidence 

of hysteresis was observed. For further discussion and analysis of the effects of non-linearity 

on the system stability, see [22, 29, 83].  

Another question which can’t be answered within the framework of linear analysis is, 

which limit cycle will be reached by the system when multiple eigen-modes are 

simultaneously unstable? In these cases, nonlinear effects may result in one dominant mode 

and suppression of another. This could partially explain the discrepancy between modeling 

and experimental results in Figure 7.7. 
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Even a qualitative comparison of the oscillation amplitude at limit cycle with the 

oscillation growth rate from the model should be done with care. These parameters are 

governed by different physics and the observed correlation in Figure 7.7 can, in principle, be 

a coincidence.  

As mentioned above, the current model over-predicts the instability. A study about the 

possible causes of this deficiency is planned for further investigations. Any improvement of 

the model should result in a better predictive capability, and therefore will be directly 

reflected in Figure 7.7 and a more accurate range of the stable TF’s will improve the burner 

deck design significantly. 

 



 

 



 

 

Chapter 8 

8 Summary of conclusions 

This investigation regarding the acoustic response of premixed methane-air flames is a 

contribution towards the understanding of the interaction between the flame and system 

acoustics. This work may be considered as a continuation of previous doctoral theses by 

Ronald Rook for flat flames [92] and Viktor N. Kornilov for Bunsen type laminar flames 

[10]. This work contributes to the understanding on the acoustic response of turbulent conical 

flames and multiple flames stabilized on perforated burners. The specific results of this 

dissertation can be summarized as follows: 

 The investigation of the acoustic response of single flames in laminar, transient and 

turbulent combustion regimes shows that the TF has a qualitatively similar form in all the 

studied combustion regimes. However, the gain at low frequencies ( 200 ) attains a 

value higher than the quasi-stationary response (| | 1 at 0) only in transient and 

turbulent flame regimes. The TF phase sensitivity to the mixture parameters is stronger for 

laminar flames than for turbulent flames. In addition, a linear dependence between the flame 

response time  and the convective time delay  in laminar as well as in turbulent 

combustion regimes is obtained. 

 A systematic study on the acoustic response of multiple conical flames is performed 

for varying perforation pitch l, hole diameter d, mixture equivalence ratio Φ and bulk velocity 

through the holes . Correlations between the TF characteristic behavior and burner/mixture 

parameters are found. The gain of the TF attains an overshoot above the quasi-stationary 

response (| | 1 at 0). This peak in the TF gain might be similar to the “resonance” 

behavior of flat flames and the frequency can be related to the flame stand-off distance . For 

multiple flames, the flame area around the flame base responds like a flat flame. In addition, 

the flame response time  of multiple flames can be estimated from the convective time  

of the perturbations originating at burner exit. 

 It is shown that the TF of composite burner patterns, i.e. perforated plates with two or 

more hole types, can be estimated by the weighted sum of the TF’s of the individual sub-

patterns. The weighting factors are governed by the power of the flame and the intensity of 
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the acoustic velocity perturbations. The test cases have shown that the perforation pitch is 

important in order to predict the TF of composite pattern. 

 The experimental method used in earlier studies [10] was modified to characterize the 

acoustic response of full scale industrial burners. Burners up to ~30kW power are tested 

successfully. These tests on industrial burners have shown that the TF of combinations of 

burner with sub-elements should be investigated together if the sub-elements affect the flame 

shape. The predictions of the system combustion stability should include a TF gain and phase 

margins for random flames such as flames on knitted burners. To complete the list, the effect 

of running (~60oC ambient gas) temperature and cold-start (~20oC ambient gas) temperature 

on the TF should be taken into account as these may change the burning velocities, i.e. the 

flame height. 

The TF obtained for multiple flames stabilized on perforated plates is used for 

analyzing the thermo-acoustic stability of a simplified test boiler. It is shown that the network 

model can predict the frequencies reasonably well. To improve accuracy it is recommended 

to improve the accuracy of the TF of the network model element on the basis of result 

obtained from the experimental setup. 

A phenomenological function for the TF gain is proposed for multiple flames 

stabilized on perforated decks. However, this fitting function does not capture the attenuation 

of the TF correctly. For example, for two TF’s with the same maximum value in the gain and 

at the same frequencies however they attenuate with different rate then this behavior is not 

captured. In addition, correlations between the burner/mixture parameters and the attenuation 

rate are not known. An analytical study of multiple flames could reveal possible answers. 

The superposition of burner decks with irregular and turbulent flames is not studied. 

For irregular flames a probability distribution function could be used to compose the TF 

using Eqn. (4.10). However, the expression should be verified with experimental results. For 

turbulent flames, the effect of perforation parameters on the acoustic response is not known. 

In addition, the physics behind the overshoot of the TF gain of turbulent flames is not 

investigated and requires further investigation. 

Design of surface stabilized burners with regular or irregular flames with a desired 

acoustic response is possible if these questions are answered. 

 



 

 

Appendix 

Velocity estimation through perforation holes 

The bulk velocity distribution through perforation hole diameter depends upon the 

pressure losses in holes. The flow will redistribute in such a way that the pressure drop is 

equal in all the perforation holes.  

 

Figure 8: A schematic of flow through perforation holes 

Let us consider two holes a and b having different hole diameter d as shown in Figure 8. 

Then the pressure drop Δ  across the holes will be equal. Mathematically: 

  .a bp p     (9.1) 

The pressure losses can be defined using pressure loss coefficient  as: 

  21
2 ,p u     (9.2) 

where  is the density of the mixture flow and u is the mean flow velocity through holes. 

Equating the pressure losses (Eqn. (9.2)) for holes a and b, we get: 

  2 2 .b b a au u    (9.3) 

Also the total mass flow is the sum of the mass flow in each hole: 

  ,open a a b buA u A u A    (9.4) 

where  is the bulk flow velocity, Aopen is the total opening area of the perforated plate (for 

this case ). 

Solving Eqn. (9.3) and (9.4) for ua and ub, we get: 
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To determine the velocities through different holes, the pressure loss coefficient  should 

be known across all the holes. For perforated plates the resistance depends upon the Reynolds 

number Re and can be calculated as described at Page 154 in [73]: 
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  (9.6) 

where,  is the pressure resistance inside an orifice,    is the coefficient of jet 

contraction and,  is the pressure resistance at the inlet of the orifice. These coefficients are 

a function of the orifice geometry and can be calculated using following expressions from 

[73] for   10 . 

The pressure resistance inside an orifice  (Page 524 in [73]) 

      2 218.78 7.768 6.337 .exp 0.942 7.246 3.878 log Re ,f f f f         (9.7) 

where, f is the porosity ( / ) and, Re is the Reynolds number inside the orifice. 

The coefficient of jet contraction    (Page 225 in [73]) 

   
5

Re
0

log Re ,
i

o i
i

c


   (9.8) 

where, c is a constant and has values c0=0.461465, c1=-0.2648592, c2=0.2030479, c3=-

0.06602521, c4=0.01325519 and, c0=-0.001058041. 

The pressure resistance at inlet of an orifice  (Page 227 in [73]) 

For / 0.015, where l is the thickness and d is the diameter of the perforated plate.  

     1.5 2.4 10 ,l
qu l d l d        (9.9) 

where,  is the friction coefficient and calculated as 64/  for laminar flows, and  can be 

obtained as.     8 7
0.25 0.535 0.05 .l d l d   
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Summary 

This thesis is stimulated by the phenomenon of undesired thermo-acoustic 

fluctuations in small scale combustion devices where multiple Bunsen type flames are 

stabilized on a perforated burner deck. Methods to predict the instability of a combustion 

system exist. However, this model requires information on the system linear acoustics and the 

flame response to the acoustic fluctuations. The present experimental work mainly focuses on 

the latter. In addition, system stability prediction and burner design strategy with desired TF 

for stable operation are also addressed. 

 There exist many methods to characterize the flame response to acoustic fluctuations. 

Measurement of the flame transfer function (TF), which is a widely accepted method, is used 

to characterize the flame response to the acoustic fluctuations. Various parameters affecting 

the TF of multiple conical flames have been studied. These parameters are: the flow velocity, 

the equivalence ratio, the perforation hole diameter and the pitch of the perforation. The 

velocity and the heat release rate fluctuations are measured with a hot wire probe and a 

photomultiplier tube, respectively. The flame response is quantified in the linear regime by 

providing the amplitude of acoustic fluctuations in a controlled way.  

 It is shown that the flame TF gain has a complicated jugged form with several 

recognizable minima and maxima and the phase of the TF has a “constant time delay” 

behavior for all the measured TF’s. Qualitative and the quantitative similarities between the 

TF of flames in different combustion regimes and for multiple flames can be expressed with a 

single phenomenological expression with four fitting parameters. Correlations between the 

TF behavior and the burner/flame parameters are revealed. Hypotheses of the physical 

mechanisms governing the TF formation are formulated and discussed.  

 The acoustic response of a single conical flame is studied in laminar, transient and 

turbulent combustion regimes. The qualitative and quantitative differences/similarities 

between the TF’s for the measured combustion regimes are reported and a method to obtain 

the acoustic system time lag from the burner/flame geometry is proposed. 

For multiple conical flames, a method of de-composing the TF to/from the TF’s of its 

elementary flames is formulated. A good agreement between the experimentally measured 

and the composed TF of a composite burner is found. On this basis, a burner deck can be 

constructed with desired acoustic characteristics.   



Summary 
 

 

126 

 A simplified combustion system is modeled with the 1D network modeling approach. 

The TF obtained experimentally is used as input to calculate the thermo-acoustic stability of 

the combustion system. The predicted and experimentally obtained unstable modes are 

compared. It was found that the network model slightly over-predicts the self-oscillating 

stability.  

 In conclusion, this work provides techniques for further development of appliances in 

which multiple conical flames on surface stabilized burners are used. 

 



 

 

Samenvatting 

Het onderzoek in dit proefschrift is gestimuleerd door het fenomeen van ongewenste 

thermo-akoestische fluctuaties in kleinschalige verbrandingssystemen waarin meerdere 

Bunsenvlammen worden gestabiliseerd op een geperforeerd branderdek. Modellen om de 

instabiliteit van een verbrandingssysteem te voorspellen bestaan, maar dit vereist de 

informatie betreffende de akoestiek van het systeem en de reactie van de vlam op akoestische 

fluctuaties. Het huidige experimentele werk richt zich vooral op het laatste punt. Daarnaast is 

het model voor de systeemstabiliteit gevalideerd en is een brander design strategie met de 

gewenste TF voor een stabiele werking ook aan de orde gekomen.  

Er bestaan vele methoden om de reactie van de vlam op de akoestische fluctuaties te 

karakteriseren. Het meten van de vlam transfer functie (TF) is een algemeen aanvaarde 

methode die wordt gebruikt. De afhankelijkheid van verschillende parameters die de TF van  

conische vlammen op geperforeerde branders beinvloeden, zijn bestudeerd. Deze parameters 

zijn: de stroomsnelheid, de brandstof/lucht verhouding, de gatdiameter van de perforaties en 

de afstand van de perforaties. De snelheidsfluctuaties van de akoestische golf en de 

fluctuerende warmteafgifte die de TF karakteriseren, zijn gemeten met, respectievelijk, een 

hete draad anemometer en een fotomuliplier buis. De vlam respons is gekwantificeerd in het 

lineaire regime met behulp van de amplitude van akoestische fluctuaties. 

Het is aangetoond dat de amplitude van de vlam TF een gecompliceerde oscillerend 

gedrag vertoont als functie van de frequentie, met enkele herkenbare minima en maxima en 

dat de fase van de TF een constant tijdvertraging vertoont voor alle gemeten toestanden. Het 

kwantitatieve gedrag van de TF in verschillende verbrandingsregimes kan worden uitgedrukt 

met behulp van een fenomenologische uitdrukking met vier vrije parameters. De correlaties 

tussen het TF gedrag en de brander/vlam parameters zijn geanalyseerd. Hypothesen voor de 

achterliggende fysische mechanismen zijn geformuleerd en geanalyseerd.  

De akoestische respons van de vlammen is bestudeerd in het laminaire 

verbrandingsregime, het overgangsgebied en in het turbulente verbranding regime. De 

kwalitatieve en kwantitatieve verschillen / overeenkomsten tussen de TF’s,  in de diverse 

verbranding regimes zijn bespoken. Een methode is voorgesteld om de belangrijkste 

parameter hierin, de akoestische tijdvertraging, te voorspellen. 
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Voor meervoudige conische vlammen is een methode geformuleerd om de TF van te 

berekenen aan de hand van de TF’s van haar elementaire vlammen. Een goede overeenkomst 

tussen de experiment en model voor de TF is gevonden. Op basis hiervan kan een brander 

dek worden gebouwd met de gewenste akoestische eigenschappen.  

Een vereenvoudigd verbrandingssysteem is gemodelleerd met behulp van een 1D-

netwerk model. De eerder gemeten TF is gebruikt als input voor de analyse van de thermo-

akoestische stabiliteit van het systeem. De voorspelde en experimenteel verkregen instabiele 

modi zijn vergeleken. Het is gebleken dat het netwerk-model de stabiliteit enigszins 

overschat.  

Tot slot mag opgemerkt worden dat dit werk kan worden gebruikt voor de verdere 

ontwikkeling van apparaten waarin meervoudige conische vlammen worden gestabiliseerd op 

geperforeerde branderoppervlakken 
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