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ABSTRACT 

Turbulent burning velocities have been measured for methane/air and ethylene/air 

planar flames stabilised in a wide-angled conical diffuser where the flow is 

decelerated axially. Novel instrumentation, involving a rotating drum device, has 

been developed to measure the instantaneous flame height, by utilising the UV 

emission from the excited OH radical in the flame. Six horizontal slits in the drum 

allow the UV radiation from the flame to fall periodically on the photodiode. 

Secondary flow in a high-speed wall jet is used to generate a uniform primary flow 

across the diffuser. The cold flow parameters are measured at different axial and 

radial positions inside the diffuser using a hot wire anemometer. 

The effect of imposed acoustic velocity oscillations on the turbulent burning velocity 

is also investigated. Speakers are placed upstream to force the oscillations. The 

instantaneous flame lift-off height, with and without external forcing, is measured 

using the rotating drum. A high-speed camera is also used to capture the flame 

images, with and without external forcing. For the non-excited condition, the 

turbulent burning velocity is assumed equal to the mean cold flow velocity at the 

height corresponding to the average flame lift-off measured using the drum. This 

measured turbulent burning velocity do not agree with correlations from the 

literature for u'/Sl <1. In this regime flames are affected by gas expansion and the 

growth of the Darrieus-Landau instability. 

For the excited condition, the flame lift-height at each phase angle in a cycle is 

tracked using the rotating drum. The ensemble averaged flame lift-off height shows 

sinusoidal movement similar to the imposed acoustic velocity, but lags the acoustic 

velocity by a certain phase, which depends upon the excitation frequency. The mean 

turbulent burning velocities are suppressed but the magnitude of the transfer function 

is non-zero at low Strouhal number and changes sharply at high Strouhal number. 
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CHAPTER 1: INTRODUCTION 

In this chapter, the problem is introduced and discussed and from the discussion, the 

objective of the study is defined. The first part of this chapter introduces the problem 

and previous work. The second part gives the aim of the thesis and the layout of all 

chapters. 

1.1 PREMIXED TURBULENT FLAMES 

In premixed combustion, fuel and oxidiser mix completely to form a homogeneous 

mixture before combustion takes place. Combustion occurs by the propagation of the 

flame front that separates burnt mixture from the unburnt mixture. Turbulent flows 

are generally characterised by certain time and length scales. The premixed flames 

interact directly with the turbulent flow and respond to the time and length scales 

imposed by the flow by increasing or decreasing the flame area. The shape and size 

of the premixed turbulent flame front depend upon the fuel, the equivalence ratio, 

turbulence characteristics and inlet velocity. One of the important practical 

parameters to characterise premixed turbulent flames is the turbulent burning 

velocity. The turbulent burning velocity is defined as the velocity at which a planar 

flame propagates towards the unburnt mixture. 

1.2 WHY STUDY PREMIXED TURBULENT FLAMES? 

Premixed turbulent combustion is used in some practical combustion systems. The 

turbulent burning velocities are widely spread in the literature and also there is a big 

discrepancy between experimental measurement and theoretical calculation of 

turbulent burning velocities. 

Most combustion systems such as gas turbine systems, power generating turbines, 

and propulsion systems are affected by combustion instability. Because of stringent 
17 



pollution laws, gas turbines are operated in the lean premixed mode, which leads to 

combustion instability. Combustion instability fundamentally consists of interaction 

between acoustic pressure and heat release. The coupling between acoustics and 

premixed turbulent flames has not been properly explained. 

1.3 PREVIOUS WORK 

Damköhler (1947) was the first person to present a theoretical expression for the 

turbulent burning velocity with large and small-scale turbulence. Using the 

geometrical analogy with a Bunsen flame, Damköhler assumed that the ratio of the 

wrinkled flame surface area, AT to the cross sectional area, A, is proportional to the 

ratio of the r. m. s. turbulent velocity to the laminar flame velocity and hence showed 

that St/Sl - u'/S1. Turbulent burning velocities have been measured in different flame 

configurations. They have generally been measured for non-planar flame geometry 

like the V-flame or Bunsen flame where the flame stretch and flame curvature play 

an important role, and this may account for the discrepancies between the 

correlations. 

Huge sets of turbulent burning velocity data have been measured for spherically 

expanding turbulent flames in a spherical bomb. Some of the turbulent burning 

velocities in the literature were measured by Abdel-Gayed and Bradley (1977) and 

subsequent studies by the Leeds group in a spherical bomb at different conditions. 

They generally correlated the turbulent burning velocities in terms of turbulent 

fluctuations, turbulent Reynolds number and Lewis number. 

Many authors have suggested that the burning rate or burning rate integral BT, which 

depends on the path integral of mean rate of product formation across the flame, can 

be used as a measure of combustion intensity instead of turbulent burning velocity 

based on the displacement speed. 
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Mostly in the literature, displacement speed is used to express the turbulent burning 

velocity. But there are differences in turbulent burning velocity expressed as 

consumption speed and turbulent burning velocity expressed as displacement speed. 

This is may be due to flow divergence 

Most of the measured turbulent burning velocities and correlations in the literature 

are for u'/S1 >_ 1. Few theoretical and experimental studies have been done in the 

regime u'/Sl <_1. 

Most flame acoustic couplings have been studied for premixed laminar flames. Most 

of the models used to describe the response of premixed laminar flames to acoustic 

oscillation have assumed constant laminar burning velocity. Some have studied the 

response of premixed turbulent flames to acoustic oscillations and most of these have 

been devoted to inclined flames with assumption of constant turbulent burning 

velocity. 

1.4 NOVEL APPARATUS 

To measure turbulent burning velocity in the weak turbulence regime (u'/S1 < 1), a 

wide-angled conical diffuser is used to stabilise planar-premixed turbulent flames in 

a novel configuration. A high-speed wall jet is used to generate a uniform flow. 

Novel instrumentation has been developed to measure the instantaneous flame lift- 

off height, by utilising the UV emission from the excited OH radical from the flame. 

The effect of imposed acoustic velocity oscillations on the turbulent burning velocity 

is investigated using loud speakers upstream of the flame to force the oscillations 
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1.5 AIM OF THE INVESTIGATION 

The aims of the investigation are 

> To estimate the turbulent burning velocity for methane/air and ethylene/ air 

premixed planar turbulent flames. The measured turbulent burning velocity in 

weak turbulence is to be compared with existing correlations. 

¢ To develop novel instrumentation to measure the instantaneous flame lift-off 

height, by utilising the UV radiation from the excited OH radical. 

¢ To measure the flame movement due to external acoustic oscillation and to 

study the response of the premixed turbulent flame to external acoustic 

oscillation by using the above instrumentation. 

1.6 CHAPTER LAYOUTS 

The remaining chapters discuss the method to study the above objectives. The 

second chapter presents the previous work in terms of a literature review. The 

literature review is divided into three main sections: 

Measurement of turbulent burning velocities: - In this section, measurement and 

calculation of turbulent burning velocity in different flame configurations have been 

reviewed. It also discusses the theoretical and experimental correlations. 

Flame instability: -Discusses different types of flame instabilities, and the studies 

done on flame instabilities. The review showed that the Darrieus-Landau instabilities 

play an important role in the modification of turbulent burning velocities. 

Thermo acoustic instabilities: - Discusses different models that describe the thermo- 

acoustic instability. 
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The third chapter discuss the experimental setup used to determine turbulent burning 

velocity with and without external oscillations. It discusses the experimental 

apparatus needed to generate a uniform flow thereby stabilising a planar flame. It 

also discusses the instrumentation needed to measure the turbulent burning velocity. 

The fourth chapter discusses the experimental technique, - to measure the 

instantaneous flame lift off height, and the cold flow parameters. It also discusses the 

methodology to calculate the flame probability and mean progress variable 

distribution. 

The fifth, sixth and seventh chapters give the cold flow results, and combustion 

results without and with external acoustic oscillations. 

The results are analysed and discussed in chapter eight. All the results from the 

present study work have been summarised in chapter nine. This also makes some 

recommendations for further studies. 
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CHAPTER 2: LITERATURE REVIEW 

In premixed combustion fuel and oxidiser mix completely before the combustion 

takes place. Premixed flame interacts directly with the turbulent flows and responds 

to the time and length scales imposed by the flow by increasing or decreasing the 

flame area. Premixed turbulent combustion can be divided into different regimes 
depending upon the velocity and length scales. Borghi (1985,1988), Peters (1986), 

Poinsot et al. (1990) have proposed diagrams defining regimes in terms of non- 
dimensional mixture and turbulence parameters. Figure 2.1 shows different regimes 
based on turbulent intensity and integral length scale and it is often referred to as the 

Borghi-Barrere diagram (Borghi 1985). The three dimensionless parameters, 

turbulent Reynolds number Ret, Damköhler number Da, and Karlovitz number Ka,, 

are defined as 

Ret=u'1/v 

Da=S11/u'61 

Kan =tf / t1 

where u' is the turbulent intensity, 1 is the integral length scale, v is the kinematic 

viscosity, S1 is thelaminar flame thickness, t, I is the Kolmogorov time scale and tf is 

the flame time, 
2 tf = U'/s, 

where a is the thermal diffusivity. 

The laminar flame thickness b1 is defined as 

81= k/CppS1= (Y/S1 

where k and Cp are the thermal conductivity and specific heat at constant pressure 

The lines Ret =1 and Ka. =1 represents the boundaries between different regimes of 

premixed turbulent combustion. Reynolds number Re= 1 separates the laminar flame 

regime (Ret<1) from the turbulent regimes (Ret> 1). Damköhler number Da=l, 

separates the well-stirred reaction zone from the distributed reaction zone. Karlovitz 
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number Ka, =1 separates the corrugated flamelets regime from the distributed 

regime. The line u'/Sl =1 separates the wrinkled flamelets regime from the 

corrugated regime (Peters 2000). 

The regime defined by u'/S1 <1 and 1/8, 
.> 10 is called the wrinkled flame regime 

(Borghi 1985, Bray 1980) and also called the reaction sheet (Williams 1985) or 
flamelet (Peters 1986) regime. In it, the chemical reactions controlling the heat 

release are confined to thin, highly-wrinkled, convoluted, strained interfaces 

separating the burnt products from unburnt reactants. These interfaces are called 
flamelets and they have the same structure as perturbed laminar flames. Flame in this 

region is not affected by the turbulence but the turbulence wrinkles the flame. This 

regime is influenced by gas expansion and flame instability arising from the different 

density across the flame surfaces. 

The region defined between the line u'/S1= 1 and Ka. =1 is called the corrugated 

regime. In this regime the role played by the flame instability decreases. The basic 

physical mechanism in this regime is that turbulent burning velocity is enhanced by 

increases in flamelet surface area by the turbulent eddies. In this regime the 

turbulence affects the flame but it does not modify the preheat and reaction zone. 

Here pockets of flame are formed. 

The region between the line Kan =1 and Da =1 is called the distributed regime. In 

this regime the smallest eddies are assumed to penetrate the preheat zone, thicken the 

zone and increase the heat transfer inside it (Peters 1999, Rooney and Yakhot 1992, 

Zimont 1979) but not to modify the reaction zone. Another mechanism in this regime 

is the stretching of the flamelets by the turbulence. The stretching can change the 

local combustion and even quench the flame in a similar way to the strain effect on 

laminar flames (Chomiak 1990, Dixon-Lewis 1990, Law 1998, Law and Sung 2000). 
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The region above Ka, =1 is called the well-stirred reaction zone. In this regime 

turbulence affects the preheat zone and reaction zone, and no laminar structure can 

be identified. 

Most practical premixed combustion is in the flamelet regime. Turbulent combustion 

can be viewed as a collection of one-dimensional planar flamelets, which are thin 

reactive-diffusive layers, embedded in turbulent flows. The flamelets concept is 

based on the assumption that a chemical reaction takes place in thin layers that are 

convected and distorted by the non-reacting turbulent flows. In this regime the 

flame-flow interaction can be described in terms of flame front surface and local 

flame structure. The local flame properties are defined by the laminar displacement 

speed and local mean reaction rates. The burning velocity is used as a quantitative 

measure of the local combustion rate or intensity of premixed flames and it is 

defined as the component of the instantaneous velocity vector perpendicular to the 

flame surface. Since the flamelets are thin layers like those of laminar flames, the 

turbulent burning velocity can be approximated by the product of the flamelets 

surface area and laminar burning velocity corrected for flame stretch and flame 

curvature. In the flamelet regime the chemical time scale is the smallest time scale in 

the reactive field and decoupling of flow and chemical reaction is possible. Hence in 

this regime, the flame structure can be calculated independently of turbulence 

modelling. 

In the characterisation of premixed turbulent combustion, the turbulent burning 

velocity, the velocity at which planar flame propagates towards unburnt mixture, is a 

parameter of primary practical importance. The flame front propagates from burnt to 

unburnt mixture with a shape and size that is characterised by the turbulence and 

which also affects the characteristics of the chemical reaction such as heat release. 

The burning rate of premixed laminar flames SI, which is a function of equivalence 

ratio, Lewis number Le and flame stretch, is used to quantify laminar combustion. 

Similarly, the turbulent burning velocity St has often been used to quantify the 
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burning rate in premixed turbulent conditions. The turbulent burning velocity can be 

expressed as a function of the ratio of r. m. s. turbulent velocity u' to the laminar 

burning velocity S1, the turbulent Reynolds number Ret, and Lewis number which is 

defined as the ratio of thermal diffusivity, a, to mass diffusivity, D, and Prandtl 

number, which is defined as the ratio of kinematic viscosity, v, to thermal diffusivity, 

CY. 

Damköhler (1947) suggested that when the smallest turbulence length scales are 

larger than the flame thickness, the turbulent flow field wrinkles the laminar flame 

front and thus increases the burning rate. Under this description, the turbulent flame 

is considered as an ensemble of laminar flamelets whose burning rates are 

determined by the local flame stretch, comprising of local flame curvature and strain 

rate. Damköhler (1947) was the first person to present a theoretical expression for 

the turbulent burning velocity with large and small-scale turbulence. He equated the 

mass flux of unburnt gas through the instantaneous wrinkled flame surface AT to 

mass flux through the cross-sectional area A 

m= pUS1 AT =p ,, St A (2.1) 

From the above equation it follows that 

St/Si = AT/A (2.2) 

He argued that the flow through the instantaneous flame surface AT proceeds with 

the laminar burning velocity, while flow through the cross-sectional area has the 

turbulent burning velocity. For large scale turbulence, Damköhler assumed that the 

interaction between a wrinkled flame front and the turbulent flow field is purely 

kinematic. Using the geometrical analogy with a Bunsen flame, Damköhler assumed 

that the area ratio of the wrinkled flame surface area to the cross sectional area is 

proportional to the ratio of the turbulent velocity to the laminar flame velocity 

(Peters 2000). 

ATIA '- u '/SI (2.3) 
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There are two ways of defining turbulent burning velocity: consumption speed Sc 

and displacement speed SD. The displacement speed SD, is defined as the flow 

velocity vector normal to the flame zone at the cold boundary of the flame. 

The consumption speed, SC, is defined as the rate of consumption of reactants 

expressed as velocity. 

00 
Sc = 

fdz 

-00 
where w is the average rate of reaction, the integration limits - oo to oo refer to fully 

unburnt and burnt gases, and z is the coordinate normal to the flame front. 

If there is no flow divergence, the displacement speed and consumption speed are 

equal. Shepherd and Cheng (2001) presented an equation for consumption speed for 

a control volume using the conditional mass flux method when there is a flow 

divergence 
Zp 

Sc =Uo-2 
fa(1-<c>)dz 

Zu 

where Uo is the axial reactant velocity normal to the flow surface, `a' is the mean 

tangential strain at the center line , <c>is the average progress variable and subscripts 

u and p refers to reactant and product. The above equation is valid when a) the 

integration is normal to the flame surface and b) the local strain is planar. In the 

literature, most of the turbulent burning velocities are measured as displacement 

speeds and this is the case in the present study, St = SD. 

2.1 MEASUREMENT OF TURBULENT BURNING VELOCITY 

Turbulent burning velocities have been measured for different flames in different 

experimental devices. Correlations of the data are listed in Table 2.1. 
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2.1.1 Spherical Bomb 

One method of measuring the turbulent burning velocity is measuring the spherical 

flame propagation in a spherical combustion vessel that is ignited by a central spark. 

The spherical flame propagation is optically detected through quartz windows. This 

set-up is designed to generate a non-stationary flame front. The. turbulent flow field 

is generated before the spark ignition. Abdel-Gayed and Bradley (1977) and 

subsequent studies by the Leeds group used four mutually-opposed fans to generate a 

nearly homogenous turbulence field. Abdel-Gayed et al. (1981,1984, and 1987) 

measured the turbulence parameters turbulence intensity and integral length scale by 

Doppler anemometry. The turbulent Reynolds numbers were significantly higher 

than in other previous experiments (Abdel-Gayed et al. 1984a). They correlated the 

turbulent burning velocity in terms of dimensionless parameters, u'/Sl, Ret and also 

included Lewis number and dimensionless activation energy. They compared the 

result with two-eddy theory (Abdel-Gayed and Bradley 1980a) and found a fair 

agreement. The two-eddy theory of burning expresses the rate in terms of both eddy 

decay and chemical reaction for two principal groups of eddies within the turbulent 

spectrum: the large and the dissipative eddies. Abdel-Gayed et al. (1987) correlated 

all the turbulent burning velocity data for spherical bombs in terms of strain rate. The 

flame straining is embodied in the Karlovitz flame stretch factor, K, which is a non 

dimensional number. The Karlovitz flame stretch is defined as the ratio of chemical 

time scale to eddy turnover time. 

K= u'/... 
51/51 

where > is the Taylor micro scale of turbulence. The Karlovitz number based on 

Kolomogorov scale is related to K by 

Ka. =V15K 
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The straining rate, u'/X is proportional to the square root of the rate of dissipation of 
turbulent energy. The dissipation can be equated to the rate of decay of the energy 

containing eddies, of average size lei so it follows (Taylor 1935) that 
2 ý, 

-=A- le u' 

where A is constant. Abdel-Gayed and Bradley (Abdel-Gayed and Bradley 1977a, 

Abdel-Gayed and Bradley 1980a) examined this relation for turbulent pipe flow, but 

with le replaced with 1 and determined the constant to be 40.4 for Ret>60. Using the 

above relation and also using the expression 6l = a/ Sl , Abdel-Gayed et al. (1984) 

showed that for isotropic turbulence, K is given by 

K=0.157(u'/ S1)2 Ret-0. s 

They showed that there are two correlation for constant flame straining rate, one for 

Le>1.3 and another for Le<1.3. 

Abdel-Gayed et al. (1987a) measured turbulent burning velocity during the early 

stage of the spark ignited flames. They showed that the mass burning velocity is 

significantly less than that suggested by the present definition. They attributed this to 

increased depth of the reaction zone as the turbulent burning velocity increases. 

Bradley et al. (1992) modified the Abdel-Gayed et al. (1987) expression for the 

turbulent burning velocity in order to include the Lewis number. They replotted the 

data of Abdel-Gayed et al. (1987) on the same axis but with curves of constant KLe. 

From the plot they deduced an expression for turbulent burning velocity in the range 

0.01 <KLe<0.63 as 

S /S1= 0.88(KLe)-0.3 u '/S1 

Bray (1990) described the laminar flamelet model for premixed turbulent 

combustion in which characteristic length scale Ly controls the flame surface to 

28 



volume ratio. Using the experimental correlation data, he expressed turbulent 

burning velocity in terms of Karlovitz number, K, as 
St /s1 = 0.875K0.392 u /SI 

2.1.2 Taylor-Couette Flow 

Aldredge et al. (1998) measured the turbulent flame speed of a methane-air mixture 
in a Taylor-Couette apparatus with rotating cylinders to generate turbulence that is 

nearly homogenous and isotropic over many integral length scales. They measured 

the turbulence parameters using LDV. They captured the flame downward 

propagation using a video camera. Turbulent burning velocity was obtained by 

adding the upward reactant velocity to the downward rate of flame propagation. 

They showed that the turbulent burning velocity is affected by the Darrieus-Landau 

instability (see section 2.4) and heat loss to the walls of the apparatus. They found 

that a decreasing sensitivity of the turbulent flame speed to increases in turbulence 

intensity occurred beyond turbulence intensities of approximately 2.5 times the 

laminar flame speed. They suggested that this is possibly due to a transition to a 

nonflamelet combustion regime where flame propagation is influenced by both 

small-scale flame-structure modifications and large-scale flame-front wrinkling. 

They compared the results with those obtained by earlier investigators. 

2.1.3 Cylindrical Tube Burner 

Furukwara et al. (1998) measured the turbulent burning velocity of premixed 

propane/air flames on a cylindrical tube burner using a micro electrostatic probe. 

They measured the turbulence characteristics using a hot wire anemometer. Three 

ion probes were placed in the form of a triangle. When a flame surface passed 

through the probe, a peak signal was produced. The ratio of the distance between the 

sensors to its time delay for the peak gave the turbulent burning velocity. 
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Furukwara et al. (1998) used the above experimental setup to study the dependence 

of flame wrinkling on burner size and the mixture ratio of premixed turbulent 

propane/air. They expressed the flame wrinkling in terms of the frequency 

distribution of the radii of flame curvature. They showed that average wrinkling 

scale depends not only on the characteristics of non-reacting flows but also on 

mixture ratio and burner size. They showed that average wrinkling scale for a lean 

propane air mixture is larger than for a rich and stoichiometric mixture. 

2.1.4 Stagnation Flow 

Many have measured turbulent burning velocity in the counterflow configuration. In 

the counterflow configuration, two planar flames are stabilised in a divergent axially 

symmetric flow between two opposed. In this configuration the flame brush is 

stabilised where the mean velocity balances the turbulent burning velocity. The main 

advantage of this configuration is that flames are independent of the velocity 

component parallel to the flame surface. The main disadvantage in this configuration 

is the mean strain, and sometimes the flames may interact with each other. 

Cho et al., (1996) measured turbulence statistics for premixed methane-air flames 

stabilised on a stagnation plate using two-component laser Doppler velocimetry. 

They calculated the turbulent burning velocity by measuring the mean centerline 

axial velocity, which deviates from linear decay, correlated it with equivalence ratio 

and turbulence intensity, and showed that it agreed well with the literature. In an 

extension of this work, Cho et al., (1998) measured the velocity statistics. They 

measured the conditioned and unconditioned velocities and reaction progress 

variable using LDV and Mie scattering. They found that the relative velocity, which 

is the difference between the product and the reactant velocities are constant across 

the flame brush. They also showed that in the stagnation flow there is no creation of 

turbulence within the flame brush (Refer to table 2.1). 
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the flame brush. They also showed that in the stagnation flow there is no creation of 
turbulence within the flame brush (Refer to table 2.1). 

Liu and Lenze (1998) studied the influence of turbulence on the turbulent burning 

velocity of premixed flames stabilised on a stagnation plate. They found that for lean 

mixtures and for low u', the turbulent burning velocity increases with u' and the 

slope of the curve is independent of laminar burning velocity. 

2.1.5 Swirl Burner 

Bedat and Cheng (1995) and Cheng (1995) designed a weak swirl burner to study 

turbulent flames. In this configuration, the weak swirl generates a diverging flow 

close to the burner rim that stabilises the downward propagating flame at the vertical 

position where the mean flow velocity equals the turbulent velocity. Turbulence and 

scalar quantities are measured using laser Doppler anemometer and Rayleigh 

scattering techniques. They showed that turbulent quantities such as u' and 1 are 

nearly independent of radial direction. They showed that the velocity vectors at the 

centreline are normal to the flame brush and measured the turbulent burning velocity 

by measuring the velocity conditioned at the reactants at the leading edge. 

Plessing et al. (2001) developed a method to determine the turbulent burning velocity 

of methane/air planar flames stabilised in the same design of low swirl burner. They 

measured the turbulent burning velocity as the velocity at the mean flame position. 

They showed that the flame brush thickness is independent of u'/SL and the turbulent 

burning velocity agrees with the predictions from a model equation by Peters (1999), 

for the flame surface area ratio. They showed that turbulence is attenuated in the 

flame zone and only moderately increased behind it. 

Measurements of the flame thickness 8t based on temperature images conditioned on 

the OH-LIPF signal showed that St does not depend on u'/S1. They showed that the 
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turbulent burning velocities show the bending effect predicted by the above model. 
This model was derived from first principles and a scaling law in two different 

regimes of premixed combustion and it was used to calculate the turbulent velocity. 

St/S1 =1-0.39/2 l/Si+((0.39 l/281)2+0.78 u'l/S18d}112 

where 1 is the integral length scale, S1 is the flame thickness, St, and Sl are the 

turbulent and laminar burning velocity, and u' is the r. m. s. turbulent velocity. 

2.1.6 Freely Propagating Flames 

Renou et al. (2000) measured local scalar flame properties of freely propagating 

turbulent premixed flames including the flame curvature, and local displacement 

speed relative to the fresh gases for methane, propane, and hydrogen/air flames at 

Lewis numbers of 0.33 to 1.4 and ratios of rms turbulent velocity to unstretched 

laminar burning velocity u'/Sl from 0 to 3.1 in a vertical wind tunnel. The temporal 

evolution of the local flame properties was measured using an advanced field- 

imaging technique based on high-speed laser tomography. Local flame curvature and 

local displacement speed were calculated from flame-front contours. They showed 

that curvature probability density functions (pdfs) were negatively skewed, 

especially for nonunity Lewis numbers, and displacement speed distributions 

underlined the influence of local stretch and thermo-diffusive effects on flame speed 

variations. They also showed that for propane/air flames, the displacement speed can 

be assumed to be independent of local flame curvature at each stage of flame 

propagation, whereas a very strong increase of displacement speed with positive 

curvature can be observed along the wrinkled flame contour for hydrogen/air flames. 

2.1.7 Cruciform Burner 

Shy et al. (2000a, b) measured premixed turbulent burning velocity in a cruciform 

burner, which consists of two cylindrical vessels. The long vertical vessel can 

provide a stable downward propagating premixed flame at one atmosphere. They 
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showed that with this system, nearly stationary isotropic turbulence with large 

turbulence intensities (greater than 45 m/s) can be generated and they verified this 

using LDV measurement. Shy et al. (2000b) correlated turbulent burning velocity for 

premixed methane air mixtures in the wrinkled and corrugated regime in terms of 

straining rates in intense turbulence with an expression of the form 

St/S, =1 +0.06Ret0*591(u'/S1)°'8 

where Ret is Reynolds number based on the integral length scale. 

In the distributed zone S1/S, is given by 

St IS1= 1+0.08 Reto. s 

2.2 MEASUREMENT OF TURBULENT BURNING RATE 

Many authors have suggested that the burning rate or burning rate integral BT, which 

depends on the path integral of mean rate of product formation across the flame, be 

used as a measure of combustion intensity instead of turbulent burning velocity. 

For evaluating global effects, the mean reaction rate per unit volume, (w), is 

integrated to yield the burning rate integral BT along the flame brush thickness, and 

BT is given by the expression 
co 

BT = J(w)d? 1 
-00 

where TI is the coordinate system perpendicular to the flame surface (Gouldin, 1996). 

There are different ways of modelling the mean reaction rate (w). The earliest is the 

Bray-Moss-Libby (BML) model (1985), which is based on the flamelet concept for 

premixed turbulent combustion. The model is based on the progress variable `c' that 

is defined as the normalised temperature or normalised product mass fraction 

c= (T-Tu)l (Tb-T�) or c= Yp YP, b 
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where b and u refers to burnt and unburnt states. The model assumes that the 

combustion system is either in chemical equilibrium or in the unburnt state and the 

intermediate states are highly improbable which implies the fast chemistry limit. 

Bray and Moss (1977) initiated the Bray, Moss and Libby (BML) model by 

assuming the progress variable to have a beta function distribution, which is a delta 

function at 1 and 0. The mean burning rate is given by 

ýN') = wf'Y (2.4) 

where "y is the mean crossing frequency between burnt and unburnt state and wf is 

mean mass rate of creation of product species per flamelet. One method of 

formulation is to define the instantaneous progress variable as a time series square 

wave at a fixed location. By computing the autocorrelation of the progress variable 

the characteristic time scale is given by 

T= g<c>(1-<c>)/ -Y (2.5) 

where g is a constant with value of unity for the gamma-two distribution and of two 

for the exponential distribution, and <c> is the mean progress variable. 

Applying (2.5) in (2.4) we get 

(w) = wf g<c> (1-<c>)l T (2.6) 

The mean creation of product can be written as 

wf =(fw (t; x)dt) (2.7) 

where w(t; x) is the instantaneous rate of creation of species at a spatial location x and 

the symbol () implies conditional averaging within the flamelets. The above equation 

is rewritten in terms of flamelet speed V(x, t) 

wf= ((1/V(x, t)) fw (z; x)dz) (2.8) 

where x is a point in the flamelet, z is a coordinate axis passing through x and normal 

to flamelet surface and V(x, t) is the component of the flamelet speed along z at a 

particular instant of time. 
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The mean of the reaction rate integral is given by 

(fw(z; x)dz )=pS1Jo (2.9) 

where p� is the reactant density, Sl is the unstretched laminar flame speed, and I. is a 

correction for stretch effects. 

Applying (2.8), (2.9) in (2.6) and putting V(x, t)=(81/tL) we get 

(w) = S1pL, Io(tL181) g<c>(1-<c>)/ T (2.10) 

where 8L is the thickness of the flamelet, tL is the crossing time. The quotient T/(tj/lL) 

is the length scale for the mean rate of creation of products. 

Another method of formulation is defining the progress variable as a spatial square 

wave. In analogy with above method, the characteristic length scale is given by 

Ly= g<c>(1-<c>)/ -y where g is constant. 

Applying the above procedure, the reaction rate is given by 

(w) = Si Pu IO(ly/lL) g<c> (1-<c> )/ Ly (2.11) 

where IL is the true flame thickness of the flamelet, ly is the apparent flame thickness. 

The quotient Ly/(ly/1L) is the length scale for flamelet crossing. 

In the flamelet regime (w) can be expressed as the product of mean flamelet surface 

to volume ratio, E, the reactant density , pu, the unstretched laminar flame speed, SLo, 

and a correction for stretch effects, Io 

(w)_I'IPu'o (2.12) 

Equation (2.10), (2.11), (2.12) give three different expression for the reaction rate 

and all are equal provided the unknown time scale and unknown length scale satisfy 

the equation 

T/(tLIO = Ly/(ly/lL) 

Comparing equations (2.11) and (2.12), the flame surface density is given by 

E' g(ly/1L) <c>(1-<c>)/Ly (2.13) 

The above expression is similar to the algebraic model, which is given by 

ý<c>(1-<c>)ILy 
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Gouldin and Miles (1995) and Gouldin (1997) derived a new expression for the 

surface density and flamelet normal distribution based on the geometrical conditions 
in terms of flamelet crossing frequency 

E= y(c)(1-(c))/7B(11/6,, I) 
where -q is the coordinate system that is locally perpendicular to constant c surfaces, 

o,, is the direction cosine which is equal to VN. n1 I and nj is the spatial flamelet 

crossing density along a line in an arbitrary direction, N and n,, are the unit vectors 

parallel to -q and lB is the mean flame brush length. 

Gouldin and Miles (1995) derived an expression for burning rate (w) from first 

principles considering the chemical closure for the mean rate of product formation in 

premixed turbulent flames and also with a smaller number of assumptions. They 

showed that the measurement of burning rate integral can be used as an aid to closure 

of mean reaction rate. They showed that the variation of (w) can be expressed as a 

function of (c) similar to the BML model, where c is the progress variable 

(w) = Cp (c)(1-(c)) (2.14) 

where Cp is related to the reciprocal of either time or length scale . They derived an 

expression for burning rate integral, BT, in terms of flamelet crossing frequency by 

using the above mean reaction rate expression 

BT = AS1Io( I1/IN. n-q 1)^y (2.15) 

where -y is the mean number of flamelet crossing along coordinate system q. 

Gouldin (1996) redefined the burning rate integral in a way that is unambiguous and 

applicable to turbulent and laminar flames, as mentioned earlier. For both laminar 

and turbulent flames, he defined a consumption speed by explicitly considering the 

relation between the burning rate integral and total combustion rate. 

Various attempts to measure the turbulent burning rate or consumption speed will 

now be considered. 
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2.2.1 By Measuring Mass Flux 

Gouldin and Miles (1995) measured the burning rate integral by measuring the 

reactant conditional velocities. They used conditional velocity data from Miles 

(1991) to determine the burning rate integral. Ghenai et al. (1998) used a new 
integral method to calculate BT for several V-type flames. BT was determined by 

integrating over the flame brush for the mass fluxes normal and tangential to <c> = 

constant surfaces. They showed that velocities conditional on reactants alone cannot 

be used with confidence to estimate the mass fluxes in the flamelet regime for 

premixed flames in laboratory burners, and also showed that BT is a weaker function 

of u '/S1, than most data in the literature. 

Shepherd and Kostiuk (1994) calculated the burning rates of non one-dimensional 

premixed flames in divergent flows based on fundamental conservation principles. 

They showed that whether the burning rate is characterised by mass flux or velocity, 

it is necessary to include the effect of mean flame shape and turbulent transport out 

of the control volume. They applied the BT, expression to the specific geometry of 

the stagnation flow. 

Shepherd (1995) studied numerically and experimentally effects of heat release on 

the determination of turbulent burning rate in open premixed flames, especially the 

strain induced in the reactant flow field. He showed that there is flow divergence due 

to heat release and neglect of flow divergence leads to errors in measurement of 

turbulent burning velocity. 

Shepherd et al. (1998) measured burning rate along the centreline of a methane/air 

turbulent Bunsen flame. The burning rate was determined in terms of a consumption 

speed obtained from the axial and radial reactant mass fluxes along the burner axis. 

They showed that the burning rate measured by this method was approximately 40% 

of that from the displacement speed method for this case. 
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Shepherd and Cheng (2001) showed that both the turbulent displacement and 

consumption speeds have linear dependencies on u'/Si for values up to 7.3. For their 

low swirl burner, they showed that the consumption speed is 30% of the 

displacement speed. 

2.2.2 By Measuring the Crossing Frequency - 

Cheng and Shepherd (1991) experimentally studied the influence of burner geometry 

on premixed turbulent flame propagation by investigating turbulent transport, 

turbulence production and burning rate for rod stabilised v-flames, tube stabilised 

conical flames and flames stabilised in a stagnation flow. They found that turbulent 

transport properties are sensitive to the flame geometry but the burning rate and 

turbulence production are independent of burner geometry. 

Bingham et al. (1998) used a laser tomographic technique to directly measure the 

flame surface orientation in premixed turbulent combustion and they compared it 

with data obtained with the independent model of Ghenai et al. (1998), showing 

good agreement. 

2.2.3 By Measuring the Flame Surface Density 

An alternative approach to determine the burning rate is to investigate a scalar field 

like surface density in the premixed turbulent flame zones. Some have modelled the 

flame surface density by exact formulation (Pope 1998, Candel and Poinsot 1990) 

and also empirically (Darabiha et al 1987). Veynante et al. (1994) measured the 

flame surface density in a two dimensional premixed flame stabilised by a small rod. 

They showed that the Bray-Moss-Libby (equation 2.13) closure model provides a 

good description of flame surface density profile for a mean progress variable lying 

between 0.2 and 0.8. 
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Shepherd (1996) measured the flame surface density and showed that the surface 
density for stagnation flames can indeed be fitted by an expression of the form k(c) 

(1-(c)) and hence L�ax can be used to deduce the total reaction rate by integrating 

through the flame. 

Lee et al. (2000) measured flame surface density for turbulent premixed combustion 

on a nozzle-type burner by planar laser-induced fluorescence (PLIF) and image 

processing techniques. They showed that the maximum flame surface density tends 

to show linear dependence on a K-factor which is a function of the integral length 

scale and u 'ISi. They also showed that the flame surface density increases at higher 

ambient pressures due to the decrease in the laminar burning velocity and the length 

scale of flame wrinkling. 

2.2.4 Other Observations on Flamelets 

Kostuik et al. (1999) studied the local scalar statistics of premixed flames in 

turbulent opposed streams and showed that as the mean nozzle exit velocity and the 

turbulence intensity are increased to bring the flame nearer to extinction, the 

individual flame brushes thicken as much by as 50%. 

Chang et al. (2001) measured the spatially resolved parameters for the BML model 

in a premixed CH4-air flame propagating through near-isotropic turbulence in a 

cruciform burner. They also found that the integral length scale of flame wrinkling, 

evaluated along contours of <c>, is almost constant for all values of <c>. Its 

magnitude decreases with increasing turbulent intensities and is much smaller than 

the integral length scale in the unreacted turbulent flow. 

Haq et al. (2002) studied wrinkling and flame curvature of premixed iso-octane and 

methane-air flames ignited in a fan stirred bomb in laminar conditions, and turbulent 
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flow fields at 1 and 5 bar. They showed that the pdf's of flame curvature were 

generally negatively skewed at low turbulence but became more symmetrical as 

turbulence was increased. They also showed that the shape of the pdf's became 

increasingly gaussian with turbulence. 

The above reviews give the basic mechanism of premixed turbulent combustion. The 

turbulent burning velocity has been generally measured for non-planar flame 

geometry, like v-type flames or Bunsen flames where the flame stretch and flame 

curvature play an important role and this may account for the discrepancies between 

the correlations that will now be discussed. 

2.3 CORRELATION OF TURBULENT BURNING VELOCITY 

Most of the correlations in the literature as in the theoretical models listed in Table 

2.2, have shown the dependence of St on u'. First the turbulent burning velocity 

increases with u' in the weak and moderate turbulence regime and this effect is well 

established in numerous experiments (Leuckel et al 1990). The general relation 

between St, and u' is given by 

S- u' q 

Some of the experimental results showed the following relations 

St N u'0.38 (Shy, 2000) 

Sý ui0.67 (Kobayashi, 1997) 

The main physical mechanism in the weak and moderate turbulence regime is due to 

the increase in local flame surface area by turbulent eddies (Damköhler 1947). Some 

of the correlations in the literature use a power law relation between St and u' (Bray 

1990, Bradley et al 1992). But some of the experimental results show that a linear 

relation between St, and u' fits the experimental results well, when the laminar limit 

is explicit: i. e. 
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St u' 
=1+c - S, S, 

where c is a constant. Even though the power law fits the experimental data in the 

moderate turbulence regime similar to the linear law, it breaks down in the weak 
turbulence regime. It doesn't show St = S1 when u'=0. Some of the recent theories 

and experimental results show that in weak turbulence, the relation between St, and 

u' is given by the following relation 

S` 
=1+c 

u 
S, S, 

Some authors have suggested that q=2 (Bychkov 2000, Sivashinsky 1988, Yakhot 

1988), a few others have suggested that q= 4/3 (Kerstein et al 1992,1994) and a few 

have suggested that q=0.5 ([Bray and Peters 1994, Wirth and Peters 1992). 

Kuznetsov and Sabel'nikov (1990) predicted that St is independent of u' in the limit 

u'/S1 -> 0. Cambray and Joulin (1994) in their numerical analysis of the wrinkled 
flame showed that the turbulent burning velocity is independent of u' in the limit 

u'/S1 -' 0 and it is strongly dependent on density ratio (Cambray and Joulin, 1992). 

2.4 FLAME INSTABILITY 

Premixed turbulent flames are affected by different instabilities like the 

hydrodynamic instability and the thermal-diffusive instability. Most of the early 

analysis on stability of the planar flame was by considering only one-dimensional 

perturbations. One of the earlier studies showed flames are unconditionally stable 

(Menkes 1959) but one showed that flames are unstable in a certain region and the 

limit of the region depends on thermodynamics, transport and the chemical-kinetics 

of the system (Rosen 1957). One of the main instabilities at low turbulence intensity 

(u '<S1) is the hydrodynamic instability, which is also called the Darrieus-Landau 

(DL) instability, discovered independently by Darrieus (1938) and Landau (1944). 
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The DL instability is due to the coupling between the flame and flow dynamics 

associated with chemical heat release and density variations. A planar flame will be 

unstable to reactant-flow fluctuations and undergo wrinkling and acceleration if the 
Darrieus-Landau hydrodynamic instability is stronger than any existing stabilizing 
influences which act to suppress flame wrinkling. A freely propagating planar 

premixed flame wrinkles due to flow fluctuation. The reactant flow speed decreases 

(increases) along streamlines approaching the flame in regions where the flame 

surface is convex (concave) toward the reactants, and as the motion of the flame is 

governed primarily by the local reactant flow speed, the flame will tend to become 

more wrinkled, as both convex and concave bulges grow in amplitude, and variations 
in the local reactant flow speed increase over time (Aldredge and Zuo 2001). Hence 

the flame is unstable. Acceleration of the flame is a consequence of the resulting 
increase in flame surface area. The strength of the DL instability increases with 
increasing chemical heat release. However thermal-diffusive effects, resulting in 

non-uniform normal mass flux along the flame front and buoyancy may act to 

suppress flame wrinkling and acceleration in certain configurations. Many authors 
have studied the effect of the DL instability on the burning velocity of laminar 

flames. The flame perturbation is described in terms of wave number, k=21r/ß, where 
X is the length scale of flame wrinkling. The interesting point about the DL instability 

is that the growth of the instability is dependent on k. 

The thermal-diffusive instability is due to a difference between the heat diffusivity 

and mass diffusivity. The part of the flame that is convex to the unburnt mixture acts 

as a local sink for reactants and source of heat. The local gradient at the convex part 

of the flame is steeper than in a normal flame and hence reactant flux and heat flux 

increase. When the thermal diffusivity and mass diffusivity are the same then flame 

temperature remains the same as in a planar flame and the flame is stable. For 

weakly mass diffusive flames (Le>1), the flame temperature decreases and the flame 

becomes stable. For a strongly mass diffusive flame (Le<1), the flame temperature 
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increases, the flame speed is faster than in a planar flame, and the convex part 

increases and results in the thermal-diffusive instability (Williams 1985). 

Joulin and Clavin (1979) investigated the effects of heat losses on linear stability of a 

planar flame. They neglected the density change associated with the heat release and 
investigated only the thermal-diffusive instability. They found two regions: 1) the 

slow region which does not reduce to adiabatic when heat loss goes to zero, is 

always unstable and 2) the fast region where cellular structure appears. 

Bray (1995) discusses the effect of heat release on turbulence and this forms another 

physical mechanism for instability in weak turbulence. Bray et al. (1981) showed 

that with sufficient heat release turbulence increases on passage through the flame 

because of the buoyancy production mechanism arising from the self-induced 

pressure gradient. This mechanism also causes counter-gradient transport. Since 

pressure decreases from the unburnt to burnt sides of a free flame, the pressure 

gradient causes a stronger acceleration of the hot low-density products than of the 

cold, high-density mixture. The differential acceleration results in preferential 

motion of the hot eddy towards the burnt side and thus to countergradient diffusion. 

Motion of the hot eddies and cold eddies relative to each other results in turbulence 

generation and modification. Some factors such as external pressure gradient or 

buoyancy enhance this effect (Khohlov et al 1996, Libby 1989). 

Veynante et al. (1997) studied the 2-dimensional and 3-dimensional DNS of freely 

propagating premixed flames in an isotropic turbulence. They identified two regions: 

1) governed by countergradient diffusion where the flow field near the flame is 

dominated by thermal dilation due to chemical reaction and 2) governed by gradient 

diffusion where the flow field is dominated by the turbulent motion. The BML 

model also shows that counter-gradient diffusion is promoted by low u'/S1 and that it 

is dependent on gas expansion. 
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Veynante and Poinsot (1997) studied the effect of constant acceleration on premixed 
turbulent flames using DNS. They showed that a pressure decrease from unburnt to 
burnt gas results in a decrease of flame wrinkling, flame brush thickness and 
turbulent flame speed and promotes counter-gradient diffusion. A pressure increase 

from unburnt to burnt gas results in an increase in flame wrinkling, flame brush 

thickness and turbulent flame speed and promotes classical gradient diffusion. This 

is in contradiction to Bray et al. (1981). 

Considerable progress has been made in recent years in describing the flame 

dynamics of wrinkled premixed laminar flames. The study of the dynamical 

properties of the wrinkled flame becomes difficult because of coupling between 

hydrodynamics and diffusion processes. This difficulty becomes more intense if the 

wrinkled flame propagates in a turbulent flow. Eckhaus (1961) has shown that a 

wrinkled flame is not only influenced by the shape of the flame but also by the flow 

inhomogeneities at the flame front. The theoretical analysis for instabilities of 

premixed laminar flames has been developed and results are reviewed in various 

papers (Williams 1992, Clavin 1985, Clavin 1994, Sivashinsky 1983). 

Most of the earlier works have studied the flame dynamics purely in terms of the 

diffusion process by neglecting the hydrodynamic process. Some have studied it 

purely in terms of the hydrodynamics by neglecting the diffusion process in which 

gas expansion across the flame surface is neglected. 

2.4.1 Coupling of Hydrodynamics and Thermal-Diffusive Effects 

The first study of the hydrodynamic effect was independently carried out by Darrieus 

and Landau for an arbitrary gas expansion. They assumed that diffusion processes in 

the wrinkled flames are negligible and showed that the instability is mainly due to 

different gas density across the flames. The instability depends on flow velocity and 

transverse disturbance wavelengths. They also showed that flame is unstable to all 
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wavelengths. The first direct experimental measurement of the DL instability was 

published by Clanet and Searby (1998). They used acoustic re-stabilisation to 

produce a perfectly planar flame. Their measured growth of DL instability agrees 

well with theoretical studies. 

Many have solved the flame dynamics by considering both the diffusion process and 

the hydrodynamic process. Markstein (1951,1964) was the first person to couple the 

hydrodynamics and diffusion processes by extending the Darrieus and Landau work. 

He suggested that the effect of the distortion on the flame structure can be 

characterised by a phenomenological constant (Markstein length scale L having the 

dimension of length) that relates the flame propagation speed to the curvature of the 

front. He also showed that small wavelength flames are stabilised by diffusion 

processes and large wavelengths remain unstable due to hydrodynamic effects. 

Sivashinsky (1977) studied the nonlinear analysis of hydrodynamic instabilities in a 

planar flame due to gas expansion (-y). The gas expansion is defined either in terms of 

temperature or density. The gas expansion is given by 

Y=1_Pb 
P� 

By retaining the first term in the expansion of y, he developed an equation for the 

flame front evolution due to disturbance and it reduces to the result obtained from 

purely diffusion processes when 0. He used asymptotic analysis to calculate the 

amplitude of the hydrodynamic flame instability for a laminar flame. 

Michelson and Sivashinsky (1977) analysed numerically the non-linear equation 

developed by Sivashinsky (1977). When gas expansion, y ;; 61, they simplified the 

non-linear equation of flame front evolution to contain a single parameter ß only, 

which is defined as 

ß=0.63(1 +y)-213E(1 +e)-213 
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and c is given by 

Lec - Le 
1-Lec 

where Le, is the critical Lewis number that depends on the physical properties of the 

system and Le is the Lewis number. They showed that at 3=0, flame becomes self- 
turbulising due to spontaneous hydrodynamic instability. When 3>0, the above 

effect is amplified due to thermal-diffusive instabilities and this has been 

experimentally observed under some circumstances (1981). These results are 

presented in the review paper by Sivashinsky (1983). 

Clavin and Williams (1979) analysed the coupling between hydrodynamics and 
diffusion processes. They studied the dynamics of a laminar flame front in weak 
turbulence. They assume that the characteristic length of the wrinkling, A, is much 
larger than the laminar flame thickness, 81, irrespective of gas expansion. They 

deduced an equation for the flame front evolution which contains transverse 

convection, flame relaxation and flame stretch. They used an asymptotic method 

with multiscales to solve the flame dynamics. The asymptotic method confines the 

chemical reaction to a reactive surface of thickness (61/ß'), where ß is the activation 

energy, and the multiscales method separates the flame from the hydrodynamics. 

They showed that the correction to turbulent flame speed involves only mean area 
increases produced by the wrinkling when the analysis is carried up to second order. 

When the analysis was carried up to fourth order, they showed the effect of flame 

curvature and mean stretch on flame speed. 

Linan and Clavin (1985) used a more sophisticated model to study the flame 

dynamics. They used multiple reactions instead of a single reaction, and considered 

one fast chain reaction and two slower chain breaking and chain initiating reactions. 
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Pelce and Clavin (1982) studied the stability of freely propagating premixed laminar 

flames. They extended the Clavin and Williams model for the flame front by adding 
the effect of hydrodynamic feedback and also the gravity effect. They obtained a 

rigorous solution for the stability of the flame front with finite flame thickness. The 

above model is valid in the high activation energy limit, ß-> 0, and in the limit of 
large-scale wrinkling, X>>51. They showed freely propagating flames cannot be 

stabilised in a uniform mixture if Sl >17 cm/s and the flames are stable if Sl <5 cm/s. 
The instability threshold is 5> S> > 17 cm/s and lower threshold for fuel rich mixtures 

and higher threshold for lean mixtures. 

A few workers have derived the non-linear equation for the flame dynamics by 

introducing a non-linear expression for burning velocity, flame stretch and flame 

curvature (Matalon and Matkowsky 1982, Clavin, and Joulin 1983). 

Searby and Clavin (1986) derived an expression for flame displacement amplitude in 

terms of incoming turbulence intensity and wave number (k) using the above 
Williams and Clavin model. They derived the flame movement amplitude for the 

freely propagating downward laminar flame in a weakly turbulent premixed gas 
flow. The flame movement amplitude is a function of Froude number, gas expansion, 
Markstein number and flame wrinkling scale. 
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where a is the flame movement amplitude, Fr is the Froude number, Fr = S, 2/ gö1, 

S1 is the laminar burning velocity, k=21r A and X is the length scale of wrinkling, G is 

the Markstein length scale and w is the frequency. 
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Aldredge and Williams (1991) studied the effect of hydrodynamic instability on a 

turbulent premixed flame using the Williams and Clavin (1983) and Searby and 
Clavin (1986) expression for a flame front with a realistic turbulence intensity, u'/S1, 

as an independent parameter. They evaluated turbulent flame properties. They 

obtained a parametric dependence of turbulent burning velocity on turbulence 

intensity, turbulence length scale, gas expansion, gravity effect,, Lewis number and 

Prandtl number. They calculated the variations in the components of turbulent 

kinetic energies due to the velocities across the flame brush and that there were 

substantial enhancements. This results in complete transfer of fluctuating energy 

from transverse to longitudinal modes downstream of the flame. 

2.4.2 Effect of the DL Instability on Turbulent Burning Velocity 

Many authors have studied the influence of the DL instability on turbulent premixed 

flames. 

Peters et al. (2000) calculated the turbulent burning velocity for corrugated regime 

flames using the Sivashinsky (1977) equation and modifying it by adding gas 

expansion. He has shown that at low turbulence intensity, the turbulent burning 

velocity is overestimated. He attributed this discrepancy to gas expansion. He 

showed that for u'< 3S1, the turbulent burning velocity is 30% more than the actual 

value. 

Kobayashi et al. (1996,1998) measured turbulent burning velocity for lean 

ethylene/air and propane/air mixtures in a Bunsen-type turbulent premixed flame 

stabilised in a high pressure chamber. They varied the pressure from 0.1 MPa to 1 

MPa and also varied u'/Si up to 20. They showed that for ethylene/air and 

propane/air flames, St/Si increases rapidly with pressure for weak turbulence 

(u'/Si<1). The rate of increase for propane flames is smaller than for ethylene flames 

and this is because the flame area increases by hydrodynamic instability at elevated 
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pressure are restrained by the thermal-diffusive instability due to the large Lewis 

number of propane/air mixture. 

Cambray and Joulin (1992) studied unstable premixed flames excited by incoming 

velocity fluctuations by solving the Michelson and Sivashinsky equations for flame 

front shape by means of spectral and numerical integration. They showed that 

omitting the DL instability would under-estimate the mean flame speed when u'<Sl. 

Cambray and Joulin (1994) extended the above analysis to calculate the mean flame 

wrinkling when u'/Si is small. They proposed a scaling law to calculate the 

characteristic length scale of wrinkling at u'/Si < 1. They showed that the DL 

instability mechanism, the effect of wavelength stretching and the mixture properties 

play an important role in selecting the mean characteristic length scale of flame 

wrinkling at small u '/Si. 

Paul and Bray (1996) used the description of Cambray and Joulin to incorporate the 

full flame instability effects in the modified flame surface density model. They 

derived a relation for turbulent burning velocity using the eddy-break model at high 

turbulence and the Cambray and Joulin numerical analysis at low turbulence. 

Preliminary results from the model suggest that flame instability effects are 

important under low intensity turbulent conditions (u'/Si < 1). The domain of flame 

instability for turbulent flames is not clear. They showed that the model predicted 

turbulent burning velocity satisfactorily compared with the experimental data 

(Abdel-Gayed et al. 1987). 

Boughanem and Trouve (1998) estimated the domain of influence of flame 

instabilities on turbulent burning velocity by comparing a characteristic flame stretch 

due to flame instabilities, K1, with a characteristic flame stretch due to turbulent 

eddies, K t. The domain of flame instability is given by K t/ K; <_ 1 and this criterion 

showed that the flame instability are promoted by small values of u'/S1, large values 
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of l/81 and large values of heat release factor r. They used DNS of premixed flames in 

decaying turbulence to test the validity of the model. 

All the above analysis is based on small gas expansion or the limit of zero thermal 

expansion. Recently non-linear theoretical descriptions of the DL instability for large 

gas expansion have been developed (Bychkov, 1998; Bychkov and Liberman, 2000 

and Bychkov et al., 2001). 

Bychkov (2000) proposed a non-linear equation taking into account external 
turbulence and the DL instability with large density variation across the flame front. 

The modelled non-linear equation consists of three theories 

(1) The dispersion relation for the linear stage of the DL instability at the flame 

front of small but finite thickness (Pelce and Clavin 1982) 

(2) The non-linear equation for a curved stationary flame (Bychkov 1998) 

(3) The equation describing the linear response of a flame front to external 

turbulence (Searby and Clavin 1986) 

Zaytsev and Bychkov (2003) used the above non-linear modelled equation to 

calculate the effect of the DL instability on the turbulent burning velocity in 2- 

dimensional flow. They showed that the turbulent burning velocity is enhanced by 

the DL instability. 

Bychkov (2003) analytically derived an expression for turbulent burning velocity by 

considering both external turbulence and the DL instability. He showed that there is 

a strong coupling between the external forcing of the flame fronts by external 

turbulence and by the DL instability. The expression for the normalised turbulent 

burning velocity is given by 

`St max 

213 

S, Ac 
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+ 1.3Ct S In (2.17) 
S, 

c 
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whereX is the maximum length scale of the incident turbulence, k is the cut-off 

wavelength of the DL instability and Ct is a function of temperature. The cut-off 

wavelength of the DL instability is given by 

2, 
c = 27rÖ, 1+0 -(9+1 lnO 

(O-1)2 

H3 
where O= 

Tb 
=1 and Ct = 

160 
l2 T. 1-y [402 +(O +1) 

The analytical expression agrees with experimental results of Lee and Lee (2003) 

and also with Abdel-Gayed et al. (1987). 

Akkerman and Bychkov (2004) extended the Zaytsev and Bychkov (2003) model to 

study the effect of the DL instability on turbulent burning velocity in 3-dimensional 

flow. Similarly to 2-dimensional flow, they show that the turbulent burning velocity 
is increased due to the DL instability. 

2.5 THERMO-ACOUSTIC INSTABILITY 

One of the major problems in designing gas turbines and high performance 

propulsion systems like rocket motors, jet engines and power plant systems is 

combustion instability. Combustion instability fundamentally consists of interaction 

between acoustic pressure and heat release. Combustion instabilities are affected by 

combustion geometry, local heat release, coupling between the fuel line and 

combustion chamber, and the turbulent intensity of the incoming flow. Combustion 

instability is characterised by large scale oscillation of flow parameters. These 

oscillations sometimes may enhance heat transfer to the combustor walls which may 

lead to total loss of the system. In some cases, combustion cannot sustain these 

oscillations, which results in partial or total blow-off. 
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The relation between acoustic pressure and heat release is given by Rayleigh's 

(1878) criterion which states that oscillations may be sustained when the heat release 
is in-phase with the acoustic pressure oscillation. 

I Jp'q'dt >0 
T 

where p' is the pressure fluctuation, q' is the heat release fluctuation and t is the 

time. Combustion instabilities are a result of resonant interaction between many 

physical parameters. 

Combustion instability becomes the important topic during the development of 

rocket motors and jet propulsion engines and numerous studies have been carried 

out. 

Another major combustion system that is affected by combustion instability is the 

gas turbine power plant. Gas turbines are widely used in cost-effective energy 

production. In order to achieve higher cycle efficiency, gas turbines are required to 

operate at higher firing temperatures and higher operating pressures. Higher firing 

temperature enhances the production of NOx. Stringent emission standards have 

codified the limit for emission of NOx from gas turbines. NOx emission from gas 

turbines can be reduced by decreasing the flame temperature in the combustion 

region by altering the fuel distribution or by adding catalyst. Lean premixed 

combustion is now accepted as the standard approach to reduce NOx emission. Lean 

premixed combustion operate in a condition where flame temperature is reduced, 

thereby reducing NOx and CO emissions. The problem in lean premixed combustion 

is that it operates near the lean flammability level, which can lead to sudden flame 

extinction. Also in lean combustion a small variation in fuel/air ratio can lead to 

variation in heat release. When these variations couple with an acoustic mode, 

pressure oscillations occur with frequencies ranging from hundred to thousands of 

Hertz. These oscillations sometimes quench the combustion, and sometimes damage 

the combustor. 
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Experiments have been carried out in a variety of configurations, indicating that 

instabilities are related to unsteady flow in the combustor. It is important to study the 

flame responses to perturbations and its coupled motion in acoustic fields. Some of 

the main interactions that are occurring inside the combustors are acoustic flame 

coupling, unsteady strain effects on premixed and diffusion flames, flame/vortex 

interaction, and interaction of perturbed flames with boundaries and inhomogeneities 

in compositions. 

Lawn and Polifke (2004) reviewed a number of possible mechanisms of acoustic 
interaction with flames and found three mechanisms to be most important. The three 

important mechanisms are direct influence of the velocity and the turbulence on the 

flame wrinkling, coherent vortices shed from the burner exit, and equivalence ratio 
fluctuations. 

2.5.1 Flame Acoustic Coupling 

The flame response to incident perturbation is characterised by a transfer function 

relating the flow velocity modulations to the heat release fluctuations. 

Bloxsidge et al. (1988) studied the response of a confined stable premixed flame to 

weak harmonic sound waves. They found that unsteady heat release can be related to 

the velocity fluctuation at the flame holder. They developed a linear empirical 

formula which describes the relation between the heat release and flow perturbation 

at the flame holder. They checked the model with the experiments of Langhorne 

(1998). 

Langhorne (1988) studied the response of confined premixed flames stabilised on a 

gutter to periodic oscillations. He showed that at low Strouhal number, defined as the 

ratio of the frequency times the radius of the gutter to velocity at the gutter, the phase 

between the heat release and the acoustic velocity decreases. With increasing 

Strouhal number, the phase difference remains constant. 
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Dowling (1997) extended Bloxidge model to include non-linear effects. The theory 

exploits the fact that the main non-linearity is in the velocity field and hence in the 
heat release rate. She showed that the main non-linearity in the oscillation of the 
flame burning in a duct is due to saturation in the heat release rate. 

Boyer and Quinard (1990) analysed the dynamics and the shape of a V-type 

premixed laminar flame subjected to acoustic excitation. They assumed constant 
laminar burning velocity and also neglected hydrodynamics effects due to thermal 

expansion (DL instability). They derived the evolution of the flame front for V- 

flames in terms of the growth rate of a flame wrinkling perturbation (a) by linear 

approximation. The flame dynamics is studied as the sum of wrinkles convected 

along the flame and of the wrinkles locally induced by the flow. They showed that 

when o=0, the imposed acoustic field induces sinusoidal wrinkling of the flame front 

with wavelength inversely proportional to the frequency and the amplitude of the 

wrinkling inversely proportional to square of the angular frequency, W=27r/f. For a 4, 

they derived a relation in terms of the displacement of flame associated with the 

acoustic velocity both with phase lag and out of phase. They concluded that 

propagation and deformation of the flame by the acoustic velocity is non-local. 

Fleifil et al. (1996) developed the analytical model to describe the dynamic response 

to velocity oscillation of a laminar premixed flame stabilised on the rim of a tube, 

assuming the laminar burning velocity to be constant. They imposed both uniform 

and non-uniform velocity oscillations. They showed that the magnitude of the heat 

release perturbation and its phase with respect to acoustic velocity depends primarily 

on the flame Strouhal number, defined as the ratio of the dominant frequency times 

the tube radius to laminar burning velocity. They showed that as the frequency is 

increased, the flame wrinkling increases. At low frequency, the laminar burning 

velocity, S1, changes the flame shape rapidly to a form that resembles the steady 

flame shape without any time delay. Hence the magnitude of the transfer function is 

1. At high frequency, the flame response by the action of S1 is very slow and hence 
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the magnitude of the transfer function is small. They showed that high frequency 

perturbations pass through the flame, while low frequencies lead to strong response. 
Dowling (1999) studied the response of premixed turbulent ducted flames to acoustic 

waves by considering time invariant turbulent flames. She assumed negligible 
density change across the flame surface and a linear law similar to Bloxidge et al. 
(1988). She developed a linear model to predict heat release, for small velocity 

amplitudes. The model agrees well with the experimental results of Langhorne 

(1988). For large velocity amplitudes, the flame is distorted and propagates upstream 

of the flame holder. 

Ducruix et al. (2000) derived an expression for the transfer function for laminar jet 

flames by using the assumption of Fleifil et al. (1996) and extending the model to 

account for any flame angle. The model indicates that the amplitude and the phase of 

the transfer function may be represented as a function of reduced frequency, 

w'= 
R(o 

cosa where R is the radius of the tube and a is the half angle of the steady S, 

flame cone. They showed that the experimental and theoretical magnitude of the 

transfer function agree well. The measured phases agree well with the model at low 

frequencies, but with increasing frequencies, the phase difference between the 

velocity amplitude at the burner exit and the heat release fluctuation integrated over 

the flame is greater than 2ir, whereas the analytical model showed 7r/2. 

Schuller et al. (2003 a) derived analytically a unified model to predict transfer 

functions for both conical and V-flames. The model is based on a linearisation of the 

flame equations for an inclined flame, including the convective effects of the flow 

modulations propagating upstream of the flame. Similar to the above model, they 

showed that flame dynamics is governed by a reduced frequency and the ratio of the 

flame burning velocity to the mean flow velocity, S1/U or equivalently the flame 

angle, a, with respect to the flow direction. They showed that the convective model 

improves results for the gain and the phase, which now agree with numerical 
55 



simulations and experiments. They showed that a conical flame behaves like a low 

pass filter and it is less sensitive to the amplitude of the incident velocity oscillations. 
In contrast, V-flames are sensitive to moderate velocity amplitudes and for some 
frequencies they act as amplifiers. 

Schuller et al. (2003 b) investigated the self-induced instabilities of laminar 

premixed flames stabilised over an annular burner. They developed a method to 

determine the stability map of these systems using the response of both the burner 

and the flame to forced oscillations of the flow. The natural unstable motion of the 

flame was analysed by measuring velocity fluctuations at the burner outlet, pressure 
fluctuations inside the burner and variations of the spontaneous light emitted by the 

flame. They calculated the transfer function using the flame's response to forced 

oscillations of the flow at the burner outlet. They showed that pressure is the driving 

mechanism that leads to self-sustained oscillations of the flame front and it is 

produced by strong variations of the flame's surface area due to cyclic annihilations 

of neighbouring elements in the flame front. During the collapse of large portions of 

the flame, a pressure pulse is released, which when properly phased with the burner 

acoustics, leads to resonance. They showed that self-induced oscillations can be 

examined by breaking the problem into burner acoustics and flame response to flow 

oscillations. To sustain self-induced oscillations, the flame must release more 

acoustic energy to compensate for acoustic losses. 

Laverdant and Thevenin (2003) investigated the interaction of H2/ 02/ N2 with a 

Gaussian acoustic wave (negative pulse) in a 2-D compressible flow using DNS. 

They observed amplification of acoustic pressure in all zones where chemical 

reactions are associated with sufficient reactant mass fractions and heat release. They 

also observed reflection, transmission and scattering of the acoustic waves. 
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2.5.2 Flame Vortex Interactions 

In many unstable combustion situations the flow features large scale organised 

motions with the appearance of coherent periodic patterns. Vortex structures drive 

various combustion instabilities. Ignition and delayed combustion of these structures 
feeds energy to the oscillations. The unsteady rate of conversion of reactants in the 
flow and the amplitude of the pressure wave resulting from the burning of the vortex 
is governed by the vortex roll-up. Many have studied flame vortex interactions. 

Sinibaldi et al. (1998) studied the effect of a laminar toroidal vortex on an 

unstretched laminar flame. They measured the displacement velocity which is the 
difference between the local flame velocity and reactant velocity, by PIV and high 

speed shadowgraph. They measured the local flame velocity by measuring the 

distance and time between the flame profiles in five superimposed shadowgraph 
images. The reactant velocity is calculated from the PIV. They showed that flame 

curvature plays an important role in determining the flame displacement speed. They 

also showed that displacement speed varies from 0.7 to 5.25 times the unstretched 
laminar burning velocities. 

Schadow and Gutmark (1992) reviewed the research programmes related to the 

driving mechanism of dump combustors. They discussed combustion instability in a 

variety of dump combustors and bluff-body flame holder geometries. All the 

experiments showed that large scale vortices were associated with the combustion 

instabilities. The cold flow experiments showed that the vortex roll-up is related to 

the Kelvin-Helmholz instability. From all the studies they suggested that the mixing 

layer rolls up to vortices which burn and releases energy. This release is periodic in 

nature and attains maximum when the vortices break down to small scale turbulence. 

They suggested that by changing the combustor geometry, the combustion instability 

can be controlled. 
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Roberts and Driscoll (1991) studied the fundamental interaction process between a 
laminar premixed flame and a single laminar toroidal vortex. Mie scattering 

tomography was used to visualise the flame-vortex interaction. They showed three 

distinct regimes of flame vortex interactions: the `no effect regime' where the flame 

is not disturbed by the vortex, the `wrinkled regime' where the flame is wrinkled by 

the passing of the vortex and the `pocket formation regime'-Where pockets of 

products are formed when the vortex passes through the flame. They showed that the 

small vortices are more likely to disturb the flame than the larger one having the 

same vortex strength. They also showed that stretch effects play an important role in 

wrinkling the flame. 

Poinsot et al. (1987) investigated combustion instability in a multiple inlet dump 

combustor. They measured the pressure at the inlet of the combustor using a 

microphone. They measured the heat release rate from the phase-averaged images of 

C2 radicals. They showed that when equivalence ratio<0.8, the combustion regime is 

stable. The amplitude of the pressure wave is small and it has a broad band spectrum 

with few discrete peaks. When the equivalence ratio is greater than 0.8, the 

combustion regime is unstable and the amplitude of the pressure wave increases and 

discrete peaks becomes predominant. They also showed that these phenomena are 

not due to hydrodynamic instabilities but due to vortex shedding. 

Muller et al. (1996) examined the magnitude and rate at which the local flame 

responds to unsteady changes in imposed strain rates. They visualised the flame 

wrinkling, stretching extinction of a freely propagating laminar premixed flame by 

PIV. The wrinkling and stretching was brought about by interaction with a 

counterflow toroidal vortex. They showed that the flame requires a long time to 

extinguish by positive stretch. They also showed significant dependence of the flame 

chemistry on negative strain. 
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2.5.3 Unsteady Strain Rates 

The flame response to strain rate is a central issue in laminar flame and turbulent 

flame analysis. Most of the work has been done on the effect of steady strain rate on 
laminar flames. A local time dependent strain rate is produced when there is large 

scale flow oscillation and this will modify the burning rate in the premixed 

combustion. 

2.5.4 Inhomogeneities in composition 

Experiments suggest that instabilities in lean premixed combustors may sometimes 
be driven by perturbations in the fuel air ratio. 

Lieuwen and Zinn (1998) developed a model which showed that equivalence ratio 

plays an important role. In their model they showed that a positive pressure 

excursion produces a decrease of the fuel supply, which causes a negative 

perturbation in the equivalence ratio, which is convected by the flow to the flame. 

This produces a heat release perturbation and, if properly phased with the pressure, 

can be amplified 

Lee et al. (2000) studied equivalence ratio oscillations in a lean premixed dump 

combustor. They measured the equivalence ratio using an infrared absorption probe. 

They measured the heat release from the chemiluminescence emissions and showed 

that equivalence ratio oscillations contain harmonics of the heat release and pressure 

oscillations. 

2.5.6 Combustion Instabilities of Flame Propagating in a Tube 

Searby and Rochwerger (1991) developed the stability diagram for a laminar flame 

propagating downwards inside a tube with one end closed. They calculated the 
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stability diagrams based on the Clavin-Williams model of the flame as a thin, 

propagating interface separating cold reactants from hot products, the dynamics of 

which are influenced by gravity as well as by gas expansion and differential reactant 
diffusion. They used the Searby and Clavin (1986) result for the flame displacement 

amplitude for a wrinkled flame in weak turbulence. Searby and Clavin had obtained 

an equation for local evolution of the fluctuating flame front in, terms of incoming 

turbulence by coupling reaction and diffusion phenomena with hydrodynamic 

effects. 

[(iw)2 A, + iwB1 + Cl ]a(k, w) = ue (k, w) (2.18) 

The coefficients A 1, B1 and Cl are given by 

Ar = (2-Y)+Yk(Ma-J/Y) 

Bf =2k+ 
2 

k2(Ma-J) 
1-y 

Cf =y k- y k2 1+1 y(Ma-J/y) +y k3 hb+(2+y)Ma-2J+(2 Pr-1)H 
Fr 1-y Fr 1-y yy 

where Ma is the Markstein number, Pr is the Prandtl number, Fr is the Froude 

number, 0=T 
T° 

is the normalized temperature, b and u are the burnt and unburnt Tb-Tu 

gases, h(O) is the ratio of the thermal diffusivity multiplied by density at temperature 

0 to its value in the unburnt gases, hb is the value of h(6) in the burnt gases. 

YI h(O) 
ae 

1-y 
J 

0 +ey 
y 

H= J(hb 
- h(B))dO 

0 

Bychkov (2000) derived the solution for the stability of equation 2.18. The solution 

gives the critical velocity ratio (üp/S1) ahead of the flame for the saturation of primary 

acoustic instability (suppression of DL instability), and the critical velocity ratio 
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(üýSi) for onset of secondary instability. The critical velocities for primary and 
secondary oscillations are 

up 2AC /JDRi 

S, DC 
(2.19) 

us 
FB 

Awe (6/ S1)Z + 4(C - RiD 2 
2.20 

S2w(6l / Sl )D 
) 

where Ri = 
gb' is the Richardson number and g is the acceleration due to gravity. S, 

Figure 2.2 gives the stability diagram for a methane air flame at 0=0.85. The figure 

shows the critical primary and secondary velocity amplitude for different reduced 

wave number computed using the above equations. There are three regions: the 

primary instability regime, the planar flame regime and the secondary instability 

regime. The flames in the primary instability regimes are wrinkled and unstable due 

to the DL instability. As the amplitude of the acoustic velocity is increased, the wave 

number which generates the DL instability decreases. Beyond the critical velocity 

amplitude (üp), the DL instability is inhibited by the acoustic velocities and the flame 

becomes planar. As the velocity amplitude is increased still further beyond the 

critical velocity amplitude (z i, ), cellular flames are formed oscillating with a 
frequency which is half of the acoustic frequency. In some cases both primary and 

secondary instability regions overlap. 

Vaezi and Aldredge (2000) studied the influence of premixed laminar flame 

instabilities on burning velocity and flow field properties upstream of the flame in an 

annular passage with bottom end closed. The axial and circumferential velocities 

were measured with an LDV. They identified the four regions described by Searby 

and Rochwerger (1991). They showed that the primary and secondary instabilities 

influenced the burning velocities and flow field in their passage. 
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Vaezi and Aldredge (2000 b) studied the influences of acoustic instabilities on 

premixed turbulent flames in a Taylor-Couette (TC) combustor, formed by rotating 

the inner wall of their annulus They found that the existence of pre-ignition 

turbulence in the combustor (generated by rotation of the combustor-cylinder walls) 
does not eliminate acoustic instabilities,. However, as the level of pre-ignition 

turbulence is increased, the influence of the secondary acoustic instability on the 

turbulent-flame speed becomes insignificant. 

Bychkov (2002) has derived an expression for the amplitude of the turbulent flame 

wrinkling subjected to external acoustic oscillation for all wavelengths in the DL 

instability regime. He calculated the ratios of the amplitude of flame wrinkling with 

and without acoustic excitation for different acoustic velocities and showed that this 

was independent of wavelength. He then showed that for a certain acoustic velocity, 

resonance occurs for the amplitude ratios. At that acoustic velocity the turbulent 

burning velocity is increased by a factor of 10-20. He also showed the resonance 

peak changes with the temperature ratio. The ratio of amplitude of the flame 

wrinkling with and without acoustic excitation is 

2 -I 
2 

H2 
2^2 

a2 
= 02 +1)2 +402 

(O -1) u 
_02 -I +402 (2.21) 

2(O+1)SI a 0 

where a and äo are the amplitudes of the flame wrinkling with and without acoustic 

excitation . 

Aldredge and Killingsworth (2004) studied the propagation of laminar premixed 

methane/air flames through an annular flame tube. They measured the critical 

acoustic velocity amplitudes for saturation of the primary thermo-acoustic instability 

and also the onset of the secondary thereto- acoustic instability. They explained that 

Markstein number increases with increasing equivalence ratio, which results in 

growth rates of the secondary thermo-acoustic instability for rich methane/air 
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mixtures that are lower than for lean mixtures with the same laminar burning 

velocity. 

2.6 SUMMARY OF THE AVAILABLE INFORMATION 

The literature survey gives the measurement of turbulent burning velocity for 

different flame geometry. There is a huge spread in the displacement velocities 

reported in the literature and this is due to different flame geometry and 

measurement error. There are few measured turbulent burning velocities at u'/S1 <1 

and these values do not agree with the correlations which are valid at u'/S> >1. Flame 

instability theories try to explain the discrepancy in the turbulent burning velocity in 

the region u'/Sl <1. 

Most of the flame/acoustic study has been done for the laminar flames. Some of the 

theories suggest that flame acts as a low pass filter. Most of the theories assumed that 

the laminar burning velocity is constant during the flame/acoustic interaction. Some 

studies have been done on the flame/acoustic interaction for a premixed flame and 

they have measured boundaries for different instabilities. These studies do not give 

quantitative information about the response of the flame to acoustic excitation, but 

explain the cause of flame acceleration in different regions. There are some 

measurements of mean turbulent burning velocity with acoustic excitation. 

63 



10000 

1000 

100 

U'ISI 

10 

1 

I 

Da=1 

Well-stirred 
Reactors Distributed 

Reaction 
Zones 

Ka., =1 

Corrugated flamelets 

Laminar 
flames Wrinkled flamelets 

sec=1 

I1 
vl 1 10 100 

1/9, 
1000 10000 
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Turbulent burning velocity Flame Turbulence Reference 
correlation configuration/burner generator 

St = u' Natural gas- air mixture Flame generated Karlovitz 
(low turbulence) and acetylene-air mixture turbulence (1954) 
St = [2u '/S1] 112 [ 1-S] /u '{ 1- in a Bunsen burner 
exp(-u '/Si) }] 1/2 
(intermediate turbulence) 
St =' (u 'Si) 
(high turbulence) 
(ScIS 02 = 1+0.25(u'l/ Si 81)2 Premixed propane-air Grid Ballal and 
(low turbulence region) mixture in a duct Lefebvre 
St= 2u' (1975) 
(intermediate region) 
(St/S1) = 0.51(u'6i/Sim) 
(high turbulence region) 

St/ S1= 3.788(RI)0'2388 Methane-air, hydrogen-air High speed fans Abdel-Gayed 
mixtures in a explosion and Bradley 
bomb (1976) 

u'Ju' = 0.62(St/Si)1(u'/S5) ' Premixed propane-air Grid Ballal (1979) 
(low turbulence region) mixture in a duct 
u'C/u' = 0.5St/Si 
(intermediate region) 
u', /u' = 4(St/Sl)/(u'/Sl)1.5 

(high turbulence region) 
St/S1= {1 

. 34R1 ' u'/SI [1_ Methane-air, hydrogen-air High speed fans Abdel-Gayed 
exp(-3.178 R1-0.5u'/Sl)]+ mixtures in a explosion et al. (1980) 
10.9R10.22u "Si [ 1-exp(-0.391 bomb 
RI-0.25 '/so] 0.. 5 

S/St= [I - Methane-air, hydrogen-air High speed fans Abdel-Gayed 
exp(0.2(tk/za)o. 75]o. s mixtures in a explosion et al. (1987) 

bomb 
St = 0.875uK Methane-air, hydrogen-air High speed fans Bray (1990) 

mixtures in a explosion 
bomb 

St = 0.88u'(KLe)- ' Methane-air, hydrogen-air High speed fans Bradley et al. 
mixtures in a explosion (1992) 
bomb 

St/SI=1 +0.06Ret ' /(u '/S5) ' Methane-air mixture in a High speed fans Shy et al. 
cruciform burner and perforated (2000) 

plates 
Table 2.1. Experimental turbulent burning velocity correlations. 
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Equation Main assumption/technique Reference 

St /S1= 1+(u'/ Si) Formulation of kinematic Clavin and Williams 
aspects of flame wrinkling (1979) 
and of the consequent 
influence on the speed of 
turbulent flames 

St / SI = 3.5(u'/ S00.7 Simplified model of Klimov (1983) 
turbulence characterised by a 
single length scale and a 
single velocity scale 

St / Si = 2.1(u '/ Si) Monte Carlo simulation of a Pope and Anand 
modelled transport equation (1985) 
for joint pdf of velocities and 
a reaction progress variable 

St / S1= (u '/ Si) Fractal flame surface with Peters (1988) 
outer cutoff L and inner cutoff 
Gibson scale, LG 

St /SI= (u'/S1)o. s R1l. s Pair-exchange model Kerstein (1988) 

St / Si= Ret ' Fractal flame surface with Gouldin(1987) 
outer cuttoff L and inner 

cutoff 'n 
St / S, = exp{(u'/ Si) /(ut/ S1) } Formulation through dynamic Yakhot (1988) 

renormalization group method 

Sr / S1 = 1+ 5.3 u '/Si ' Curve fit to experimental data Liu and Lenze (1989) 

St/Si = 1+0.6(u'1S1) ' Retu . 25 Conceptual model Gulder (1990) 

St = Turbulent burning velocity S1= Laminar burning velocity 

Table 2.2 Theoretical turbulent burning velocity models 
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CHAPTER 3: EXPERIMENTAL ARRANGEMENT 

This chapter describes the experimental apparatus used to measure the turbulent 

burning velocity with and without external acoustic oscillations. The following 

section gives the full description of the apparatus used to measure the turbulent 

burning velocity. 

The turbulent burning velocity is measured for a planar premixed turbulent flame 

stabilised in a conical diffuser with and without external acoustic oscillation. The 

flow inside the diffuser is controlled by a high velocity annular wall jet. The 

turbulent burning velocity is equal to the incident velocity for a non diverging 

turbulent flame. In the present study, the turbulent burning velocity is assumed equal 

to the mean cold flow velocity corresponding to the average flame lift-off height. 

The instantaneous flame lift-off height is measured using novel instrumentation that 

utilises the OH chemiluminescence from the flame. The cold flow parameters like 

mean velocity, r. m. s. turbulent velocity and length scale are measured using a hot 

wire anemometer. Turbulence is generated using meshes. The flow is externally 

oscillated using two speakers at an upstream location. The cold flow velocity 

oscillation is measured using the hot wire anemometer. 

The experimental set-up consists of 

1) Main flow section 

2) Annular co-flow and diffuser 

3) Optical instrumentation 

4) Camera 

5) Flow measuring systems 

6) Acoustic system 

7) Motor driven transverse 

8) Computer control system 
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3.1 MAIN EXPERIMENTAL RIG 

Figure 3.1 gives the schematic description of the experimental arrangement to 

measure the turbulent burning velocity. It consists of a main flow path with co-flow 

secondary injection and a glass diffuser to produce a uniform flow of premixture, a 

rotating drum device to measure flame lift-off height, a hot wire anemometer to 

measure cold flow parameters, and speakers to produce external oscillations. 

Figure 3.2 shows the schematic of the main flow inlet. It consists of an expansion 

section, a settling chamber and a contoured contraction. The entire rig is clamped to 

a cast iron rod, which is mounted on a cast iron base. The rig surfaces were checked 

with a spirit level for horizontal and vertical alignment. The dimensions of the 

expansion chamber, settling chamber and contoured contraction are shown in figure 

3.2. 

To obtain a uniform flow at the inlet, perforated plates and mesh arrangements are 

placed inside the expansion unit (described in detail by Burgess, 2000). The 

perforated plates each provides a blockage of 65% and the mesh provides a blockage 

of 44% in the expansion section, and thereby ensures a uniform flow. Honeycombs 

are used as flow straighteners inside the settling chamber. The mesh inside the 

settling chamber provides a blockage of 30%. 

Air for the premixed flow is supplied through the inlet of the expansion section by a 

fan. A uniform flow is produced when it passes through the arrangement of mesh, 

perforated plate and honeycomb in the expansion chamber and settling chamber. 

Fuel is supplied to the settling chamber through a2 mm tube. 

The fuel/air mixture passes through the contoured 10: 1 contraction to emerge with a 

uniform velocity profile and with minimum boundary layer. The end of the 

contraction section is a straight section, where the annular secondary flow section is 
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seated. Wire meshes are placed on the annular secondary flow section for generating 
turbulence in the main flow. 

3.2 ANNULAR SECONDARY FLOW AND GLASS DIFFUSER 

3.2.1 Annular Secondary Flow Section 

Figure 3.3 shows the detailed schematic of the annular secondary flow section. The 

secondary flow is introduced parallel to the main flow. The annular secondary flow 

is used to improve the performance of the glass diffuser. Burgess (2000) has 

designed the secondary flow injection, which differs slightly from system used by 

others (Nicoll and Ramprain, 1970, and Duggins 1980). 

Different arrangements of blockage were designed to give uniform flow around the 

circumference of the injection slot. The best solution was achieved by 12 equally 

spaced holes of 0.5 mm diameter. 

3.2.2 Glass Diffuser 

In the initial experiments, a diffuser made of silica glass was used to stabilise 

premixed turbulent flames. One of the disadvantages in using the silica diffuser is 

that it has to be cooled periodically in order to prevent distortion due to heat from the 

flame. Another main disadvantage is the opacity. In the present study, the flame lift- 

off height is calculated by utilising the OH chemiluminescence from the flame, 

which is in the ultra-violet region. The silica diffuser attenuates the low frequency 

light and that makes the measurement of flame lift-off height by OH 

chemiluminescence difficult for lower equivalence ratio flames. 

In order to improve the opacity at low frequencies, quartz diffusers are considered. 

The quartz has a high melting point and offers high light transmission at low 
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frequencies. The main disadvantage is the cost and time taken for manufacturing the 

diffuser. 

For the present study, Lab Plant Ltd manufactured a quartz glass diffuser. The 

diffuser is 145 mm long. The inlet diameter is 58 mm, which fits exactly with the 

secondary co-flow system. The outlet diameter is 125 mm and the thickness is 2 mm. 

A circular collar made of Perspex material is attached to the outside of the diffuser so 

that the diffuser fits to the annular secondary co-flow system. 

3.3 OPTICAL INSTRUMENTATION 

Novel instrumentation was developed to measure the flame lift-off height utilising 

the OH chemiluminescence from the flame. The new type of instrumentation is 

called the rotating drum detector. The rotating drum detector consists of a hollow 

cylindrical drum, a piano-convex lens, a photodiode and an amplifier circuit. 

3.3.1 The Rotating Drum 

The hollow drum is made of Teflon with a thickness of 2 mm. The diameter of the 

drum is 50 mm. Figure 3.4 (a) and (b) shows a schematic of the rotating drum 

detector. Six horizontal slits are engraved in the drum as shown in figure 3.4 (a), to 

allow the UV radiation from the flame to fall periodically on the photodiode. The 

angle between the slits is 60°. The angle between each slit can be changed to 120° by 

closing alternate slits. The slits are 20mm long and 1 mm wide. The slits are 

engraved on the drum such that distance between the two ends of the drum and the 

slit are equal. One end of the hollow cylinder is blocked and the other end of the 

drum is open. In the closed end of the drum, a small groove is made at the centre of 

the drum in order to fit the drum to the spindle of the motor, as shown in figure 3.4 

(a). The open end of the drum is covered by a removable Teflon lid. A small hole is 

made at the centre of the lid for the photodiode holder to be slipped into the drum. 
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The drum is rotated using an Escape DC motor. The motor speed can be varied and 
the maximum speed of the motor is 9000 rpm. 

The photodiode is placed at the centre of the drum as shown in figure 3.4 (a). An 

optical band pass filter centred on 307 nm is placed before the photodiode so that 

only emission from the excited OH radical is collected. A bi-covex quartz lens of 
50.8 mm focal length is used to converge the UV signal from the flame onto the 

photodiode. The lens is placed in front of the drum and the distance between the lens 

and photodiode is 45 mm in order to have minimum spherical aberration as 
determined experimentally. The photodiode, the drum centre and the lens centre are 
in the same line. A window 22 mm long and 40mm wide is placed before the lens so 
that the slots collect UV signal from 22 mm of axial distance up the axis. The raw 

signal from the photodiode is amplified and acquired through an ADC converter. 

3.3.2 The Photodiode Amplifier 

The amplifier is constructed by considering the main requirement that high gain is 

needed for the photodiode to detect the OH signal from the flame. To produce a large 

gain in the amplifier circuit, a high feedback resistance is required. High feedback 

resistance leads to drift in the output signal because resistance changes with 

temperature. Another draw back is the coupling between resistance and capacitance, 

which forms a low pass filter and reduces the frequency response of the circuit. 

This amplifier uses a differential input. The main advantage in using a differential 

input is that the output from the amplifier is the difference between amplified inputs. 

Any stray electrical noise and temperature drifts will be cancelled because both the 

inputs have the same gain. This amplifier circuit consists of three operational 

amplifiers, resistances and capacitances as shown in figure 3.5. The amplifier circuit 

is based on the circuit discussed by Greame's (1996). 
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The amplifier circuit consists of two stages. In figure 3.5, the signal from the 

photodiode is given as inverting input to the two operational amplifiers, Al, A2. 

Both amplifiers haves equal but opposite gains because of matched resistances R1 

and R2. Amplifier A3 amplifies the amplified signal. The capacitances Cl, C2 across 
the resistances R1, R2 effectively remove the oscillations generated due to high gain. 
The overall gain of the amplifier for the component values is 2x 1011 A/W. 

Components Value 

A1, A2, A3 Operational amplifier 

R1, R2 Resistance at the first stage 

R3, R4 Resistance at the second stage 

R5, R6 Output resistance 

Cl, C2 Input capacitance 

C3, C4 Output capacitance 

D1 Photodiode 

3.4 CAMERA 

Flame images are captured using a Kodak EM high speed camera loaned from 

EPSRC Engineering Instrument pool. The camera system consists of a 3-stage image 

intensifier, video recorder and a computer to store the images. The 3-stage image 

intensifier gives 10 stops of extra light gain. The maximum speed of the camera is 

1000 fps with an exposure time of 1 ms. 

3.5 FLOW MEASURING SYSTEM 

Fuel for the mixture is supplied from BOC bottles. Chemically pure methane and 

ethylene were burnt. Two different ways are followed for supplying the fuel for the 

experiments. The first method is by supplying the fuel to the settling chamber of the 
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main rig through a2 mm tube. The tube is made of stainless steel. This set-up was 
designed before the introduction of external acoustic oscillation. The tube length is 

equal to the diameter of the settling chamber and the settling chamber wall closes 

one end of the tube. For the fuel to be uniform, 10 holes of 1 mm diameter are made 

on the tube. For the fuel to mix completely, the fuel tube is placed upstream at 370 

mm from the inlet to the diffuser. The holes are 25 mm apart. The holes are placed 
inside the settling chamber such that they face the main flow. This set up is designed 

such that the fuel is decelerated by the main flow and complete mixture of fuel and 

air takes place before the inlet. The fuel flow is controlled by a pressure regulator, 

which is fitted to the bottle. The fuel is supplied to the settling chamber through a 
C. T. Platon rotameter with flow controller that measures the volumetric flow rate. 
The flow meter is calibrated for methane at 15 °C and 101 kN/m2. The methane flow 

meter is used to measure the volumetric flow rate of ethylene. The actual flow rate of 

ethylene is converted by taking the density of the actual fuel and calibrated fuel. The 

volumetric flow rate of gases measured using a gas flow meter calibrated for another 

gas is given by 

Qactual = Qcalbrated CR 

where CR is the correction factor which is given by 

CR = 
P4a'bra`ea 
Pactuai 

where Pcalibrated,, Pactual are the density of the indicated and actual gases. 

Hence the volumetric flow rate of ethylene that is measured using the methane flow 

meter is given by 

Q 
ethylene 

Q 
methane 

methane 
ethylene - methane P 

ethylene 
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For the second type of design, when there is externally excited acoustic oscillation, 
the fuel is supplied to the mixture through a separate chamber, called the mixing 
chamber. The mixing settling chamber is located upstream of the speakers. This 
design is developed so that there is high impedance between the speakers and the 

mixture chamber. The mixing settling chamber is a brass cylinder of diameter 300 

mm and height 500mm. One end of the settling chamber is connected to the air 

supply through a flexible tube. The other end is connected to the expansion chamber 
through a wooden box. Wire meshes are placed inside the settling chamber so that 
fuel and air should mix completely. Near the air supply end, a 2mm stainless steel 

pipe is used to supply fuel to the settling chamber. 

Air for the main flow is supplied by a Mini Box fan. The fan was manufactured by 

Woods Fans. The fan speed can be controlled to give the desired flow rate. The 

maximum flow rate that can be obtained with maximum fan speed and without any 

pressure loss is 800 lpm. But for the present experimental setup, the maximum flow 

rate that can be obtained is 342 lpm with maximum fan speed, which corresponds to 

the diffuser inlet velocity of 2.4 m/s. Air from the fan is supplied to the main rig 

through a 50 mm diameter flexible tube. 

The volumetric flow rate of the main flow is measured using an orifice plate, which 
is placed upstream of the fan. The orifice diameter is 24 mm. The volumetric flow 

rate is measured by measuring the pressure differences across the orifice plate with a 

micro-manometer pressure transducer. The pressure transducer measures a maximum 

pressure difference of 200 N/m2. The volumetric flow rate is calculated from the 

following equation. 

Q= CdE2A 
4o 

P 

where Cd is the discharge coefficient, Ap is the pressure drop across the orifice plate, 

A is the orifice area, E is the velocity approach factor and p is the density. 
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1 
E_ 

cl-i°) 
where ß is the diameter ratio. 

The maximum velocity that can be measured using the micro-manometer is 2 m/s. 

For measuring the flow velocity equal to 2.4 m/s, aU tube water manometer is used. 

The U tube manometer is placed in a wooden support and scales are engraved in the 

wooden support for measuring the height difference. The volumetric flow rate is 

calculated from the following equation 

Q=Au 

Air flow for the annular co-flow section is supplied by an air reservoir (2 m3 in 

volume). Air to the reservoir is supplied from the college high pressure line (nominal 

pressure 6.5 bar). Air leaving the reservoir is regulated at 5 bar. The volumetric flow 

rate to the annular co-flow section is measured using a CT Platon rotameter. The 

flow meter has an integrated control valve and a full scale accuracy of 2%. In the 

present condition, high velocity annular co-flow is needed to stabilise planar 

premixed flames. Due to the unavailability of air flow meters for the above range, a 

CO2 flow meter is used to measure the volumetric flow rate of air for the annular co- 

flow section. The volumetric flow rate of air is given by 

PCo2 Qair _- QC02 

Pair 

The air connection between the air reservoir, the flow meter, and the annular co-flow 

section was via a6 mm braded hose with interchangeable fittings. 

3.6 ACOUSTIC SYSTEM 

The external acoustic oscillation is provided by two Kenwood dual cone speakers. 

The speakers have a frequency response of 40 Hz to 20 kHz and maximum power 

output of 110 watts. The speakers have 20 watts RMS power input. They are 
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mounted on opposite sides of a square wooden box, and are properly wrapped in thin 
film so that there is no loss of flow through them. One end of the box is connected to 
the mixing chamber and the other end is connected to the expansion section of the 

main rig, as shown in figure 3.6. In order to avoid the propagation of the acoustic 

waves to the mixing settling chamber, a perforated plate is placed at the entrance of 
the pipe, which connects the settling chamber and speaker box. 

, 

A sinusoidal wave drives the speakers. The sinusoidal wave is generated using a 
Feed Back function generator. The function generator generates sine waves with 
frequencies from 10 Hz to 100 kHz. The amplitude of the wave can be varied from 1 

to 20 Volts. 

The sinusoidal wave is amplified by an LDS PA25E power amplifier. The amplified 

signal is the input to the speaker. It is given by 

AS sin(2ift) 

where AS is the amplitude of the sine wave in volts and f is the frequency. 

The flow velocity oscillation due to the forcing is measured using the hot wire 

anemometer. The hot wire anemometer is calibrated and placed upstream (below the 

mesh) at 90 mm from the inlet to the diffuser, at the centre of the contoured 

contraction section, perpendicular to the main flow. The velocity amplitude inside 

the diffuser is different from that in contoured contraction section and this is due to 

the mesh placed at the inlet of the diffuser and also different area. In order to relate 

the velocity amplitude inside the diffuser to that in the reference position (i. e. 

contoured contraction section), a second calibrated hot wire anemometer is used to 

measure the cold flow velocity amplitude. The cold flow velocity amplitude (üdC) 

inside the diffuser is measured by traversing the second hot wire anemometer axially 
inside the diffuser, and simultaneously the velocity amplitude at the reference 

position is measured using the first hot wire. The ratio of the cold flow velocity 
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amplitudes is used to deduce the velocity amplitude inside the diffuser during 

combustion and it is given by 

Ud - 
(udc) * uh 

Uhc 

where üd is the velocity amplitude inside the diffuser during combustion, h is the ü 

velocity amplitude at the reference position and udc ' uhc are the-cold flow velocity 

amplitudes inside the diffuser and at the reference position. 

Figure 3.7 (a) gives the ratio of the cold flow velocity amplitude inside the diffuser 

(üdc) to the cold flow velocity amplitude at the reference position (ühJ The velocity 

amplitude decay is similar to the ideal decay based on the area ratio. Figure 3.7 (b) 

gives the phase difference between the reference position (below the mesh) and 
different axial distances inside the diffuser. The phase inside the diffuser is 

essentially same as that of the phase at the reference hot wire. So there is no change 
in the phase when the acoustic wave passes through the mesh. 

3.7 MOTOR DRIVEN TRAVERSE 

Two traverse systems are used for the measurements in the present study. The first 

traverse system consists of stepper-motor driven lead screws. The second traverse 

system consists of lead screws which are manually rotated. 

The first is used to traverse the hot wire anemometer for measuring velocity inside 

the diffuser. It has two screws, which are driven independently by two stepper- 

motors. The screws are mounted such that they form a two-dimensional traverse 

system. The screws are mounted in an iron base. A slider is connected to the first 

screw and it moves in the x direction which is along the flow direction. The second 

screw, which is called the radial traverse, is mounted on the slider and it is 

perpendicular to the first screw. The second screw moves in the r direction. An 
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angled support is placed at the end of the radial traverse system through two screws 

that holds the hot wire anemometer probe support. By adjusting the screws, the hot 

wire anemometer can be aligned perpendicular to the main flow. 

The traverse could move 370 mm in the x direction and 100 mm in the r direction. 

The traverse moves with a resolution of 0.0015 mm in the x direction and 0.0025 mm 

in the r direction per stepper motor pulse. Vernier scales are fixed to the mount to 

measure the distance. The reproducibility of the traverse movements in the x 

direction and r direction was found to be 0.1 mm over the full length scale. The 

traverse is fixed to the place. For calibrating the hot wire anemometer, a calibration 

nozzle is aligned near the traverse system. The calibration nozzle is aligned to the 

traverse such that the hot wire anemometer holder can move across the whole 

diameter of the calibration nozzle. For the calibration of the hot wire anemometer, 

the radial traverse is moved in steps of 2 mm. 

The hot wire anemometer is mounted on the end of a 100 mm Dantec 55H21 probe 

support. The angled support holds the probe support through two screws. To ensure 

the probe is vertical, a small circular spirit level is used for alignment. 

The second traverse- is used for traversing the rotating drum device. The rotating 

drum is placed on a platform and the platform is connected to the screw. The traverse 

is mounted on an iron base such that the screw moves in the x direction. A vernier 

scale is fixed to the traverse system for measuring the distance. The traverse can 

move a distance of 110 mm in the x direction. 

3.8 COMPUTER CONTROL SYSTEM 

A Computer Boards CIO-DAS802/16 16 bit analogue to digital (A/D) card is used to 

acquire the analogue voltage signal from the hot wire anemometer, to control the 

traverse system via the stepper-motor control box. 
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The A/D card has 8 channels and 2 digital output channels, with a maximum 

sampling frequency of 100 kHz. The accuracy of the A/D is specified as 0.0015% of 

a reading. The computer controls the A/D card via a software program. The program 

controls the stepper-motor which controls the movement of the traverse and also 

stores raw data at each location. 
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CHAPTER 4: EXPERIMENTAL TECHNIQUES 

The first part of the chapter describes the experimental technique used to measure the 

cold flow velocity, cold flow r. m. s. turbulent velocity and cold flow integral length 

scale inside the diffuser. The calibration and measurement of flow parameters inside 

the diffuser using the hot wire anemometer are discussed. The -second part of the 

chapter describes the experimental technique used to measure the instantaneous 

flame lift-off height utilising the OH chemiluminescence from the flame. 

4.1 HOT WIRE ANEMOMETER 

A hot wire anemometer is used to measure the cold flow mean velocity, cold flow 

r. m. s. turbulent velocity and cold flow length scale at different axial and radial 

positions inside the diffuser. Different techniques such as Laser Doppler Velocimetry 

(LDV) and Particle Image Velocimetry (PIV) have been used by others to measure 

the mean velocity and r. m. s. turbulent velocity. The advantage of using the above 

methods is that they are non intrusive. The hot wire anemometer is used in the 

present study because it is easy to set up, no seeding is required and it is easily 

available. The second reason for choosing the hot wire anemometer is the glass 

diffuser, Laser techniques need high quality optical glass, which is difficult to 

manufacture. 

The hot wire anemometer is a short length of fine metal wire that measures the flow 

velocity by measuring the heat convected away by the flow. For turbulence 

measurements in gases, wires of platinum, platinum-iridium, and tungsten are used. 

Wire diameters of 1 to 5µm are used to measure the turbulence. 

The total amount of heat transferred depends on: 

1) The flow velocity 

2) The difference in temperature between the wire and the fluid 
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3) The physical properties of the fluid 

4) The dimensions and physical properties of the wire 

Consider a wire that is immersed in a fluid flow. Assume that the wire, heated by an 

electrical current input, is in thermal equilibrium with its environment. The electrical 

power input is equal to the power lost by convective heat transfer,. 

12 Rw = hAx, (Tx, -Tf) (4.1) 

where I is the input current, R,, is the resistance of the wire, T, v and Tf are the 

temperatures of the wire and fluid respectively, A,, is the wire surface area, and h is 

the heat transfer coefficient of the wire. The wire resistance Rw is also a function of 

temperature according to, 

Rw = Rrer [l + a(T, v - 
T, 

ef 
)] (4.2) 

where a is the thermal coefficient of resistance and Rref is the resistance at the 

reference temperature Tref" The heat transfer coefficient h is a function of fluid 

velocity u and can be related to it using King's law, 

" h =A +Bu (4.3) 

where A, B, and n are coefficients obtained from calibration. Generally n is about 

0.5. 

Combining the above three equations allows us to eliminate the heat transfer 

coefficient h. From (4.1) and (4.3), 

A+Bu" = 
I2Rw 

Aw(TW -Tf ) 
E2 a 

AWRW((RW - Rref) / Rref 

By rearranging we get, the fluid velocity equal to 

Eta 

AwRw((Rw -Rrej)/Rrej) 

1/n 

(4.4) 

(4.5) 
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There are two types of hot wire anemometer: constant temperature and constant 

current. 

Constant-temperature anemometers are more widely used than constant-current 

anemometers due to their reduced sensitivity to flow variations. Noting that the wire 

must be heated up high enough (above the fluid temperature) to be effective, if the 

flow were to suddenly slow down, the wire might burn out in a constant-current 

anemometer. Conversely, if the flow were to suddenly speed up, the wire might be 

cooled completely, resulting in a constant-current unit being unable to register 

quality data. 

For the experiments, a commercial 5 µm diameter tungsten wire probe (Dantec 

55P 11) was used for cold flow velocity measurements. A constant temperature 

bridge unit (Dantec 55M01) controlled the wire temperature. An overheat ratio of 1.6 

was used in all experiments. A higher over-heat ratio gives greater velocity 

sensitivity but it reduces the probe life due to over heating. The feed back control 

system controlling the wire temperature was electrically optimised using the square 

wave generator provided by the 55M01 unit, to give a frequency response of 25 kHz. 

4.2 HOT WIRE CALIBRATION 

Calibration of a hot wire anemometer requires a large number of points because of 

its non-linear response to the flow velocity. The semi-empirical relation proposed by 

King (1914), equation 4.3, is used for the calibration of the hot wire anemometer 

over a limited velocity range in the form 

E2 =A+Bu" (4.6) 

where E is the bridge voltage. The range of fit is limited to a ratio of maximum to 

minimum flow velocity of 10-20 by the use of a constant value for the exponent, n. 

88 



For calibrating the hot wire anemometer, a uniform flow with known velocity was 

required to plot the bridge voltage against the flow velocity. A low turbulence flow 

with a flat profile was obtained using a contoured contraction located near the main 

rig. The calibration unit is supplied with air from the reservoir. Figure 4.1 is a 

diagram of the calibration unit. The maximum velocity that can be obtained from the 

calibration unit is 3.5 m/s with the available flow meters and with the 30 mm 

diameter nozzle. In order to calibrate the hot wire anemometer up to 20 m/s, another 

contraction was used. This was fitted to the existing nozzle with a 10 mm diameter 

outlet. 

Pratt and Bowsher (1978) used a regulated air supply to calibrate a hot wire 

anemometer over the range of 1 to 16 m/s. They pre-calibrated their nozzle using a 

pitot tube and relied on repositioning a needle valve to return to the required flow 

rate. They found the process to be repeatable to within ±1%. For velocities above 0.6 

m/s a comparable system was used to calibrate the hot wire anemometer. The pitot- 

static pressure was measured using a2 mm diameter pitot-static tube and a micro- 

manometer. 

For very low flow velocity (below 0.6 m/s) fluid viscosity begins to affect the pitot 

static pressure measurements and the pressure becomes too small to be accurately 

measured without special equipment. To avoid errors in velocity measurements, an 

alternative system was devised for calibrating the hot wire at low velocities. 

4.2.1 Calibration at Low Velocities 

Christman and Podzimek (1981) investigated the behaviour of a commercial hot wire 

anemometer (Dantec 55P11) in low velocity air flow. They showed that for vertical 

air flow, in the buoyant direction, the lower limit before natural convection affects 

the result was 0.01 m/s. To measure the lower velocities in the jet and diffuser it 

would be necessary to calibrate the hot wire anemometer down to 0.1 m/s. 
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Generating known low velocity flows suitable for hot wire anemometer calibration 
has been shown to be difficult. Christman and Podzimek used a discharging water 

reservoir to draw air over the hot wire anemometer. Tsanis (1987) and Aydin and 
Leutheusser (1980) attached the hot wire anemometer to a moving sled. But the 

technique of Seifert and Graichen (1982) based on a calibration nozzle, is best suited 

to the current arrangement. 

Seifert and Graichen calibrated their hot wire anemometer for velocities less than 1.5 

m/s using a circular nozzle with known flow rates. Their technique makes no 

assumption as to the shape of the velocity profile. Instead a set of equations that 

relate the King's law response of the hot wire anemometer to the given volumetric 
flow rate were obtained. These equations can be solved when a number of profiles 

are provided. In the present situation, a calibration technique is devised similar to 

that of Seifert and Graichen, but it doesn't rely on Kings law. 

Since the flow rate and nozzle diameter are known, the mean velocity can be 

calculated. However, this calculated velocity is different from that at the centre of the 

nozzle and this is due to the boundary layer. The boundary layer reduces the velocity 

near the wall and results in a smaller effective radius. The reduction in radius is 

referred to as the displacement thickness. The displacement thickness can be 

calculated from a velocity profile at the nozzle exit and can be used to correct the 

mean velocity. 

Given a number of hot wire anemometer traverses at the nozzle exit over a range of 

known flow rates, and assuming zero displacement thickness, an approximate 

calibration curve can be plotted. This allows conversion of voltage profiles into 

velocity profiles. From the velocity profiles, the displacement thickness for each 

flow rate can be calculated and a new, and more accurate, calibration curve can be 

plotted. This procedure can be repeated until the change in displacement thickness is 

negligible. To use this technique in practice a bridge voltage for zero flow was used 
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to obtain a full calibration from zero velocity. A zero flow velocity cannot be 

obtained directly due to natural convection from the wire, and must be eliminated. 
Extrapolation of the voltage profile to the nozzle wall was chosen to estimate the 

zero flow voltage. The velocity profile is assumed to be flat with the boundary layer 

resulting in an effective reduction of diameter. 

Generally, n was equal to 0.45-0.5 and in the present study n =0.5. The hot wire was 

calibrated up to a maximum velocity of 15 m/s. Figure 4.2 gives the calibration 

curve. A single flow meter to cover the entire velocity range was not available, so 

there are three different regions in the calibration chart. In region 1, the velocities are 

calibrated with a nozzle of diameter 30 mm and a flow meter in the range 21/m to 25 

1/m. In region 2, the velocities are calibrated with a nozzle of diameter 10 mm and a 

flow meter in the range 2 1/m to 25 1/m. In region 3, the velocities are calibrated with 

a nozzle of diameter 10 mm and a flow meter in the range 15 1/m to 1401/m. 

4.2.2 Mean Flow Velocity 

The mean velocities, r. m. s. turbulent velocities and length scales are calculated from 

the hot wire anemometer signal. The hot wire signal is acquired at six axial positions 

and at various radial positions by traversing the hot wire. The hot wire signal is 

acquired through an ADC converter for 5 sec at a sampling rate of 12 kHz. From the 

acquired signal at each position, the mean velocity is calculated by averaging the 

hotwire voltage over the time and converting it to velocity using the calibration 

chart. 

E2 

U= 
RW(RW -Rref 

B 

1/n 

(4.6) 
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4.2.3 R. m. s. Turbulent Velocity 

The r. m. s. turbulent velocity is calculated for every position from the hot wire 

anemometer raw data. The instantaneous velocity can be decomposed into 

u(t) =U +u'(t) (4.7) 

where U is the mean velocity and u' is the fluctuating velocity. The average 

fluctuation, i-' , should be zero, but the root mean square (r. m. s) is not zero and 

provides the measure of turbulent intensity. The r. m. s. turbulent velocity is 

calculated using King's law. Differentiating King's law, we get 

2EdE = nBu-'du (4.8) 

For the velocity fluctuation, u', there will be corresponding voltage fluctuation, e' 

which is given by 

E(t) =E+ e' (t) 

Using the instantaneous velocity and voltage, (4.7) becomes 

2Ee' 
u' = 

nBu"-' 

Substituting King's law in the above equation we get 

u'_ 
Me' 

nB 
E2-A 

n-1/n 

B 

Hence, the r. m. s. turbulent velocity is given by 

' 2E e( 
(1) 

u 
nBI 

/n (E 2_ A)(n-1)/n 
4.7 

where u' is the r. m. s. turbulent velocity, Eis the mean voltage, e' is the voltage 

fluctuation, A and B are the constants in the Kings law and n is 0.5 in the present 

experiments. There is some uncertainty in the measurement of flow velocity due to 

non-linear response of the hot wire anemometer. At low flow velocities, the 

uncertainty is high and it decreases with increasing flow velocity. The maximum 

uncertainty due to the non-linearity by considering 80% variation in the flow 

velocity is 5%. 
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4.2.4 Integral Length Scale 

The integral length scale L, is used to characterise the spatial structure of the 
turbulence and represents the size of the large turbulent eddies. The integral length 

scale is defined by the spatial correlation coefficient which can be obtained by 

simultaneously measuring the velocity fluctuation at two different spatial positions in 

the flow. The correlation coefficient is given by 

R= ulul+z (4.10) 
22 ul uJ+x 

where ul and ul+X are the velocity fluctuations at two spatial positions in the flow. 

The correlation coefficient distribution is obtained from correlation coefficients 

calculated with increasing separation. The integral length scale is then calculated by 

integrating the coefficient curve from 0 to oo. 

Instead of using two probes to calculate the integral length scale, a single probe is 

used in the present study to calculate the integral length scale using Taylor's 

hypothesis, which states that turbulence is frozen in space and convected at the local 

mean flow velocity. In this way, the integral length scale is measured by measuring 

the autocorrelation function at increasing time delay rather than separation distance. 

Rr = 
ulul+r (4.11) 

2V2 
u1 ul+ 

where uj and u l+, are the velocity fluctuations at the same spatial position in the 

flow but with a time delay of T. An integral time scale is obtained from the 

integration of this curve between T =0 and co The integral length scale is then 

obtained by multiplying the integral time scale with the local mean velocity. The 

integral length scale is calculated for all positions. Figure 4.3 gives the 

autocorrelation for different axial height. 
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4.3 INSTANTANEOUS FLAME LIFT-OFF HEIGHT 

The instantaneous flame lift-off height is measured using the rotating drum. The 

rotating drum detector consists of a hollow cylindrical drum, a piano-convex lens 

and a photodiode (figure 4.4). Six horizontal slits in the drum allow the UV radiation 
from the flame to fall periodically on the photodiode. The photodiode is placed at the 

centre of the drum and an optical band pass filter centred on 307 nm is placed before 

the photodiode. A plano-convex lens of 50 mm focal length is used to converge the 

UV signal from the flame on the photodiode. 

In order to distinguish between each slit, a small square tab of width 5.5 mm, which 
is fixed at edge of the each slit, is passed through a flip-flop as shown in figure 4.5 

When the leading edge of the tab passes through the flip-flop, it makes the flip-flop 

go to maximum and it becomes zero when the trailing edge of the tab passes through 

the flip-flop. The flip-flop remains zero until the next leading edge of the tab passes 

through the flip-flop, as shown in figure 4.5. The time difference between the two 

rising edges of the square wave is converted to distance: it is equal to the distance 

between two slits. The UV signal from the flame and the slit position that is given by 

the flip-flop signal is acquired simultaneously using an ADC converter. The UV 

signals and the flip-flop signal are acquired at an sampling rate of 10 kHz for 15 

seconds, generating a number of data points in each interval. The maximum integral 

time-scale is 0.1 sec in the present study. The samples are recorded for 15 sec which 

is much longer than this time, in order to acquire an statistically adequate signal. To 

determine the flame lift-off height, the flip-flop time signal is converted into axial 

height. The time between the successive slits in the same position is given by the 

following equation 

TS -1 (4.12) 
DS NS 

where TS is the time for which a slit is exposed to the flame, DS is the drum rotational 

speed and NS is the number of the slits in the drum. 
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For a rotational speed of 1800 rpm, with 6 slits, the time between successive slits is 

equal to 5.5 ms. 

Each point in the square wave corresponds to an angular position of the slit which is 

converted to axial distance from the flip-flop time series and drum speed. The 

number of points is given by the following equation 

Number of points=(Sampling rate)/(Number of slits. Drum speed) 

=1 OkHz/(1800rpm. 6slits)= 55 points 

Hence, the distance between the two rising edges of the square wave is the axial 
distance that is scanned by a single slit. For the drum speed and sampling rate, the 

time difference between each point is lms. 

The axial distance scanned by a slit is given by 

h/2 = y. tan( 012) 

where is 0 is the angle between the slits and y= 45mm is the distance between the 

photodiode and lens as shown in the figure 4.6. The axial distance is given by 

h=2.45 tan(0.5233) = 51.9 mm 
The axial distance scanned by a slit is 51.9 mm and each point in the square wave 

corresponds to 0.92 mm. Since a window of 22 mm is placed before the lens, the 

photo-diode is exposed to radiation from a 20 mm2 slice of the flame once every 5.5 

ms for a period of 2.3 ms. In order to measure the flame lift-off height, the rising 

edge of the square wave is taken as the reference point. The reference point gives the 

distance between the window edge and diffuser inlet, which is hd + hw as shown in 

figure 4.4. Thus the flame lift-off height (h f) is given by 

hf=hd+hK, +h., 

where hd is the distance between the diffuser inlet to the drum base, h, y is the distance 

between the drum base and the window and hX is the distance between the flame 

position and the bottom of the window. The rotating drum is traversed axially and 
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the UV signal from the flame is collected at different axial positions. In the present 

study, the UV signal is collected for every 5 mm of drum axial position. For a steady 

source, a Gaussian signal is obtained when the drum is rotated. A UV beam of 3 mm 
thickness is used as a steady source. The source is placed 300 mm from the lens and 
it is 49 mm above the diffuser inlet. The slit is placed at different axial positions and 
UV signal is collected at all axial positions for 2 seconds. The slit is incremented by 

0.5 mm. The UV signal at every axial slit position is averaged and plotted against slit 

position. Figure 4.7 gives the average signal plotted against the slit position. The 

average signal is plotted after subtracting the average background noise. 

Figure 4.8 gives the UV signal collected from the same UV source for a drum speed 

of 1800 rpm. In the figure, each point is the instantaneous UV signal. In figure 4.8, 

the small square wave is the width of the square tab. The UV signal is plotted after 

subtracting the UV signal from the background noise signal. The IJV source emits at 
100 Hz. Hence, the peaks in Figure 4.8 vary with this frequency. 

Figure 4.9 shows the instantaneous UV signal for a premixed flame with an 

equivalence ratio of 0.95. Mesh 3 was used for generating turbulence and the 

entrance velocity was 2.4 m/s. The shape of the UV signal from the premixed flame 

is similar to the shape of the UV signal from the constant UV source (Figure 4.8), 

which is Gaussian. 

Figure 4.9 is plotted after subtracting the noise from the raw OH chemiluminescence 

signal. Background signals are acquired for every drum axial position (hd) by closing 

the window with the flame in the background. This background signal gives the 

maximum amplitude of the noise. This noise is generated by the photodiode, heat 

radiation from the flame, which affects the amplifier circuit, and vibration noise from 

the drum rotation. The maximum value of the noise in the background signal is 

subtracted from the raw signal and the result is plotted in figure 4.9. 
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In the calculation of the flame lift-off height, the first point that is above the noise 
level in each square wave is taken as the flame base. If the first point is the first point 

above the bottom of the 22 mm window, then that point is not considered to be the 
flame base and flame lift-off height for that slit is not calculated. This is because the 
flame base is below the 22 mm window and the slit collects the 1V signal from the 

whole flame and not from the flame base. The instantaneous flame lift-off height is 

calculated by measuring the distance between the reference point (hd +h,,, ) and the 

first point that is above the noise level (hi). Thus the instantaneous flame lift-off 

height is a function of time t. The instantaneous flame lift-off height is smoothed by 

a 3-point moving average technique. In a 3-point average, the first three points form 

a series and the positions are averaged to give flame lift-off height. The next series 

starts from the second point. In a series where there are no consecutive 3 points, the 

points in that series are not considered for calculating the flame lift-off height. The 

mean flame lift-off height is calculated by averaging the smoothed instantaneous 

flame lift-off height. For a planar turbulent flame, the turbulent burning velocity (the 

displacement speed) can be defined as the mean flow velocity at the mean c surface, 

c =0.5. The mean velocity corresponding to the average flame lift-off height is 

calculated from the hot wire anemometer measurements in the cold flow. 

The instantaneous propagation velocity can be written as 

dh 
=U-St dt 

where U is the flow velocity and St is the displacement velocity. By averaging the 

above equation we get 

an 
dt dt =O=U-St 

where U and Sl are the mean flow velocity and mean displacement velocity. 

Subtracting the above two equations we get 

dh 
dt =u-st 
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where u= U- Cl and Sd = St- S1. 

The instantaneous flame propagation velocity is calculated for all drum positions. 

The instantaneous propagation velocity (dhf/dt) for the smoothed flame position is 

approximated by 

dhf/dt = (hf2 -hfl)/(t2-tl) 
where hf, and hf2 are the smoothed instantaneous flame lift-off heights at time tl and 

t2. The propagation velocity is only calculated when there are two consecutive 

smoothed flame positions. Figure 4.10 gives the instantaneous propagation, dh/dt, 

velocity of all axial drum positions. 

Data in Figure 4.11 can be analysed to yield the probability of finding the flame base 

at different axial positions. As stated in earlier discussion, the drum is traversed 

axially and the UV signal is collected every 5 mm. For an arbitrary drum axial 

position hdl, the slit collects UV signal from 22 mm, which is the size of the window 

that is placed before the lens. For that drum position hdl, the axial distance (x) varies 

from hd+1 mm to hd+22 mm. 

Let n(x) be the number of times the flame base appears at that axial distance, x, 

within a window of 1 mm and N be the total number of times the flame base appears 

in that drum position, hdl. This is the total number of times the UV signal is above 

the noise. Then the probability of finding the flame base at each axial position, x, is 

given by 

P(x) = n(x) IN 

for an arbitrary drum position hdl and axial distance, x varies from hd+1 mm to hd+ 

22 mm. When the drum is traversed axially from an axial position hdl to hd2 to hd3, in 

steps of 5 mm there are some axial positions, x, that may present in hdl, hd2 and hd3. 

That is xhdl, Xhd2 and Xhd3 are the same axial position, x. In that case, the probability is 

given by 
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P(X) = {n(Xhdl)+n(Xhdz) +n(Xhd3)/((Nhdl +Nhd2 +Nhd3)) 

where n(Xhdl), n(Xhd2) and n(Xhd3) are the number of times the flame base appears at 

the axial position, x, for the drum positions hdl, hd2 and hd3, and Nhd1, Nhd2, and Nhd3 

are the total number of times the flame base appears for the drum positions hdm, hd2 

and hd3. 

Figure 4.12 gives the c distribution for different equivalence ratios. The C 

distribution is calculated by considering all the axial positions. When a flame base is 

present at an axial position then c =1 for the axial positions above it and c=0 below 

it. The mean c distribution is calculated by averaging c for all instantaneous flame 

lift-off heights. The mean flame lift-off height is defined here as being at c=0.5. 

The flame thickness (8t) is calculated from the c distribution graph. The 

c distribution can be fitted by the expression 

C= 
1 

1+e ar 

By rearranging we get 

at 1-c 
e= 

c 

_err_x\ 

-1 DE -4 a- - 
ý2 ax (St 

Then the flame thickness (8t) is the maximum c gradient, 

(ac) = when c =0.5 and x=. 
ax 6t 

The experiments are carried out twice, to check for repeatability in the measurement 

of turbulent burning velocity. The maximum difference in the flame lift-off height is 

6 mm for all conditions tested, which would give rise to maximum uncertainty of 2% 

in the velocity. 
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CHAPTER 5: COLD FLOW RESULTS 

In this chapter, cold flow results are presented. The flow mean velocity, r. m. s. 
turbulent velocity and length scale are measured at different radial and axial 

positions inside the diffuser. 

For the present study, six different types of mesh are used (designated Mesh 2, Mesh 

4b, Mesh 3, Mesh 6, Mesh 8, Mesh 9). Table 1 gives the type and dimensions of the 

meshes used in the present study. Mean velocities and turbulent intensities are 

measured at different axial and radial positions. The velocities at the inlet of the 

diffuser are 2.4 m/s, 2 m/s and 1.8 m/s. 

Mesh name Mesh type Diameter 

mm 

Thickness 

mm 

Width 

mm 

Breadth 

mm 

Mesh 2 Wire gauze 64.5 0.4 1 1 

Mesh 3 Wire gauze 60 0.6 1 1 

Mesh 4b Wire gauze 63 1.2 1.5 2.5 

Mesh 6 Perforated plated 60 1 3 3 

Mesh 8 Wire gauze 64 1 3.5 3.5 

Mesh 9 Wire gauze 64 1.3 3 3 

Table 5.1 Mesh types 

The mean velocities are calculated from the hot wire anemometer signal. In the 

present study, mean velocity is measured at six axial heights of 10 mm, 30mm, 

50mm, 70mm 100mm and 120mm from the exit. For each axial height, mean 

velocities are measured for 29 radial positions in steps of 2mm. The hot wire signal 

is acquired through an ADC converter for 5 sec at a sampling rate of 12 kHz. 
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The hot wire anemometer is traversed using the traverse system 1. The stepper motor 
is used to move the traverse in radial positions and the stepper motor is controlled by 

the ADC through a software program. 

The flow inside the diffuser is controlled by the high speed annular co-flow. The 

velocity ratio between the main flow and the annular flow determines the velocity 
distribution inside the diffuser. 

The annular injection of fluid into the boundary layer is to re-energise the boundary 

layer and also to prevent separation (Duggins, 1980). In the conical diffuser, the fluid 

is injected into the boundary layer through an annular slot and this slot can be 

parallel with the wall, tangential injection, or parallel to the inlet fluid flow. In the 

present study, the latter design is used for simplicity. 

Nicoll and Ramparain (1970) were the first to investigate secondary injection to 

improve the performance of the large angle diffuser. They showed that the optimum 
injection range was 1.1 <Uo/U�j<1.2. The optimum value Uo/Ur, j varies with diffuser 

angle, but not with Reynolds number over the range 4.4x105<ReD<8.8x108. 

Duggins (1975) investigated the effect of slot width on diffusers with an area ratio 

(AR) equal to 3.3 and diffuser angles of 10 and 15°. He showed similar 

improvements in the effectiveness to those reported by Nicoll and Ramparain, with 

the same insensitivity to ReD and an optimum value of U/Ui j in the range 1 to 1.2. 

Duggins (1980) showed that it was possible to collapse data for different slot widths 

onto a single curve, when the momentum ratio, MR, was plotted against the 

coefficient of pressure recovery. The momentum ratio is given by, 

MR - 
th1u; 

mo Uo 
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where m, and m0 are the mass rate of injected fluid and main flow and u;, Ul are the 
injected and main flow velocity. The above equation can be written in terms of 

volumetric flow rates and area as 

MR = 
Q' Ao 

z Qo Ai 

where Qj, Qo are the volumetric flow rate of injected fluid and main flow and A! 
, 
A0 

are the area of the secondary injection section and of the inlet of the diffuser. 

Kwong and Dowling (1994) investigated the possibility of using a number of axial 
jets, rather than annular slots and found that their data collapsed when plotted as 

suggested by Duggins (1980). 

The MR chosen here was that needed to maintain a planar premixed flame inside the 

diffuser. Figure 5.1 shows this MR for all meshes and for Uo = 2.4 m/s, 2 m/s and 1.8 

M/S. 

The hot wire signal is converted to velocity by using the hot wire calibration chart. 

Mean velocity, r. m. s. turbulent velocity and length scales are calculated at 6 axial 

heights. For each axial height, they are calculated at 29 radial position. 

5.1 MESH 2 

Mesh 2 is a fine wire mesh. Figure 5.2 shows the mean velocity and r. m. s. turbulent 

velocity at different axial and radial positions for Uo = 2.4 m/s and MR of 0.36. The 

mean velocity and r. m. s. turbulent velocity are uniform over the central 40mm of the 

flow. They are not uniform near the mesh and this is because each hole in the mesh 

acts as a source. At x =120mm, the r. m. s. turbulent velocity is not uniform and this is 

due to eddy break up at the exit of the diffuser. 
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In the figure 5.3a, the mean velocity decays in the axial direction are compared with 
the velocity decay for an ideal diffuser. The velocity decay for the ideal diffuser is 

given by 

U/Uo=a2/(a+x)2 

where U/Uo is the ratio of local mean velocity to entrance velocity, a is the distance 

between the diffuser inlet and the projected origin of the diffuser cone and x is the 

axial position from the inlet. For a 12.6° diffuser the value of a is 137 mm. 

The mean velocity decay has a similar trend to that of the ideal diffuser. For Uo = 1.8 

m/s and 2 m/s, the velocity decay is the same as that of ideal diffuser. But for the Uo 

= 2.4 m/s, the decay is slower than the ideal condition and this is due to a small 

momentum ratio (MR). For the Uo = 2.4 m/s the flame is not planar at the optimum 

momentum ratio and hence MR is deliberately reduced, which gives slower decay 

than the ideal condition. The normalised r. m. s. turbulent velocity for Uo = 2.4 m/s is 

much higher than the other entrance velocities. For all entrance velocities, the 

normalised r. m. s. turbulent velocity decreases over the first 50 mm and then 

increases over the rest of the diffuser. For mesh 2, the turbulent intensity varies from 

5 to 15%. 

The integral length scale varies from 3 mm to 30 mm. The integral length scales at 

the exit are higher than the upstream conditions. Figure 5.4 shows the energy 

spectrum for x= 10,50 and 100mm. The energy spectrum shifts towards lower 

frequencies at higher axial distance. This shift in the energy spectrum is reflected in 

the length scale where the length scale increases at higher axial distance. 
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5.2 MESH 3 

Figure 5.5 shows the mean velocity and r. m. s. turbulent velocity distribution for 

mesh 3 and for Uo = 2.4 m/s. Similarly to mesh 2, the mean velocity is not uniform at 

x= l0mm. Figure 5.6 shows the mean velocity decay, normalised r. m. s. turbulent 

velocity (turbulent intensity) and length scale. The mean velocity decay is much 

slower than the ideal decay. This is because lower momentum ratios than optimum 

are maintained in order to stabilise planar flames. The turbulent intensity varies from 

8 to 20%. 

The length scale varies from 2 mm to 30mm. The length scale and turbulent intensity 

are essentially the same for all inlet velocities. Figure 5.7 shows the energy spectrum 
for x= 10,50 and 100 mm. The energy peak is broadened over a larger frequency 

range at x= 10 and 50 mm. This is due to holes in the meshes that act as independent 

sources and result in eddies of various size. The energy spectrum shifts towards 

lower frequency at higher axial distance which results in higher length scale. 

5.3 MESH 4b 

Figure 5.8 shows the mean velocity and r. m. s. turbulent velocity for mesh 4b and for 

Uo = 2.4 m/s. The mean velocity and r. m. s. turbulent velocity are uniform over the 

central 40 mm of the flow. Figure 5.9 shows the mean velocity decay, turbulent 

intensity and length scale. The turbulent intensity varies from 2% to 6%. The mean 

velocity decay for Uo = 2.4 m/s is slightly slower than other inlet velocities. 

The turbulent intensity is higher for Uo = 2.4 m/s than other velocities. The length 

scale varies from 3mm to 30mm, gradually up to 70 mm and increases sharply after 

70mm. 
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Figure 5.10 shows the energy spectrum for x= 10,50 and 100mm. The energy 
spectrum shifts to lower frequency at higher axial distance. The energy spectrum is 

similar to mesh 2, but different from mesh 3 with unique peaks. 

5.4 MESH 6 

Figure 5.11 shows the mean velocity and r. m. s. turbulent velocity decay for mesh 6 

and for Uo =2 m/s. Mesh 6 is a perforate plate turbulence generator. The mean 

velocity and r. m. s. turbulent velocity for mesh 6 are more non-uniform than for other 

wire meshes at x= 10 mm. This is because each hole in the perforated plate acts as 

an independent source, which results in a periodic flow at 10 mm. 

Figure 5.12 shows the mean velocity decay, turbulent intensity and length scale. The 

mean velocity decay is much slower than the ideal condition. For the optimum 

momentum ratio, the flame propagates and stabilises on the perforated plate. Hence, 

lower momentum ratio is maintained to stabilise the flame. The turbulent intensity 

varies from 10% to 40%. 

The length scale varies from 2mm to 20mm. Figure 5.13 shows the energy spectrum 

at x= 10,50 and 100mm. Similar to mesh 3, the energy spectrum is broadened at x= 

10 and 50 mm. This can be attributed to holes in the perforated plate. 

5.5 MESH 8 

Figure 5.14 shows the mean velocity and r. m. s. turbulent velocity distribution for 

mesh 8 and for Uo = 2.4 m/s. The mean velocity is uniform over the central 40 mm 

of the flow. The mean velocity and r. m. s. turbulent velocity is non-uniform at x= 10 

mm. 
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Figure 5.15 shows the mean velocity decay, turbulent intensity and length scale for 

all inlet velocities. The mean velocity decay is much slower than the ideal condition 

and this is due to lower momentum ratio. The turbulent intensity varies from 8% to 
15%. 

The length scale varies from 3 mm to 25mm. Figure 5.16 shows the energy spectrum 

at x= 10,50 and 100mm. The energy shifts towards lower frequency at higher axial 
distances. The energy spectrum is broadened at x= 10 and 50 mm. 

5.6 MESH 9 

Figure 5.17 shows the mean velocity and r. m. s. turbulent velocity distribution for 

mesh 9 and for Uo = of 2.4 m/s. The mean velocity is uniform over the central 40 

mm of the flow. The mean velocity and r. m. s. turbulent velocity is non-uniform at x 

= 10 mm. 

Figure 5.18 shows the mean velocity decay, turbulent intensity and length scale for 

all inlet velocities. The mean velocity decay is much slower than the ideal condition 

and this is due to lower momentum ratio. The turbulent intensity varies from 8% to 

20%. 

The length scale varies from 1.3 mm to 25mm. Figure 5.19 shows the energy 

spectrum at x= 10,50 and 100mm. The energy shifts towards lower frequency at 

higher axial distance. The energy spectrum is broadened at x= 10 and 50 mm. 
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Chapter 6: COMBUSTION RESULTS 

Measurements of turbulent burning velocity for methane/air and ethylene/air 

premixed flames are presented in this chapter. Measurements of flame probability 

and mean c surface are also presented. 

The flames are stabilised at different axial positions depending upon the equivalence 

ratio and the inlet velocity. 

6.1 EXPERIMENTAL PROCEDURE 

For the present study, chemically pure methane and ethylene are used as fuel and air 
is used as an oxidiser. Methane and ethylene are measured using the flow meter and 

are mixed with air, which is measured using an orifice plate inside the rig. For the 

present study, planar premixed flames are stabilised for inlet velocities of 2.4 m/s, 2 

m/s and 1.8 m/s and for three equivalence ratios of 0.95,0.85 and 0.75 for 

methane/air premixed flames and 0.7,0.65 and 0.6 for ethylene/air flames. 

The procedure to stabilise the premixed flame inside the diffuser is as follows. The 

volumetric flow rate of fuel and air is calculated for a given inlet velocity and also 

for given equivalence ratio. The mixture is maintained at the required exit velocity. 

The annular secondary injection flow rate is maintained at the required MR to 

stabilise a planar flame. The mixture is ignited at the exit of the glass diffuser. The 

premixed flame propagates downwards and stabilises at a height where the burning 

velocity is balanced by the flow velocity. The flame stabilises at different heights 

inside the glass diffuser depending upon the exit velocity, equivalence ratio and 

turbulence intensity. 

The instantaneous flame lift-off height is measured using the rotating drum device. 

From the smoothed OH chemiluminescence series, the flame probability and mean c 
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distribution are calculated. The turbulent burning velocities are calculated for five 

different meshes (described in chapter 5). 

6.2 METHANE/AIR FLAMES 

6.2.1 Mesh 2 

Mesh 2 is a wire mesh with turbulence intensity of 2 to 22% axial variation for all 
inlet velocities. The flames are stabilised for Uo = 2.4 m/s, 2 m/s and 1.8 m/s and 

equivalence ratios of 0.95,0.85 and 0.75. The flame lift-off height is calculated for 

10 s. Figure 6.1 (a) gives the smoothed instantaneous flame lift-off height for 1.5 s 
for equivalence ratio of 0.95 and Uo = 2.4 m/s. The three axial distances are the three 

drum axial positions and the distance between the adjacent axial positions is 5 mm. 
Figure 6.1 (b) gives the same flame lift-off height for 9 s. In the drum axial position 
`x', some flame positions are not recorded because flame positions are above the 22 

mm window. Similarly, in the drum axial position `x+10' some flame positions are 

not recorded and this is because the flame positions are below the 22 mm window. 

Hence there are gaps in the flame lift-off height for all drum positions. Figure 6.1 (c) 

and (d) shows the flame lift-off height for equivalence ratio 0.85 and 0.75 for Uo = 

2.4 m/s. The flame is stabilised at higher velocity for increasing equivalence ratio. 

Figure 6.2 (a) shows the propagation velocity for equivalence ratio 0.95 and Uo = 

2.4m/s. Figure 6.2 (b), (c) and (d) shows the propagation velocity for all equivalence 

ratios. A few instantaneous propagation velocities are equal or greater than the 

laminar burning velocity but the average propagation velocity for all equivalence 

ratios is very much smaller than the corresponding laminar burning velocity and 

hence it is good approximation to assume a stationary flame over the observation 

period. Average burning velocity will be assumed to equal and opposite to the flow 

velocity, and this is will be taken to be the velocity measured in the cold flow 

experiment at the corresponding height. 
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Figure 6.3 and 6.4 shows the flame lift-off height and propagation velocity for Uo =2 

m/s and 1.8 m/s and for all equivalence ratios. The flame lift-off height and 

propagation velocity are plotted for a single drum axial position. 

Figure 6.5,6.6 and 6.7 shows the flame probability and c distribution for all Uo and 

all equivalence ratios. For calculating flame probability and c distribution, all the 

drum axial positions are considered. The flame thickness is calculated from the 

c distribution. 

Figure 6.8 shows the direct flame image for Uo = 2.4 m/s and for equivalence ratios 

of 0.95,0.85 and 0.75. The time between each flame image is 5 ms. The flame is 

close to planar over the central 40 mm. The higher equivalence ratio flames are more 

intense and more wrinkled than the lower equivalence ratio flames. 

6.2.2 Mesh 3 

Mesh 3 is a coarse wire mesh which generated turbulence intensity varying axially 

by 8 to 32 % for all inlet velocities. Figure 6.9 and 6.10 shows the instantaneous 

flame lift-off height, the propagation velocity, the flame probability and 

c distribution for all equivalence ratios and different inlet velocities. The average 

propagation velocities are again very much less than the corresponding laminar 

burning velocities. 

Figure 6.12 shows the direct flame images for all equivalence ratios and for Uo = 

2.4m/s. The time difference between each flame image is 5 ms. The flame base 

movement can be seen from the images for all equivalence ratios. The flame images 

of mesh 3 (coarse mesh) are more wrinkled than mesh 2 (fine mesh). 
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6.2.3 Mesh 4b 

Mesh 4b is a fine wire mesh that produces low turbulence intensity of 2 to 5% axial 

variation for all velocities. The flame lift-off heights, flame probability, mean c 
distribution and propagation velocity are calculated for equivalence ratios of 0.95, 

0.85 and 0.75. Figure 6.13,6.14 and 6.15 shows the flame 
, 
lift-off height, the 

propagation velocity, flame probability and c distribution for all equivalence ratios 

and all inlet velocities. Figure 6.16 gives the flame image for Uo = 2.4 m/s and 

equivalence ratios of 0.95,0.85 and 0.75. The flame wrinkling is similar to mesh 2 

but less wrinkled than mesh 3 flames. 

6.2.4 Mesh 8 

Mesh 8 is a coarse mesh that generates turbulence intensity of 8 to 18% axial 

variation for all inlet velocities. Figure 6.17 and 6.18 shows the flame lift-off height, 

the propagation velocity, flame probability and c distribution for all equivalence 

ratios and Uo = 2.4 m/s and 2 m/s. Turbulent burning velocity is not measured for Uo 

= 1.8 m/s because the flames are not planar at that velocity. 

Figure 6.19 shows the direct flame images for different equivalence ratios and for 

Uo = 2.4 m/s. The flame wrinkling is similar to mesh 3 flames but much higher than 

mesh 2 and mesh 4b flames. 

6.2.5 Mesh 9 

Mesh 9 is a coarse mesh that generates turbulence intensity of 7 to 26% axial 

variation for all inlet velocities. Figure 6.20,6.21 and 6.22 shows the flame lift-off 

height, the propagation velocity, flame probability and c distribution for all 

equivalence ratios and Uo = 2.4 m/s, 2 m/s and 1.8 m/s. 
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Figure 6.23 shows the direct flame image for different equivalence ratios and for Uo 

= 2.4 m/s. The flame wrinkling is similar to coarse mesh flames but more wrinkled 

than fine mesh flames. 

6.3 ETHYLENE/AIR FLAMES 

The turbulent burning velocity is also calculated for ethylene/air premixed flames. 

Ethylene flames, the flames are stabilised at lower equivalence ratios than methane 

for the same flow condition, because of the higher laminar burning velocity. The 

turbulent burning velocity is calculated for 3 meshes only (mesh 3, mesh 8 and mesh 

9). 

6.3.1 Mesh 3 

The flames are stabilised with Uo = 2.4 m/s, 2 m/s and 1.8 m/s and equivalence ratios 

of 0.7,0.65 and 0.6. Figure 6.24,6.25 and 6.26 shows the flame lift-off height, the 

propagation velocity, flame probability and c distribution for all equivalence ratios 

and Uo = 2.4 m/s, 2 m/s and 1.8 m/s. Similar to methane/air flames, some of the 

instantaneous flame propagation velocities are equal to or greater than the laminar 

burning velocity. But the average propagation velocities are very much less than the 

corresponding laminar burning velocities and hence the assumption that mean 

turbulent burning velocity is equal to the mean cold flow velocity at the mean flame 

height is valid for ethylene/air flames. 

Figure 6.27 shows the flame image for Uo = 2.4 m/s and for equivalence ratios of 

0.7,0.65 and 0.6. The flames are close to planar for all conditions. Ethylene/air 

flames are less intense than the methane/air flames and also the ethylene/air flames 

are less wrinkled than the methane/air flames. 
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6.3.2 Mesh 8 

For mesh 8, the flames are stabilised for equivalence ratios of 0.7,0.65 and 0.6 for 
Uo = 2.4 m/s. The flames are also stabilised for an inlet velocity of 2 m/s and 
equivalence ratios of 0.7 and 0.65. Figure 6.28 and 6.29 shows the flame lift-off 
height, the propagation velocity, flame probability and c distribution for all 
equivalence ratios and for Uo = 2.4 m/s and 2 m/s. Turbulent burning velocity is not 

measured for Uo = 1.8 m/s, because the flame is not planar for that velocity. 
Turbulent burning velocity is also not measured for Uo = 2.0 m/s and equivalence 

ratio 0.65 because the flame blows off at that condition. 

Figure 6.30 shows the flame images for Uo = 2.4 m/s and for equivalence ratios of 
0.7,0.65 and 0.6. The flame wrinkling is similar to that of mesh 3 ethylene/air 
flames. Bright spots that of in the flame image is due to reflection from the glass 
diffuser. 

6.3.3 Mesh 9 

Similar to mesh 8, mesh 9 flames are stabilised for equivalence ratios of 0.7,0.65 

and 0.6 for Uo = 2.4 m/s and 0.7 and 0.65 for Uo = 2.4 m/s and 2 m/s. Figure 6.31 

and 6.32 shows the flame lift-off height, the propagation velocity, flame probability 

and c distribution for all equivalence ratios and Uo = 2.4 m/s and 2 m/s. Similar to 

mesh 8, Turbulent burning velocity is not measured for Uo = 1.8 m/s and also for Uo 

= 2.0 m/s, equivalence ratio of 0.65. 

Figure 6.33 shows the flame images for Uo = of 2.4 m/s and for equivalence ratios of 

0.7,0.65 and 0.6. The flame wrinkling is similar to that of coarse mesh flames. 
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6.4 FLAME THICKNESS 

The flame thickness is calculated from the c distribution. As discussed in chapter 4, 

the c distribution is fitted using the expression. 

1 
c= 

-4 
(x-h ) 

1+e at 

By rearranging and differentiating the above equation, the flame thickness (St) can be 

evaluated and this is equal to the inverse of the maximum c gradient 
a -1max, 

when 
äx 

c= 0.5. Table 6.1 shows the flame thickness calculated for methane/air and 

ethylene/air flames. The flame thickness varies between 29 and 49 mm for 

methane/air flames and between 24 and 49 mm for ethylene/air flames. 
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(d) Mean c distribution for mesh 3, Uo = 2.0 m/s and all equivalence ratios 
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(a) 

(b) 

(c) 

Figure 6.11 Direct flame images for equivalence ratios (a) 0.95 (b) 0.85 and (c) 0.75 

for mesh 3, Uo = 2.4 m/s 
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Figure 6.12 (a) Flame lift-off height (b) Propagation velocity (c) flame probability 

(d) Mean c distribution for mesh 4b, Uo = 2.4 m/s and all equivalence ratios 
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Figure 6.13 (a) Flame lift-off height (b) Propagation velocity (c) flame probability 

(d) Mean c distribution for mesh 4b, Uo = 2.0 m/s and all equivalence ratios 
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(c) 

Figure 6.15 Direct flame images for equivalence ratios (a) 0.95 (b) 0.85 and (c) 0.75 

for mesh 4b, UO = 2.4 m/s 
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(d) Mean c distribution for mesh 8, Uo = 2.4 m/s and all equivalence ratios 
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(a) 

(b) 

(c) 

Figure 6.18 Direct flame images for equivalence ratios (a) 0.95 (b) 0.85 and (c) 0.75 

for mesh 8, Uo = 2.4 m/s 
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Figure 6.20 (a) Flame lift-off height (b) Propagation velocity (c) flame probability 

(d) Mean c distribution for mesh 9, Uo = 2.0 m/s and all equivalence ratios 
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Figure 6.21 (a) Flame lift-off height (b) Propagation velocity (c) flame probability 
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(a) 

(b) 

(c) 

Figure 6.22 Direct flame images for equivalence ratios (a) 0.95 (b) 0.85 and (c) 0.75 

for mesh 9, Uo = 2.4 m/s 

159 



140 

120 

E 
E 100 

an 
80 

0 
60 

N 

E 40 

20 

0 

j r4 
. 

A 

ý.. 

-ý=0.7 --- 4=0.65 ---M - 4=0.6 

0 

0.12 

0.1 

0.08 
cc 

0.06 

0.04 

0.02 

0 

2 46 

Time /sec 
(a) 

8 10 

"=0.7   4=0.65 "0.6 

. Ad 

" .r $ 'r. r"4. 
A 

.  ." 
 " "" 

" 

A  
M$    j "A " 

" an &A A 

 , V" 
f"" 

  

f,  r 'A 
4WA 

". rwº 
j At 

0 50 100 
Axial height /mm 

1500 

1000 

500 

.0E0 
cn co 

-500 

-1000 

-1500 

-+- O= 0.7 0=0.65 ... - 0=0.6 

" 

"r 

"f  "". 

MAN 

r;  f k 

i,. 

o 
IL 

r. 4, 
" 

N 

iý "1 
r: 

i 

A 

:rýy 
" ý  

ri 

" 

02468 10 

Time /sec 
(b) 

1.2 

1 

0 0.8 
0 

0.6 

0.4 

0.2 

0 

150 0 

"4 =0.7  4=0.65 "4=0.6 

'100ýýeý 
/f 

A 

"  

" 
" 
" 

a 

 . 

." .1t 

50 100 
Axial height /mm 

(c) (d) 

Figure 6.23 (a) Flame lift-off height (b) Propagation velocity (c) flame probability 

(d) Mean c distribution for mesh 3 ethylene/air flame, Uo =2.4 m/s and all 
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(a) 

(b) 

(c) 

Figure 6.26 Direct flame images for equivalence ratios (a) 0.7 (b) 0.65 and (c) 0.6 for 

mesh 3 ethylene/air flame, Uo = 2.4 m/s 
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Figure 6.27 (a) Flame lift-off height (b) Propagation velocity (c) flame probability 
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(a) 

(b) 

(c) 

Figure 6.29 Direct flame images for equivalence ratios (a) 0.7 (b) 0.65 and (c) 0.6 for 

mesh 8 ethylene/air flame, Uo = 2.4 m/s 

166 



140 

120 
E 

100 

80 

0 60 

40 
ZZ 

20 

0 

wo" 
L 

IA 

it 

, 

ýIzl 

$ 
'$W Mß'1", t i»". ".. ý 

ýý11 

--ý=0.7 -; --+=0.65 - -k-" +=0.65 

0 

0.14 

0.12 

0.1 

cq 0.08 
0 

0.06 

0.04 

0.02 

0 

2 46 

Time /sec 
(a) 

8 10 

1500 

1000 

ö 500 
äý 
öp0 

-500 

-1000 

-1500 

--- 0=0.7 --. -- 0=0.65 A. 0=0.6 

_. 4*". 
A 

.! 
A AA 

" 

: 
: 

02468 10 

Time /sec 
(b) 

" 4=0.7   4=0.65 " 4=0.6 

  

"" " """ AA A "" . " 
"" 

a 
84. 

 wY 

0 

1.2 

1 

0.8 
zs 

0.6 
U 

0.4 

0.2 

0 

"=0.7  +=0.65 "4=0.6 

  

. 

  

  

50 100 150 0 50 100 
Axial height /mm Axial height /mm 

(c) (d) 

Figure 6.30 (a) Flame lift-off height (b) Propagation velocity (c) flame probability 

(d) Mean c distribution for mesh 9 ethylene/air flame, Uo = 2.4 m/s and all 
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Figure 6.31 (a) Flame lift-off height (b) Propagation velocity (c) flame probability 

(d) Mean c distribution for mesh 9 ethylene/air flame, Uo = 2.0 m/s and all 

equivalence ratios 
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(a) 

(b) 

(c) 

Figure 6.32 Direct flame images for equivalence ratios (a) 0.7 (b) 0.65 and (c) 0.6 for 

mesh 9 ethylene/air flame, Uo = 2.4 m/s 
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Mesh 
type 

U0 
m/s 

0 u' 
m/s 

1 
mm 

at 
mm 

Ret St/S1 

2 2.4 0.95 0.07 14 19 70 4.53 
2 2.4 0.85 0.13 23 22 214 4.21 
2 2.4 0.75 0.21 28 25 408 6.06 
4b 2.4 0.95 0.04 4 19 12 4.23 
4b 2.4 0.85 0.04 3 20 7 3.81 
4b 2.4 0.75 0.04 3 22 9 5.48 
3 2.4 0.95 0.12 11 20 98 4.88 
3 2.4 0.85 0.16 21 20 233 4.80 
3 2.4 0.75 0.26 27 20 497 7.07 
8 2.4 0.95 0.11 8 25 62 4.64 
8 2.4 0.85 0.10 11 22 84 4.74 
8 2.4 0.75 0.12 19 20 168 6.63 
9 2.4 0.95 0.11 9 24 68 4.61 
9 2.4 0.85 0.10 17 22 125 4.54 
9 2.4 0.75 0.12 24 33 198 6.83 
2 2 0.95 0.08 10 20 54 3.11 
2 2 0.85 0.04 19 21 53 2.53 
2 2 0.75 0.05 23 28 84 3.73 
4b 2 0.95 0.03 6 19 12 3.13 
4b 2 0.85 0.02 8 22 14 2.68 
4b 2 0.75 0.02 11 16 19 3.77 
3 2 0.95 0.08 15 21 92 3.43 
3 2 0.85 0.09 27 20 176 3.46 
3 2 0.75 0.14 34 21 342 4.68 
8 2 0.95 0.06 12 18 52 3.24 
8 2 0.85 0.06 16 15 67 3.46 
8 2 0.75 0.05 21 17 80 5.58 
9 2 0.95 0.08 10 22 58 3.49 
9 2 0.85 0.08 16 20 90 3.59 
9 2 0.75 0.10 19 25 131 5.64 
2 1.8 0.95 0.02 20 21 32 2.35 
2 1.8 0.85 0.03 27 21 58 2.31 
2 1.8 0.75 0.05 36 26 128 3.62 
4b 1.8 0.95 0.02 10 14 11 2.46 
4b 1.8 0.85 0.01 12 21 13 2.29 
4b 1.8 0.75 0.02 19 21 21 3.06 
3 1.8 0.95 0.09 18 21 117 3.27 
3 1.8 0.85 0.15 21 25 226 3.29 
3 1.8 0.75 0.22 28 25 438 4.55 
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Mesh 
type 

Uo 
m/s 

0 u' 
m/s 

1 
mm 

5t 
mm 

Ret St/S1 

3 2.4 0.7 0.16 11 23 135 4.58 
3 2.4 0.65 0.23 21 20 334 4.73 
3 2.4 0.6 0.32 27 20 612 5.32 
8 2.4 0.7 0.11 15 21 118 4.18 
8 2.4 0.65 0.12 18 21 153 4.41 
8 2.4 0.6 0.17 29 17 348 4.60 
9 2.4 0.7 0.10 24 20 179 4.68 
9 2.4 0.65 0.13 36 20 327 4.28 
9 2.4 0.6 0.19 33 19 438 4.53 
3 2 0.7 0.08 16 20 95 3.76 
3 2 0.65 0.10 26 21 195 3.47 
3 2 0.6 0.15 35 25 381 3.55 
8 2 0.7 0.07 9 21 43 3.96 
8 2 0.65 0.14 17 24 161 3.10 
9 2 0.7 0.08 14 27 75 3.59 
9 2 0.65 0.11 19 29 150 3.66 
3 1.8 0.7 0.09 20 22 134 3.56 
3 1.8 0.65 0.15 26 18 273 3.42 
3 1.8 0.6 0.22 31 23 487 3.38 

Uo =Inlet velocity 0= Equivalence ratio u' = R. m. s. turbulent velocity 
8t = Flame thickness 1= Length scale 

Table 6.1 Measured turbulent burning velocities 
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CHAPTER 7: ACOUSTIC RESULTS 

In this chapter, flame movement due to incident acoustic oscillation is studied. The 

methodology to measure the flame response to external acoustic oscillations is 

discussed in the first part. In the second part, acoustic results are presented and 

discussed. 

7.1 METHODOLOGY 

The flow is externally oscillated using two loud speakers at the inlet of the rig. The 

speakers have a frequency range of 40 Hz to 20 kHz. A sinusoidal wave is generated 

using a Feed Back function generator and it is amplified using a LDS PA25E power 

amplifier. The amplified sinusoidal wave is given as input to the speakers. The 

sinusoidal wave is represented by 

AS sin 2ýcft 

where AS is the amplitude of the sine wave in volts after amplification and f is the 

frequency. The speakers are located after the fuel/air mixing settling chamber in 

order to avoid any equivalence ratio fluctuations. 

The turbulent burning velocity due to external oscillations is studied for two different 

meshes (M3 and M8) and the inlet velocity is maintained at 2 m/s. Methane and 

ethylene are used as fuels. Equivalence ratios of 0.95 and 0.85 are maintained for 

methane, and an equivalence ratio of 0.7 is maintained for ethylene in the present 

study. 

The speaker's sinusoidal wave, the voltage from the hot wire anemometer, the OH 

signal from the photodiode and the flip-flop signals from the rotating drum are stored 

in the computer simultaneously through the A/D converter. The time series signals 

are acquired for 10 seconds at a sampling rate of 10 kHz. 
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The speaker signal is used to define the phase angle. In calculation of the phase, both 

positive and negative peaks in a cycle are considered for the calculation. The first 

point in a signal rising above zero is taken as the starting phase angle for the cycle, 

so the phase angle is calculated by dividing the amplitude by the maximum 

amplitude and taking the inverse sine. 

B=sin-'(A/A 
X) 

where A is the amplitude and Amax iS the maximum amplitude in the cycle. Each 

cycle is divided into 18 phase angle windows of 20°. The phase angles in the centre 

of the windows are 10°, 30°, 50°, 70°, 90°, 1100,130°, 150°, 170°, 190°, 210°, 230°, 

2500,270°, 290°, 310°, 330°, and 350°. 

For a rotational speed of 1800 rpm and six slits, the number of times the photodiode 

is open to the flame in 10 sec is 1800. The total number of points for a single cycle 

with frequency `f is given by 

NW =SRI f 

where SR is the sampling rate and f is the frequency. For a sampling rate of 10 kHz 

and a frequency of 50 Hz, the number of points for a cycle is 200 and for 180 Hz the 

number of points is 55. The number of cycles, Nc, for a given sampling rate in time T 

is given by 

N _SR"T_ JT 
N 

W 
where T is total time. For a frequency of 50 Hz, the number of cycles is 500 and for 

180 Hz, the number of cycles is 1800. 

For each phase angle, the corresponding velocity is calculated from the hot-wire 

anemometer which is placed at the contraction section (reference point). The 

velocities are averaged to give the ensemble-averaged velocity, u, for each phase 

angle and also the velocity amplitude, ü, for the whole cycle is calculated from the 

sine fitting procedure, which is described in the next section. The velocity amplitude 
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inside the diffuser at different heights is different from that at the reference point. It 

is calculated from the calibration chart which relates the velocity amplitude inside 

the diffuser to that at the reference point (discussed in chapter 3). 

Similarly to the approach without excitation, the rotating drum is traversed axially in 

steps of 5 mm, as discussed in section 4.4. The flame position is calculated for the 18 

phase angles taking account of all drum positions. For each phase angle, the -c 

distribution is calculated by taking c=1 at and above the flame base and c=0 below it 

in each sample. The ensemble-averaged flame position, 4, with c =0.5 is then 

calculated for each phase. For driving frequencies of 50 Hz, 70 Hz, 100 Hz, 110 Hz, 

120 Hz, 150 Hz, and 180 Hz, the flame movement is measured. The amplitude of the 

external oscillations is also varied between 10 and 30 % of the mean velocity at the 

inlet. The maximum and minimum ü/LJ in the present study is 0.78 and 0.03. 

Figure 7.1 shows the typical raw signals for mesh 3 and an excitation frequency of 

50 Hz at an arbitrary drum position. These are the OH, hot wire anemometer, speaker 

voltage and flip flop signals. The hot wire anemometer shows a similar pattern to the 

speaker signal, but with a phase difference. The OH and flip-flop time signals are 

converted to distance, as discussed in the section 4.4. 

7.2 ACOUSTIC RESULTS 

Mesh 3 is a coarse wire mesh with turbulence intensity of 8 to 20%. Figures 7.2 

shows the c distribution for a frequency of 50 Hz an equivalence ratio of 0.95 and 

an inlet velocity of 2 m/s. The flame stabilises at different axial positions depending 

upon the velocity at each phase angle of the imposed acoustic velocity. For each 

phase angle, the instantaneous flame lift-off height and c distribution is calculated. 

The six different c distributions for phase angles of 30°, 90°, 150°, 210°, 270°, 310° 

are shown in the figure 7.2. The ensemble-averaged flame height for all phase angles 
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is calculated at c=0.5 and it is seen that the flame has reached its extreme 
downstream position for the phase angle of 2 10° relative to the speakers. 

The calculated ensemble-averaged flame position and velocity are curve fitted with 

sine functions. The sine functions are given by 

+ sin(C)t + (pý) 

U=U+ü sin(wt + ýpü ) 

where ý, 
, 
ý, cý are the flame height, average flame height, flame height amplitude 

and phase of the flame height relative to the speaker signal, and U, U, ü, q9, are the 

velocity, mean velocity, velocity amplitude and phase of the velocity relative to the 

speaker signal. Figure 7.3 shows the acoustically-oscillated velocity and ensemble- 

averaged flame height and best fits for flame height and velocity, for mesh 3 and 

methane with an equivalence ratio 0.95 and Uo = 2m/s. 

The phase difference between the flame height and velocity is measured from the 

sinusoidal fits to the ensemble-averaged flame height and velocity. The measured 

phase difference is used to calculate the turbulent burning velocity amplitude sd and 

the phase difference between the turbulent burning velocity and incident velocity 

cSd, 
5 through the equation which follows (Lawn et al., 2005). 

The turbulent burning velocity is given by 

dý 
-U-st dt (7.1) 

where U is the cold flow velocity, St is the turbulent burning velocity and 
dý 

is the 
dt 

propagation velocity. 
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Referencing the phase to the acoustic velocity now, the flame height, the velocity 

and turbulent burning velocity due to acoustic oscillation can be written as 

x=x+xeýu 

U=U+ü 

St = Sc + sre `(wr+(vst l ü) 

For a steady flame U=Y, Using 7.2a, 7.2b and 7.2c in 7.1, 

l(wt+ 1(at+(ýS ýtll 

iw e iü =u _Ste t 

Rearranging the above equation, 

(7.2a) 

(7.2b) 

(7.2c) 

st = 
/(i2 

+ wý sin (pý,, )2 + (-wý cos q )2 (7.3) 

and 

-coýCOsCQý/ü 
(pst /ü= arctan(ý ) 

u+ wý sin ýoýlü 
(7.4) 

For high frequency excitation, » 1, the amplitude of the turbulent burning 
u 

velocity is given by 

St _ ýS (7.5) 

and the phase difference between turbulent velocity and excitation velocity is 

Pst ,,; = arctan(ýoý )=--�. 
a 

(7.6) 

When co ,. = 90°, then the turbulent velocity is in-phase with the excitation velocity. 
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For lower frequency, =1, the turbulent burning velocity amplitude is 

st =1.41412 J1 + sin (pal, (7.7) 

and the phase difference is 

(pst Iü= arctan 
- cos (pýja 

- (7.8) 
1+ sin (pý, ü 

When co = ±90O, then the turbulent velocity amplitudes are st = 2ü andst = 0, 

respectively, and the phase difference is (pit a=0. The quasi-steady condition 

corresponds to s, =0 and the phase difference between the flame and acoustic 

velocity is -90°. 

7.3 MEASUREMENT OF FLAME ACOUSTIC INTERACTION FOR 
Av4F cu Z 

The effect of external velocity oscillation on burning velocity can be expressed 

through a flame transfer function. The flame transfer function is the ratio of the 

fractional amplitude of the heat release to the fractional amplitude of the velocity. 

Thus 

q 

F=Q (7.9) 
u 
u 

For turbulent flames, the instantaneous heat release rate is given by 

Q=p StA (7.10) 
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where pu is the density of the reactants and A is the projected area of flame. Hence 

the flame transfer function is given by 

St 

F= 
S` 

u 
u 

where St is the turbulent burning velocity. 

In the present study, U= St and the transfer function reduces to 

F= St 
u 

(7.11) 

Table 7.1-7.2 shows the calculated transfer function and phase. Figure 7.4 gives the 

phase of the turbulent burning velocity amplitude with respect to the acoustically 

excited velocity for mesh 3. For all frequencies, the amplitude is varied. The data 

labels in the graph correspond to the velocity amplitudes. The flames at different 

frequency have different length scale and r. m. s. turbulent velocity. Hence the phase 

is plotted in terms of a Strouhal number (Str). The Strouhal number is defined here 

as 

Str = 
fl 

u' 
(7.12) 

where f is the frequency, 1 is the integral length scale and u' is the r. m. s. turbulent 

velocity, on the assumption that turbulence and not the kinetics controls the 

response. 

ý9ý I Sp (pa l Sp are the phases of the flame height and velocity with respect to the 

speaker. Hence the phases are taken negative to show that they lag the speaker. The 

phase difference between the flame height and velocity is calculated by subtracting 

the phase of the velocity from the phase of the height. The phase of the turbulent 
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burning velocity relative to the incident velocity is calculated using equation 7.4, and 

the sign of the phase depends upon the sign of the sine and cosine of the ýpý, ü . 

At low Strouhal number, the turbulent burning velocities are not in-phase with the 

excitation velocity, but tend towards this condition. At Str = 20 to 28, there is spread 
in the phase of the turbulent burning velocity for both q=0.95 and 0.85 flames. At 

higher Str, the turbulent burning velocity is approximately in-phase with the 

excitation velocity again. The phase difference increases faster for q=0.95 flames 

than q= 0.85 flames. 

Figure 7.5 shows the magnitude of the transfer function for mesh 3, equivalence 

ratios 0.95 and 0.85 and an inlet velocity of 2 m/s. The magnitude of the flame 

transfer function increases gradually from levels of order unity up to Str = 20 for 0= 

0.95 flames, and increases steeply beyond Str =20. For 0=0.85 flames, the 

magnitude of the transfer function increases gradually up to Str= 30 and increases 

steeply beyond Str = 30. 

7.4 MEASUREMENT OF FLAME ACOUSTIC INTERACTION FOR 

1%4Vqu R 

Tables 7.3-7.5 show the calculated transfer function and phase for mesh 8, 

methane/air and ethylene/air flames. Figure 7.6 shows the phase of the turbulent 

velocity for mesh 8, equivalence ratios of 0.95 and 0.85 for methane flames and 0.7 

for ethylene flames with Uo =2 m/s. The phase of all three flames increases at low 

Str and becomes approximately 0° beyond Str = 25. Similarly to mesh 3 flames, the 

phase angles are spread at Str = 15 to 25. The phases of the ethylene/air flames 

increase more steeply than those of the methane/air flames, and than those of _ 

0.95 methane/air flames increase faster than 0=0.85 methane/air flames. 
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Figure 7.7 shows the magnitude of the flame transfer function for mesh 8 flames for 

different Strouhal numbers. For ethylene/air flames, the magnitude of the transfer 

function increases gradually up to Str = 20 and increases steeply beyond Str = 20. . 
The transfer function for methane/air increases gradually up to Str = 24 for 0=0.95 

and Str = 40 for 4=0.85 flames. The transfer function increases sharply beyond that 

Str for both flames. 
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f 

Hz mm 

u 

m/s 
w 
ü 

Deg 

St 

M/S 

ýPsis 

Deg 

st 

m/s 

st /ü ü/S1 u'/SI 1 
mm 

50 2.6 0.59 2.1 -111 0.30 -280 1.16 11.3 2.58 0.27 12 

50 4.1 0.78 1.6 -116 0.68 -237 1.08 0.9 2.43 0.27 16 

50 4.0 0.82 1.0 -118 0.78 -229 1.10 0.4 1.84 0.27 14 

70 3.1 0.56 2.9 -97 0.68 -194 1.11 1.9 2.20 0.27 14 

70 4.7 0.70 2.0 -98 1.27 -194 1.05 1.0 2.53 0.27 17 

70 3.7 0.81 2.5 -79 1.08 -163 1.07 1.6 1.76 0.27 16 

100 1.7 0.54 1.9 -144 0.85 -85 1.05 1.6 1.69 0.27 17 

100 0.6 0.56 0.7 -97 0.20 14 0.97 0.3 1.75 0.29 21 

100 2.5 0.64 2.5 -116 1.05 -221 0.94 1.6 1.99 0.30 23 

110 0.8 0.53 1.1 -33 0.54 -66 1.11 1.0 1.65 0.27 14 

110 1.5 0.77 1.4 -246 1.80 13 0.99 2.3 2.40 0.28 20 

120 0.8 0.36 2.1 -217 0.96 32 1.11 3.1 1.31 0.27 14 

120 2.0 0.41 3.7 -233 1.87 29 1.09 4.5 1.29 0.27 15 

120 1.0 0.42 1.5 -288 1.09 -12 1.10 2.3 1.11 0.27 14 

150 1.7 0.16 10.2 -238 1.77 28 1.13 11.1 0.50 0.27 13 

150 1.7 0.17 9.6 -232 1.77 34 1.12 10.4 0.53 0.27 13 

150 2.8 0.58 4.6 -264 3.26 4 1.11 5.6 1.82 0.27 15 

180 0.9 0.06 17.4 -272 1.11 -2 1.18 18.4 0.19 0.27 11 

180 0.6 0.06 12.0 -239 0.77 28 1.17 12.8 0.19 0.27 12 

Table 7.1 Acoustic results for mesh 3 and 0=0.95 methane/air flames 
(S1 = 0.32 m/s) 
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f 

Hz 

x 
S 

mm 

ü 

m/s 

ýS 

ü 

ýý/ü 

Deg 

st 

m/s 

ýslü 

Deg 

S t 

m/s 

s/ ü t ü/S1 u'/S1 1 
mm 

50 4.0 0.44 2.9 -125 0.94 -231 0.85 2.1 1.63 0.42 29 
50 4.6 0.51 2.8 -112 0.99 -214 0.85 1.9 1.90 0.42 29 

50 2.2 0.39 1.8 -124 0.44 -244 0.89 1.1 1.45 0.38 26 

70 3.6 0.44 3.5 -92 1.13 -184 0.87 2.5 1.64 0.40 27 

70 3.7 0.50 3.3 -95 1.15 -187 0.91 2.3 1.85 0.41 28 

70 3.8 0.42 4.0 -100 1.27 -194 0.91 3.0 1.57 0.37 25 

100 1.8 0.42 2.7 -67 0.75 -144 0.83 1.8 1.55 0.45 30 

100 2.3 0.46 3.1 -163 1.37 -92 0.82 3.0 1.69 0.47 32 

100 2.1 0.43 3.0 -141 1.09 -250 0.81 2.5 1.60 0.48 32 

110 1.1 0.35 2.3 -274 1.13 -3 0.93 3.3 1.28 0.36 24 

110 1.4 0.52 1.9 -267 1.51 2 0.86 2.9 1.92 0.41 28 

120 0.9 0.29 2.4 -207 0.85 45 0.92 3.0 1.06 0.37 25 

120 1.2 0.26 3.4 -203 1.01 53 0.89 3.9 0.96 0.39 26 

120 2.0 0.16 8.9 -316 1.59 -42 0.96 9.6 0.61 0.34 22 

124 2.2 0.29 5.9 -275 2.02 -5 0.83 6.9 1.09 0.45 31 

150 3.8 0.21 16.9 -263 3.84 6 0.84 17.9 0.80 0.44 30 

150 3.1 0.24 12.5 -263 3.16 6 0.84 13.4 0.87 0.43 29 

180 2.5 0.10 29.6 -237 2.96 31 0.85 30.5 0.36 0.42 28 

180 2.5 0.11 26.1 -239 2.97 29 0.85 27.0 0.41 0.38 26 

Table 7.2 Acoustic results for mesh 3 and 0=0.85, methane/air flames 
(S1 = 0.27 m/s) 
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f 

Hz mm 

u 

m/s 
coj 
ü 

Deg 

st 

mis 
GPs, lü 

Deg 

St 

m/s 

st /u fl/s, Ü'/S] 1 
mm 

50 2.2 0.23 3.0 -169 0.68 -279 1.04 3.0 0.72 0.20 11 

50 2.2 0.27 2.6 -158 0.64 -272 1.05 2.4 0.83 0.20 11 

70 2.0 0.28 3.1 -103 0.61 -200 1.07 2.2 0.87 0.20 10 

70 2.2 0.26 3.8 -107 0.74 -204 1.05 2.8 0.82 0.20 11 

100 1.5 0.45 2.1 -111 0.54 -218 1.08 1.2 1.40 0.20 10 

100 1.3 0.50 1.6 -116 0.41 -240 1.10 0.8 1.57 0.21 9 

120 0.9 0.25 2.7 -298 0.91 -21 1.01 3.6 0.79 0.19 12 

124 1.6 0.49 2.5 -262 1.70 5 1.06 3.5 1.53 0.20 11 

120 1.9 0.89 1.6 -261 2.33 5 1.13 2.6 2.78 0.22 9 

150 1.4 0.13 10.1 -258 1.46 10 1.00 11.1 0.41 0.19 13 

150 2.5 0.20 11.3 -254 2.51 14 1.02 12.3 0.64 0.19 12 

180 1.4 0.08 20.5 -231 1.69 37 1.01 21.3 0.25 0.19 12 

180 1.8 0.07 29.0 -215 2.07 53 1.06 29.6 0.22 0.20 11 

Table 7.3 Acoustic results for mesh 8 and 0=0.95, methane/air flames 
(S1= 0.32 m/s) 
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f 

Hz mm 

u 

m/s ü 
co . ýla 

Deg 

st 

mjs 

(PS, Iü 
Deg 

st 

m/s 

sl u ü1S1 u'/S, 1 
mm 

52 2.4 0.21 3.8 -158 0.74 -264 0.95 3.6 0.77 0.21 18 

52 2.4 0.12 6.7 -162 0.76 -260 0.95 6.5 0.44 0.21 20 

68 2.7 0.25 4.5 -99 0.90 -191 0.95 3.5 0.94 0.21 19 

68 3.2 0.20 6.7 -108 1.19 -201 0.95 5.8 0.76 0.20 21 

100 1.2 0.30 2.6 -87 0.48 -176 0.95 1.6 1.12 0.21 18 

100 0.8 0.17 2.8 -199 0.56 54 0.95 3.3 0.63 0.19 22 

120 2.4 0.21 8.8 -277 2.03 -7 0.95 9.8 0.77 0.19 22 

120 2.3 0.24 7.2 -272 2.00 -3 0.95 8.2 0.90 0.20 20 

152 3.2 0.11 27.7 -243 3.17 25 0.95 28.6 0.41 0.20 21 

152 3.3 0.12 27.4 -246 3.29 22 0.95 28.3 0.43 0.20 21 

180 3.8 0.06 73.5 -257 4.34 12 0.95 74.4 0.22 0.20 21 

Table 7.4 Acoustic results for mesh 8 and 0=0.85, methane/air flames 
(S1 = 0.27 m/s) 
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f 

Hz mm 

u 

m/s ü 
cps/ü 

Deg 

St 

M/S 

GPs, iu 
Deg 

st 

m/s 

st /ü ü/S1 u'/S, 1 
mm 

52 3.5 0.58 2.0 -143 0.93 -264 1.14 1.6 1.72 0.19 9 

52 1.7 0.22 2.5 -103 0.33 -202 1.09 1.5 0.65 0.18 10 

68 0.9 0.26 1.6 -41 0.30 -92 1.11 1.2 0.75 0.19 9 

68 1.3 0.40 1.4 -95 0.15 -198 1.05 0.4 1.19 0.17 11 

100 0.2 0.51 0.3 -30 0.46 -15 1.03 0.9 1.51 0.17 12 

100 0.2 0.37 0.4 -39 0.30 -20 1.06 0.8 1.09 0.18 11 

120 3.2 0.40 5.9 -270 2.80 0 1.02 6.9 1.19 0.17 12 

120 1.9 0.37 4.0 -236 1.78 27 1.05 4.8 1.08 0.17 11 

152 3.4 0.24 13.9 -211 3.41 55 1.12 14.5 0.69 0.19 9 

152 1.9 0.27 6.9 -309 2.07 -35 1.12 7.7 0.79 0.19 9 

180 2.9 0.11 29.4 -257 3.43 12 1.07 30.4 0.33 0.18 10 

180 2.5 0.12 24.0 -230 2.94 38 1.07 24.7 0.35 0.18 11 

Table 7.5 Acoustic results for mesh 8 and 4=0.7, ethylene/air flames 
(Si = 0.36 m/s) 
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CHAPTER 8: DISCUSSION 

This chapter discusses the results that have been presented in chapters 5,6 and 7. In 

the first part of this chapter, cold flow results for different meshes are compared. The 

second part discusses the data for turbulent burning velocity, with and without 

external oscillations, for various conditions generated by these meshes. It also 

compares the measured data with available correlations. The last part of the chapter 
discusses the results due to external oscillations. 

8.1 COLD FLOW RESULTS 

Figure 8.1 shows the average mean velocity decay for all meshes. The average mean 

velocities in the figure are the mean velocity normalised by the inlet velocity over 

the central 40 mm of the flow and averaged over all inlet velocities. Table 8.1 shows 

the blockage percentage for all the meshes and the perforated plate. The figure shows 

the variability of each data point and not the error due to the measurements. The 

variability of the data point is the variation of the normalised mean velocity at an 

axial position for different inlet velocities. The average mean velocity decay for all 

the meshes is similar to the theoretical decay. Mesh 4b and mesh 2 are fine meshes 

with smaller blockage percentage than the coarse meshes and perforated plate, and 

the mean velocity decay for these meshes is faster than for the others. Holes in the 

coarse meshes and the perforated plate act as individual sources and the mean 

velocity decay is slower than for the fine mesh. The perforated plate (mesh 6) has 

still slower velocity decay than the coarse meshes for all exit velocities. 

Figure 8.2 shows the average turbulence intensity for all meshes. This average 

turbulence intensity is the mean r. m. s. turbulent velocity normalised by local mean 

velocity and averaged over all inlet velocities. The turbulence intensity decay for the 

coarse mesh and perforated plate are faster than for the fine mesh. Similarly to the 

190 



mean velocity decay, the mean turbulence intensity of the fine meshes is smaller than 

that of the coarse meshes and the perforated plate. There are two types of turbulence 

inside the diffuser. The first region starts from the mesh and extends to the axial 

positions, x= 50 mm for meshes 2,4b, 3,8,9 and x= 30 mm for mesh 6. In this 

region, turbulence is generated by the meshes. The turbulence decreases with 
increasing axial distance and this is due to the dissipation of , 

the grid generated 

turbulence. Batchelor and Townsend (1947) have experimentally measured 

turbulence decay for grid generated turbulence in terms of mesh grid size (M, wire 

spacing). For axial distance, x> 10-20 M, they showed that the decay law has the 

following form 

Uö x xo 

ui2 
_-aMM 

where Uo and ware the mean and r. m. s turbulent velocity, x is the axial distance, a is 

the slope factor constant that depends on the geometric parameters of the grid and xo 

is the virtual origin at which the turbulence is created with infinite energy. The 

constant is given by 

106 
Cd 

where Cd is the drag coefficient of the grid and it is given by 

(d /M)(2-d /M) 
Cd 

(1-d /M)4 

where d is the diameter of the mesh. 

Figure 8.3 shows the decay of turbulence for different meshes. One way of 

comparing the turbulence decay for different meshes is to calculate the product of Cd 

with the slope of the turbulence decay. Table 8.3 gives the calculated slope and Cd 

for all meshes. The product is approximately constant for all meshes and the average 

is 112. Batchelor and Townsend (1947) have calculated the product for different M 

and shown that the average is 106. 
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In the second region, turbulence is due to the shear layer generated turbulence only 

and it increases with increasing axial distance. This is due to an increase in turbulent 

transport across the diffuser. The turbulence intensity should be same for all the 

meshes in this region because there is no effect from the meshes. But the turbulence 
intensity varies in this region and this is because different momentum ratios (MR) 

were used to generate uniform flow inside the diffuser. 

Figure 8.4 shows the average length scales for all meshes. These increase gradually 

up to x=50 mm and increase rapidly beyond there. The length scales are averaged 

over all inlet velocities. Similarly to the turbulence intensity, there are two regions of 
length scale. Length scales in the first region are due to the mesh. In this region, due 

to dissipation of eddies, the length scale increases gradually with increasing axial 
distance. This is due to the dissipation of small eddies, thereby shifting the 

turbulence spectrum towards bigger scales. The length scales in the second region 

are due to the shear layer and increase sharply with increasing axial distance. In this 

region turbulent transport increases and the dissipation rate is high. The length scales 
for the fine mesh are larger than for the coarse meshes and perforated plate up to x= 
50mm because of a lower blockage percentage. 

8.2 MEASUREMENT OF TURBULENT BURNING VELOCITY 

The mean turbulent burning velocity is given by 

St =U -dcldt 

where U is the mean flow velocity measured using the hot wire anemometer in the 

cold flow and dc / dt is the mean propagation velocity. 

For a lifted stationary flame, the mean propagation velocity is zero. In the present 

conditions, the measured mean propagation velocity for all conditions is very much 

192 



smaller than even the laminar burning velocity and hence the flame can be 

considered to be stationary in the measurement period. 

The cold flow incident mean velocity at the mean flame lift-off height is calculated 

from the velocity decay chart. The turbulence characteristics are also calculated for 

the mean flame lift-off height. Lawn and Schefer (2005) have shown that there is 

little flow divergence near the flame base for the same burner geometry and that the 

velocities conditioned on the unburnt parts of the combusting flow are equal to the 

cold flow velocities. It is therefore reasonable to assume that the turbulent burning 

velocity is equal to the mean velocity corresponding to the mean flame lift-off height 

measured under cold conditions. 

Turbulent burning velocity was not measured for mesh 6 because the flames were 

unstable and non-planar. Figures 8.5 and 8.6 show the turbulent burning velocity (St) 

for methane/air flames for meshes 2 and 4b. The turbulent burning velocity decreases 

for decreasing equivalence ratio. The same trend is observed for all other meshes. 

The figures also show the effect of inlet velocity on the turbulent burning velocity. 

With increasing inlet velocities, the turbulent velocity increases and thereby, 

turbulent burning velocity also increases. The maximum error in the turbulent 

burning velocity by considering the uncertainty in the flow velocity and laminar 

burning velocity is 7%. 

The measured turbulent burning velocity is compared with Bray's (1990) correlation, 

which is given by 

S` 
= 0.875 u K-0.392 

S, S, 

where St and Sl are the turbulent and laminar burning velocity, u' is the r. m. s. 

turbulent velocity and K is the Karlovitz stretch factor. Following Abdel-Gayed et al. 

(1987), the Karlovitz stretch factor is given by 

z 

K=0.157 S Ret-Os 

where Ret is the turbulent Reynolds number, as discussed in section 2.1.1. 
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From Table 8.2, it is clear that all the flames are in the wrinkled flame regime (refer 

figure 2.1). In the wrinkled flame regime, the chemical reaction and heat release are 

confined to thin, highly convoluted and strained interfaces separating the unburnt 

reactants from burnt products. The wrinkled flame regime is characterised by u '<S1 

andl/6, > 10. 

Figure 8.7 shows the turbulent burning velocity normalised by the laminar burning 

velocity for different r. m. s. turbulent velocity normalised by laminar burning 

velocity for methane/air flames. The laminar burning velocities for methane/air 
flames and ethylene/air flames are calculated from Brown and Lawn (2004). The 

measured burning velocity is compared with the Bray correlation for two different 

Karlovitz numbers, minimum K =0.0046 and maximum K=0.013. The maximum K 

is that calculated from the experimental values and the minimum K corresponds to 

the lowest K for which Bray recommends the correlation. 

Abdel-Gayed and Bradley (1987) have shown that flame stretch determines the 

turbulent burning velocity, and Karlovitz stretch factor is used as the correlating 

parameter. The measured turbulent burning velocity normalised by the turbulent 

burning velocity calculated using the Bray correlation is plotted for different K in 

Figure 8.8. The measured burning velocities are only 20% discrepant from the Bray 

correlation down to K=0.003 even though at this K, the Bray correlation is expected 

to fail. 

Figure 8.9 shows the normalised burning velocity for different u'/Si for ethylene/air 

flames, compared with the Bray correlation for two different K. The turbulent 

burning velocity is also plotted for different K in Figure 8.10. Similarly to 

methane/air flames, the burning velocity of the ethylene/air flames agree well with 

the Bray correlation down to K=0.002. 
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Figure 8.11 shows the turbulent flame thickness for different integral length scales. 
The measured turbulent flame thickness shows no significant trend over all length 

scales for both methane/air and ethylene/air flames. 

The expression (equation 2.16) for the flame wrinkling amplitude from Clavin and 
Searby (1986) has been used to determine the flame enhancement due to wrinkling 
due to the incoming turbulence in the present study. The method of calculating the 

turbulent burning velocity is given in Appendix 2. The normalised burning velocity 
from this calculation is 

2 
S` 

=1+1 
ux 

S, 2 S, 

weke 4ki2 + 4w2 / SI 

22 12 
2 

r2 rl 
2 

o k, yw 
- 

2w 
+ 

yk' 
- 

yk + 2Lk'3 + 
2kºw 

+ 
2k wL 

_ 
yk WL [[Si2 

S2 oI Fr I- y S1 S, S, 

k'3dk' 
dc' 

ke We 

The double integral has been calculated using numerical integration (Simpsons 1/3`d 

rule). The lower limit of integration is deduced from the stability diagram for 

premixed flames stabilised in a weak turbulence (Searby and Clavin, 1986; figure 

8.12). As discussed in the Appendix 2, the wave number is varied from k; (w) to ke 

and the frequency is varied from 0 to 300 rad/sec. In the present condition the 

maximum wave number is ke 71/21. 

Figure 8.13 shows the experimental and calculated normalised burning velocity for 

methane/air flames with -y = 0.85 and G=7.0x10"5 m (taken from Tseng et al. 1993) 

compared with the Clavin and Williams (1979) theoretical results for no gas 

expansion. The normalised turbulent burning velocities are calculated for different 

integral length scales using the above expression. From the literature review, it is 

clear that in this regime, the flames are affected by both the DL instability and 

external turbulence. Even though the Searby and Clavin expression considers DL 
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instability and turbulence effects, the calculated normalised turbulent burning 

velocities here are much smaller than the measured ones and smaller than those of 

Clavin and Williams. 

The measured turbulent burning velocity is compared with Bychkov's (2003) 

analytical expression for turbulent burning velocity (equation 2.17) which considers 

the interaction between DL instability and turbulence. Figure 8.14 compares the 

measured turbulent burning velocity with the Clavin and Williams (1982) and 

Bychkov (2003) predictions for different ratios of integral length scale to cut-off 

length scale for the DL instability. It is clear from the figure that when the flame 

wrinkling wavelength is very much greater than the cut-off wavelength of the DL 

instability, DL instabilities increase the turbulent burning velocities. Figure 8.15 

compares the measured turbulent burning velocities with Bychkov's (2003) 

analytical expression using the experimental length scale for the individual points. 

The measured turbulent burning velocity agrees well with the analytical expression 

in the region 0.2< u'IS1 <0.6. Below (above) this region, it is smaller (larger) than 

that given by the analytical expression for methane/air flames. This comparison 

shows that the DL instability cannot be discarded when calculating the turbulent 

burning velocity in this regime (u 'ISI <1). Figure 8.16 compares the measured 

turbulent burning velocity with Bychkov's (2003) for ethylene/air flames. Even 

though the measured turbulent burning velocities for ethylene/air flames are smaller 

than those of Bychkov (2003), they are also independent of u'IS1. 

Comparison of the measured turbulent burning velocity with the Clavin and 

Williams (1979) and Bychkov (2003) theories shows that the turbulent burning 

velocities are enhanced in this regime, u'/Sl <_ 1. The Lewis number for an 

ethylene/air flame is 1.3 and for a methane/air flame is 0.97 and this results in higher 

turbulent burning velocity for methane/air flames than ethylene/air flames. This is 

due to suppression of the DL instability by thermal-diffusive effects in ethylene/air 

flames as observed by Kobayashi et al (1998). 
196 



8.3 EFFECT OF ACOUSTIC EXCITATION 

Most of the flame positions measured using the rotating drum and acoustic velocities 
measured using the hot wire anemometer show significant sinusoidal variation 
(figure 7.3). The figure shows the mean flame position, acoustic velocity and best 

sine fit for different phase angles. The errors in the flame height amplitude, , with 

respect to the sine fit for different frequencies are within ±25% for all conditions. 
Similarly, the errors in the actual acoustic velocity amplitude, ü with respect to the 

sine fit velocity for different frequencies are within ±15%. There is no systematic 

error in the flame height amplitude and acoustic velocity amplitude for all 
frequencies. The maximum possible error in the phase difference between the flame 

position and the acoustic velocity is about 20°. 

The phase difference between the turbulent burning velocity and the acoustic 

velocity and the magnitude of the transfer function for all conditions are plotted for 

different Strouhal number (Str), defined as the ratio of frequency times integral 

length scale to r. m. s turbulent velocity (figure 7.4-7.7). Another definition of 
Strouhal number Str' is the ratio of frequency times laminar flame thickness to 

laminar burning velocity. Figure 8.17 a, b shows the phase difference between the 

turbulent burning velocity and the acoustic velocity for different Str' and Str for 

mesh 3 and mesh 8. The phase differences for the two meshes are more scattered at 
low Strouhal number defined in terms of Str' than defined in terms of Str. There is 

no apparent trend in the phase difference at low Str'. Figure 8.18 a, b shows the 

magnitude of the transfer function at different Str' and Str for mesh 3 and mesh 8. 

The magnitude of transfer function shows the same trend for both Str' and Str. The 

magnitudes of the transfer functions for different Str' follow the common trend for 

the two meshes and also for different equivalence ratios. It is significant that Str' is 

equal to f multiplied by a constant which is the chemical time-scale for a given fuel 

and equivalence ratio. Nevertheless, the assumption that turbulence and not the 
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kinetics control the response is reasonable and it is therefore appropriate to represent 

the phase difference between the turbulent burning velocity and the acoustic 

velocity, and the magnitude of the transfer function, in terms of Str. 

8.3.1 Effect of Frequency 

For mesh 3 flames, as f-0, the magnitude of the transfer function generally tends to 

zero for 0=0.95 and 0.85 methane flames (figure 8.18). The phase of the transfer 

function generally tends to -360° as f-0 for both equivalence ratio flames (figure 

8.17). Similar trends can be seen for mesh 8 flames as f-0 (figure 8.17 & 8.18). 

Thus the behaviour at these low frequencies appears to be quasi-steady. In these 

conditions, the flame is considered to be frozen at different axial distances depending 

upon the phase angle of the acoustic velocity: i. e. the flame is similar to an 

unperturbed flame, but bums at different axial positions depending upon the 

instantaneous velocity. The amplitude of the turbulent burning velocity should be 

zero because the flame is similar to the unperturbed flame. 

However, at the lowest frequency of 50 Hz, the flame position lags the acoustic 

velocity by about 120 for mesh 3 flames, by about 160 for mesh 8 methane flames, 

and by about 120° for ethylene flames. 

Moreover, the magnitude of the transfer function shows some value, greater than 

zero, possibly because the phase difference between the flame position and acoustic 

velocity is less than -90° (equation 7.4). The deduced amplitude of the turbulent 

burning velocity increases as the phase difference between the flame position and 

acoustic velocity decreases from the quasi-steady condition (co 
ýü = -90° ). At this 

frequency, the phase difference between the turbulent burning velocity and the 

acoustic velocity decreases from the quasi-steady condition (ýps, ü = -360°). 
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As the frequency is increased to 70 Hz, the phase difference between the flame 

position and the acoustic velocity is indeed about -90 for mesh 3 flames and about 

-100° for mesh 8 flames. For mesh 3, the flames show quasi-steady behaviour at this 

frequency. Similarly to 50 Hz, the flame is displaced by the acoustic velocity but the 

movement is similar to the quasi-steady condition. This is more apparent as the 

phase difference between the turbulent burning velocity and acoustic velocity is 

nearly -180°. Since the phase difference between the flame position and acoustic 

velocity is not exactly -90°, the deduced magnitude of the turbulent burning velocity 
is non-zero. The magnitude of the transfer function gradually increases from the 50 

Hz condition, but remains small. 

As the frequency is increased to 100 and 110 Hz, the phase difference between the 

acoustic velocity and the flame position increases, but the phase difference between 

the turbulent burning velocity and acoustic velocity decreases. The magnitude of the 

transfer function is nearly the same as in the 70 Hz condition. There is a huge spread 

in the phases of the turbulent burning velocity with respect to acoustic velocity at 

these frequencies. This may be partly due to the error in the measurement of the 

phase of the flame position and consequently in the calculated phase of the turbulent 

burning velocity. 

As the frequency is increased to 120 Hz, 150 Hz and 180 Hz, the phase difference 

between the acoustic velocity and the flame position increases and it is about -250°. 

The phase difference remains constant at these frequencies. The turbulent burning 

velocity and the acoustic velocity tend to be in-phase at these frequencies and this is 

illustrated in figure 8.17 and 8.18. However the magnitude of the transfer function 

sharply increases at these high frequencies and this is solely due to the very large 

movement of flame. 
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8.3.2 Effect of Laminar Burning Velocity 

The effect of laminar burning velocity can be seen clearly in figures 8.17 and 8.18. 

For mesh 3 flames, the phase difference between the turbulent burning velocity and 

the acoustic velocity changes more sharply for 0=0.95 flames than for 0=0.85 

flames. Similarly, the magnitude of the transfer function increases more sharply for 

= 0.95 at low Str than for 0=0.85 flames. 

The mesh 8 methane flames show similar trends to those of mesh 3 methane flames. 

The phase difference between the turbulent burning velocity and the acoustic 

velocity for mesh 8 ethylene flames changes faster than for mesh 8 methane flames, 

and the magnitude of the transfer function also shows the same trend. 

Both equivalence ratio flames have the same response to the acoustic velocity at low 

Str, but the 4=0.95 flames have faster response than the 0=0.85 flames at high Str. 

Similarly, ethylene flames (S1= 0.36 m/s) have faster response than methane flames 

(S1 = 0.32 and 0.27m/s). 

8.3.3 Effect of Mesh 

Figure 8.17 and 8.18 shows the effect of the mesh on the phase difference between 

the turbulent burning velocity and the acoustic velocity. The integral length scale for 

mesh 3 varies between 10 and 30 mm and for mesh 8, it varies between 8 and 20 

mm. The phase difference between the turbulent burning velocity and the acoustic 

velocity is lower for mesh 8 flames than mesh 3 flames at low Str. This is true for 

both equivalence ratios. The magnitude of the transfer function for mesh 8 and mesh 

3 flames collapses into a single curve at low Str. But the magnitude of the transfer 

function increases more sharply for mesh 3 methane flames than mesh 8 methane 

flames at high Str. 
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8.3.4 Effect of Amplitude 

Figure 8.19 and 8.20 are the stability diagrams (refer to chapter 2) for methane/air 
flames at equivalence ratio 0.95 and 0.85 for the various acoustic frequencies. Figure 

8.21 shows the stability diagram for ethylene/air flames at 0=0.7. These stability 
diagrams are calculated by solving for the local evolution of the fluctuating flame 

front (Searby and Rochwerger, 1991). Bychkov (2000) has derived the solutions for 

the above equation. The solution gives two critical velocities: 1) for the suppression 

of primary instabilities and 2) the onset of secondary instabilities. The critical 

velocities for primary and secondary instabilities are 

üp 2AC /1DRi 

S, DC 

üs 
-B2+ 

Acv2 +4 C- RiD 
Sl D 2coD 

where the parameters are described in chapter 2. The parameters A, B, C and D are 
functions of Markstein number, temperature ratio (0) and wave number (k). The 

critical velocity for primary instability is independent of the frequency of the 

perturbation, but the critical velocity for secondary instability does depend on the 

frequency of the perturbation. 

In the primary instability region, the flames are affected by the DL instability and are 

accelerated. Some earlier studies have calculated the boundary conditions for 

suppressing the primary instability and also for the onset of secondary instability for 

premixed flames propagating inside a tube. But there are no quantitative 

measurements of flame acceleration due to primary and secondary instability. From 

the Tables 7.1 to 7.5, it is clear that the experimental velocity ratios (ülS1) are all 

below the saturation of the primary instability. The maximum and minimum k5l 

calculated for the present study by considering the unperturbed length scales are 
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0.009 and 0.0042. For these conditions the flames are in the primary instability 

regime. 

The magnitude of the transfer function for all frequencies shows that flames are 
indeed accelerated by the external acoustic oscillations due to the DL instability. 

This could be understood clearly at low frequencies. At low frequencies, even 

though the flame shows quasi-steady behaviour, the amplitude of the turbulent 

burning velocity is non-zero, and the mean turbulent burning velocity is higher than 

in the steady flame due to the DL instability. There is no decrease in the turbulent 

burning velocity for increasing acoustic velocities which shows that the primary 
instability is not suppressed for the flame to become planar (Searby and Rochwerger, 

1991). This is another piece of evidence to show that there is no development of 

secondary instabilities. 

This effect becomes dominant at higher frequencies. At higher frequencies, the 

magnitude of the transfer function increases even for the smallest perturbation, as 

deduced from the large flame movement at these frequencies. 

Bychkov (2002) has derived an expression for flame wrinkling amplitude in terms of 

acoustic velocity by solving a non-linear equation. The amplitude of the flame is 

given by 

z -o. s 

ä=2h u` O 1[05'o-' 2 ü2 OZ+1 
+ 

402 

kS, 0+1 O+1 Sl O+1 (O+1)2 

where ut= 1Z u' is the velocity amplitude of isotropic turbulence. The above 

expression is derived by considering both the turbulence effect and the DL effect, but 

the turbulence effect is dominant over the DL effect due to acoustic resonance. This 

expression is valid at higher acoustic frequencies only, i. e. W» Si k, but it is notable 

that it is independent of w. The maximum and minimum kSi in the present study 
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estimated by considering the unperturbed length scales, are 54 s-1 and 15 s-1 and the 

maximum and minimum w are 1130 rad/sec and 314 rad/sec. 

Figure 8.22 shows the ratios of the amplitude of flame wrinkling (a/ äo )2 with and 

without acoustic excitation (ü = 0) for different acoustic velocities and also for 

different 6 (Bychkov 2002, equation 2.21). The different 0 -corresponds to the 

methane 0=0.95 and 0.85 flames, and the ethylene 0=0.7 flames. It is clear from 

the figure that the resonance occurs at certain acoustic velocity ratios and the 

turbulent burning velocity is enhanced at those velocity ratios. The effect of the DL 

instability on turbulent burning velocity is suppressed by this resonance effect. Away 

from the resonance condition, the enhancement of the turbulent burning velocity due 

to acoustic excitation is very small. 

Clavin and Williams (1979) have shown that the normalised burning velocity 
increment is proportional to the square of the amplitude of the flame wrinkling. 

St /SI-1aä2 

Appendix 3 gives the procedure for calculating the normalised mean turbulent 

burning velocity and this is similar to that described in Appendix 2. It involves the 

flame wrinkling amplitude, transverse wave number and laminar flame velocity. The 

expression for time-averaged turbulent burning is (equation A3.6) 

2 -1 

S` 
=1+402(u'/SJ2 

1)2 ̂ 2 u2 
-02-1 +402 

S! 
[2(@+1)s2 

Figure 8.23 compares the measured normalised mean turbulent burning velocity with 

and without acoustic excitation with the above expression for different turbulence 

intensities and acoustic velocities. The mean turbulent burning velocity calculated 

using the above expression increases with increasing turbulence intensity and also 

increases with increasing acoustic velocity, but it is very much smaller than the 
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measured mean turbulent burning velocity. The calculated normalised mean 
turbulent burning velocities are independent of frequency 

For each frequency and for each acoustic velocity, mean flame lift-off height is 

measured. The mean turbulent burning velocity is assumed equal to the mean cold 
flow velocity corresponding to the mean flame lift-off height. 

, 
The comparison in 

figure 8.23 shows that the calculated mean turbulent burning velocities are very 

much smaller than the measured mean turbulent burning velocities with and without 

acoustic excitation. One of the reasons is that the acoustic velocity ratios (alS1) are 

smaller than the resonance producing conditions. In this region, the effect of the DL 

instability is suppressed by the resonance solution and the enhancement of the mean 

turbulent burning velocity due to acoustic excitation is very small. From the figure, it 

is clear that the mean turbulent burning velocities with acoustic excitation are lower 

than the unexcited ones, which is why the flames burn higher in the diffuser. 

Vaezi and Aldredge (2000a) have shown that a premixed laminar flame is 

accelerated in this primary instability regime and the burning velocity is enhanced. 

They showed that the laminar burning velocity is increased twofold in the primary 

instability region and 10 times in the secondary instability region. In the present 

study, turbulent burning velocity is enhanced by the acoustic excitation. However, 

the enhancement is higher for higher frequencies. 

8.3.5 Summary of the Acoustic Effects 

The response of the premixed turbulent flames to imposed oscillation was studied by 

calculating the transfer function between the turbulent burning velocity and the 

acoustic velocity. The phase difference (pst /, changes at low Strouhal number (Str). 

This change in pst l;, varies with fuel, equivalence ratio and mesh. Beyond a certain 

Str, ýost tends to be constant for all flame conditions. At low Str, the magnitude of 
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the transfer function changes gradually for increasing Str. The change in the 

magnitude of the transfer function varies with fuel, equivalence ratio and mesh and it 

increases sharply beyond a certain Str for all flame conditions. In the present 

conditions, all flames are in the primary instability regime and the mean turbulent 

burning velocities are affected by the DL instability. The mean turbulent burning 

velocities due to acoustics are smaller than the unexcited ones. However, they are 

larger than those calculated using Bychkov's (2002) expression for flame wrinkling 

amplitude. This suggests that in the primary instability regime, the DL instability is 

modified by the turbulence and non-linearities must be taken into account, as in the 

theory of Bychkov (2003) for a steady flame. There are no theories in the literature 

to explain the magnitude of the transfer function. 

In the present conditions, all flames are in the primary instability regime and the 

mean turbulent burning velocities are affected by the DL instability. The mean 

turbulent burning velocities due to the acoustic excitation are smaller than the 

unexcited ones. This is due to the suppression of flame wrinkling by axial acoustic 

fluctuations. According to the stability analyses, a smaller band of wave numbers can 

be unstable as the amplitude of the excitation increases. 

205 



Mesh Blockage % u'/U Optimum 
MR 

Mesh 2 39 0.03 0.40 
Mesh 4b 36 0.04 0.45 
Mesh 3 49 0.18 0.45 
Mesh 8 45 0.20 0.35 
Mesh 9 44 0.18 0.391 
Mesh 6 60 0.25 0.67 

Table 8.1 Blockage percentage for all meshes and perforated plate 

Mesh type Length 
scale (1) 
mm 

log(L8) u'/Si Regime 

Mesh 2 6-31 2.0-2.7 0.06-1.08 Wrinkled flame 
Mesh 4b 7-25 2.0-2.6 0.04-0.2 
Mesh 3 2-27 1.5-2.6 0.26-1.13 
Mesh 8 3-25 1.7-2.6 0.22-0.64 
Mesh 9 2-24 1.5-2.6 0.24-0.6 

5= laminar flame thickness 
Table 8.2 Flame conditions 

Mesh Mesh Mesh M/d Cd CdxSlope 
type spacing diameter 

(M) (d) 
/mm /mm 

Mesh 2 1 0.22 2.50 1.06 100 
Mesh 4b 1.2 0.26 2.00 1.03 103 
Mesh 3 2.2 1 2.50 7.94 123 
Mesh 8 3.5 1.4 2.92 4.94 113 
Mesh 9 3 1.2 3.00 4.94 120 
Mesh 6 3 1.6 3.00 16.5 115 

Table 8.3 Turbulence intensity for all meshes 
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CHAPTER 9: CONCLUSIONS AND 
RECOMMENDATIONS FOR FURTHER STUDY 

This chapter summarises the cold flow, excited and non-excited results, and also 

recommends some future work. 

9.1 COLD FLOW RESULTS 

The diffuser with the flow controlled by wall jets was proved to have satisfactory 

flow conditions. The measured average velocities and r. m. s. turbulent velocities were 

nearly uniform across the diffuser. With the appropriate momentum ratio, the mean 

velocity and r. m. s. turbulent velocity were uniform in the central 40 mm of the duct. 

The measured mean velocity decay had a similar trend to that of the ideal diffuser for 

all meshes. The mean velocity decay for the coarse meshes and perforated plate was 

slower than for fine meshes because of the higher blockage percentage. 

There were two different types of turbulence inside the diffuser: turbulence 

generated by the mesh and turbulence generated by the shear layer. The slope of the 

turbulence decay due to the mesh agrees well with Batchelor and Townsend's (1947) 

results. Turbulence due to the shear layer increased with axial distance due to 

increases in turbulent transport across the diffuser. 

Similarly there were two integral length scales: due to the grid and to the shear layer. 

The integral length scales increased gradually up to x= 50 mm and increased rapidly 

beyond there. 

9.2 NON-EXCITED CONDITION 

Turbulent burning velocity was determined by relating the average flame lift height 

measured using the rotating drum to mean velocity at that average position. The 
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novel rotating drum technique was used mainly to measure the mean flame height. 

However, using the rotating drum technique, a lot of information about the flame 

movement was obtained. It was successfully used to track the flame movement due 

to external oscillations. The calculated flame probability had a Gaussian distribution 

for all flames. The measured propagation velocity was generally less than the 

laminar burning velocity. In a very few instances it was greater than the laminar 

burning velocity, but the mean propagation velocity was very much smaller than the 

laminar burning velocity. 

The measured turbulent burning velocity decreased with decreasing equivalence 

ratios. For the same equivalence ratio, the turbulent burning velocity decreased with 
decreasing inlet velocities because of the related decrease in turbulent velocities. 

From the measured cold flow parameters, it was clear that all the flames were in the 

weakly wrinkled flame regime (u'/S1<1). In this regime, the flame surface was 

wrinkled by the turbulence. But this regime was also affected by flame instability. 

The predominant flame instability that affected the turbulent burning velocity was 

the Darrieus-Landau instability. 

The measured turbulent burning velocities were compared with the Bray correlation 

(1990) and the Clavin and Williams (1979) correlation. They do not agree either with 

the Bray or the Clavin and William correlations for u'ISi < 1. Turbulent burning 

velocity was calculated using the Searby and Clavin (1986) equation for flame 

wrinkling due to turbulence and the DL instability, and compared with the Clavin 

and Williams correlations and the measurements. Measured turbulent burning 

velocities were much larger than the calculated turbulent burning velocities. 

The measured turbulent burning velocities were also compared with the Bychkov 

(2003) expression, which considered the non-linear interaction between the DL 

instability and turbulence. They agreed well in the region 0.2< u'/S1 <0.6. These 
221 



comparisons showed that DL instabilities play an important role in modifying the 

turbulent burning velocity in this regime. 

9.3 EXCITED CONDITION 

The flame response was studied by measuring the phase and the magnitude of the 

transfer function between the flame height and the incident acoustic velocity. At low 

frequencies, the flame showed near quasi-steady behaviour, but the amplitude of the 

turbulent burning velocity was non-zero, possibly because the measured phase 

difference between the flame position and the acoustic velocity was not exactly -90°. 
One of the observations at high frequency was that the phase difference between the 

flame and the acoustic velocity remained constant. At these frequencies, the 

turbulent burning velocity was nearly in-phase with the acoustic velocity and there 

were sharp increases in the magnitude of the transfer function. This was deduced 

from the large movement of the flame. 

As the Strouhal number (Str) increased, the phase difference, (pt Iü , changed at a rate 

which varied with fuel, equivalence ratio and mesh. Beyond a certain Str, the 

c9, t, ü tended to be constant for all flame conditions and once more the st was 

approximately in-phase with ü. The magnitude of the transfer function changed 

gradually for increasing Str. The rate of change varied with fuel, equivalence ratio 

and mesh. In the present study, it was found that st was non-zero even at low Str. At 

high Str, the amplitude of the turbulent burning velocities was enhanced even with 

small perturbations. 

Most of the studies have showed that the mean turbulent burning velocities are 

modified in the primary instability region due to the DL instability. The measured 

mean turbulent burning velocities due to acoustic excitation were smaller than the 

unexcited ones. However, they were larger than the calculated mean turbulent 
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burning velocities using the Bychkov (2002) expression for flame wrinkling 

amplitude. This established that in the primary instability regime, the DL instability 

was modified by the turbulence and non-linearties must be considered while 

calculating mean turbulent burning velocity. In the present study, the DL instability 

was apparently modified so that the mean turbulent burning velocity was reduced, 

and the fluctuating greatly enhanced, when the flame was perturbed by external 

acoustic oscillations. 

9.4 RECOMMENDATIONS 

¢ Non-intrusive techniques like Particle Image Velocimetry should be used to 

measure the flow parameters during combustion. Flow divergence near the 

flame base due to flame curvature should be studied using these non-intrusive 

techniques. 

¢ The effect of the Darrieus-Landau instability on the turbulent burning 

velocity should be studied with larger u'/S1, and also by varying integral 

length scales while keeping u'/S1 constant. 

¢ For the excited condition, non-intrusive laser diagnostics should be used to 

study the planar flame acoustic coupling. 

¢ In the present study, all the flames were subjected to acoustic velocities 

which are in the primary instability regime. The acoustic velocities should be 

increased to study the effect of secondary instability on the turbulent burning 

velocity. 

223 



REFERENCE 

Abdel-Gayed, R. G. and Bradley, D., 1977, Dependence of Turbulence and 
Burning Velocity on the Turbulent Reynolds Number and Ratio of Laminar 

Burning Velocity to RMS Turbulent Velocity Proceeding of the Combustion 

Institute 16 725-1735 

Abdel-Gayed, R. G. and Bradley, D., 1977a, Derivation of Turbulent Transport 

Coefficients from Turbulent Parameters in Isotropic Turbulence Trans American 

Society Mechanical Engineers Journal of Fluid Engineering 99 732-736 

Abdel-Gayed, R. G. and Bradley, D., 1980, Turbulent Length Scales and 
Turbulent Transport number for Isotropic Turbulence Trans American Society 

Mechanical Engineers Journal of Fluid Engineering 102 389-736 

Abdel-Gayed, R. G. and Bradley, D., 1980a, A Two-Eddy Theory of Premixed 

Flame Propagation Proceedings of Royal Society of London A 301 1-25 

Abdel-Gayed, R. G., Al-Kishali, K. J. and Bradley, D., 1984, Turbulent 

Burning Velocities and Flame Stretching in Explosion Proceedings of Royal 

Society of London A 391 393-414 

Abdel-Gayed, R. G., Bradley, D. Hamid, M. N. and Lawes, M., 1984, Lewis 

Effects on Turbulent Burning Velocity Proceeding of the Combustion Institute 20 

505-512 

Abdel-Gayed, R. G. and Bradley, D., 1985, Criteria for Turbulent Propagation 

Limits ofPremixed Flames Combustion and Flame 62 61-68 

Abdel-Gayed, R. G., Bradley, D. and Lawes, M., 1987, Turbulent Velocities: A 

General Correlation in terms of Straining Rate Proceedings of Royal Society of 

London A 414 389-413 

Abdel-Gayed, R. G., Bradley, D, Lawes, M. and Lung, F. K. K., 1987, 

Premixed Burning Velocity During Explosion Proceeding of the Combustion 

Institute 21 249-256 

224 



Aldredge, R. C. and Williams, F. A., 1991, Influence of Wrinkled Premixed- 
Flame Dynamics on Large-Scale and Low Intensity Turbulent Flows Journal of 
Fluid Mechanics 228 487-511 

Aldredge, R. C., Vaezi, V. and Ronney, P. D., 1998, Premixed fame 

Propagation in Turbulent Taylor-Couette flow Combustion and Flame 115 395- 

405 

Aldredge, R. C. and Zuo, B., 2001, Flame Acceleration Associated with the 
Darrieus-Landau Instability Combustion and Flame 1212091-2 101 

Aldredge, R. C. and Killingsworth, N. J., 2004, Experimental Evaluation of 
Markstein Number Influence on Thermoacoustic Instability Combustion and 
Flame 137 178-197 

Akkerman, V. and Bychkov, V., 2003, Turbulent Flame and the Darrieus- 

Landau Instability in a Three-Dimensional Flow Combustion Theory and 
Modelling 7 767-794 

Aydin, M. and Leutheusser, H. J., 1980, Very Low Velocity Calibration and 
Application of Hot Wire Probe DISA Info 25 17-18 

Ballal, D. R. and Lefebvre, A. H., 1975, The Structure and Propagation of 
Turbulent Flames Proceedings of Royal Society of London A 344 217-234 

Ballal, D. R., 1979, The Structure of Premixed Turbulent Flames Proceedings of 

Royal Society of London A 367 353-380 

Batchelor, G. K. and Townsend, A. A., 1948, Decay of Isotropic Turbulence in 

the Initial Period Proceedings of Royal Society of London A 193 539-558 

Bedat, B. and Cheng, R. K., 1995, Experimental Study of Premixed Flames in 

Intense Isotropic Turbulence, Combustion and Flame 100 485-494 

Bilger, R. W., 2000, Future Progress in Turbulent Combustion Research 

Progress in Energy Combustion Science 26 367-380 

Bingham, D. C., Gouldin, F. C. and Knaus, D. A, 1998, Crossed-Plane 

Tomography: Direct Measurement of the Flamelet Surface Normal Proceeding of 

the Combustion Institute 27 77-84 

225 



Bloxsidge, G. J., Dowling, A. P. and Langhorne, P., J. 1988, Reheat Buzz: An 
Acoustically Coupled Combustion Instability: Part 2 Theory Journal of Fluid 
Mechanics 193 445-473 

Borghi, R., 1985, On the Structure and Morphology of Turbulent Premixed 
Flame Recent Advances in Aerospace Sciences, Bruno C., Casci, S., Edition, 
Plenum, New York, 117-138 

Borghi, R., 1988, Turbulent Combustion Modelling Progress in Combustion 
Science 14 245-292 

Boughanem, H. and Trouve, A., 1998, The Domain of Influence of Flame 
Instabilities in Turbulent Premixed Combustion Proceeding of the Combustion 
Institute 27 971-978 

Bourguignon, E., Kostiuk, L. W., Michou, Y. and Gokalp I., 1996, 
Experimental Measured Burning Rates of Premixed Turbulent Flames 
Proceeding of the Combustion Institute 26 447 

Boyer, L. and Quinard, J., 1998, On the Dynamics of Anchored Flames 

Combustion and Flame 82 51-76 

Bradley, D., Lau, A. K. C. and Lawes, M., 1992, Flame Stretch Rate as a 
Determinant of Turbulent Burning Velocity Philosophical Transaction of the 

Royal Society of London A 338 359-387 

Bradley, D., 1992, How Fast Can We Burn Proceeding of the Combustion 

Institute 24 247-262 

Bray, K. N. C. and Moss, J. B., 1977, A Unified Statistical Model of the 

Premixed Flames Acta Astronautica 4 291-319 

Bray, K. N. C., 1980, Turbulent Reacting Flows Berlin Springer 115-183 

Bray, K. N. C., Libby, P. A., Masuya, G. and Moss, J. B., 1981, Turbulence 

Production in Premixed Turbulent Flames Combustion Science and Technology 

25 127-140 

Bray, K., N. C., Libby, P. A. and Moss, J. B., 1984, Flamelet Crossing 

Frequencies and Mean Reaction Rate in Premixed Turbulent Combustion 

Combustion Science and Technology 41 143-172 
226 



Bray, K. N. C., Libby, P. A. and Moss, J. B., 1985, Unified Modelling 

Approach for Premixed Turbulent Combustion- Part]: General Formulation 

Combustion and Flame 61 87-102 

Bray, K. N. C. and Libby, P. A, 1986, Passage Time and Flamelet Crossing 

Frequencies in Premixed Turbulent Combustion Combustion Science and 
Technology 47 253-274 

Bray, K. N. C., Champion, M. and Libby, P. A, 1989, Turbulent Reactive 

Flows Lecture notes in Engineering 40 541-563 

Bray, K. N. C., 1990, Studies on the Turbulent Burning Velocities Proceedings 

of Royal Society of London A 431 315-335 

Bray, K. N. C. and Libby, P. A., 1994, Recent Developments in the BML Model 

of Premixed Turbulent combustion Turbulent Reacting Flows 115-151 

Bray, K. N. C. and Peters, N., 1994, Laminar Flamelets in Turbulent flames 

Turbulent reacting Flows 2 London: Academic press 63-113 

Bray, K. N. C., 1995, Turbulent Transport in Flames Proceedings of Royal 

Society of London A451 231-256 

Brown, M. and Lawn, C. J., 2003, Dependence of the Laminar Burning 

Velocity of Methane, Propane and Ethylene on Initial Temperature and Inert 

Diluents Concentration Proceeding of European Combustion Meeting Orleans 

Paper 126 

Burgess, C. P., 2000, Investigation of Lifted Flames in a Controlled Co-Flow 

PhD Thesis, Queen Mary, University of London 

Bychkov, V., 1998, Nonlinear Equation for a Curved Flame and the Flame 

Velocity Physics of Fluids A 10 2091 

Bychkov, V., Kovalev, K. and Liberman, M., 1999, Nonlinear Equation for 

Curved Nonstationary flames and Flame Stability Physics Review E 60 2897- 

2911 

Bychkov, V., 2000, Velocity of Turbulent Flamelets with Realistic Fuel 

Expansion Physics Review Letter 84 6122-6125 

227 



Bychkov, V. and Liberman, M., 2000, Dynamics and Stability of Premixed 

Flames Physics Report 325 115-237 

Bychkov, V., Liberamn, A. and Reinmann, R., 2001, Velocity of Turbulent 

Flamelets of Finite Thickness Combustion Science and Technology 168 113-129 

Bychkov, V., 2002, Resonance of a Turbulent Flame in a High Frequency 

Acoustic Wave Physics Review Letters 89 168302 1-4 

Bychkov, V., 2003, Importance of Darrieus-Landau Instability for Strongly 

Corrugated Turbulent Flames Physics Review E 68 066304 1-12 

Cambray, P. and Joulin, G., 1992, On Moderately Forced Premixed Flames 

Proceeding of the Combustion Institute 24 61-67 

Cambray, P. and Joulin, G., 1994, Length Scales of Wrinkling of Weakly- 

Forced Unstable Premixed Flames Combustion Science and Technology 97 405- 

428 

Candel, S. and Poinsot, T. J., 1990, Flame Stretch and the Balance Equation 

for the Flame Area Combustion Science and Technology 70 1-15 

Chang, N. W., Shy, S. S., Yang, S. I. and Yang, T. S., 2001, Spatially Resolved 

Flamelet Statistics for Reaction Rate Modeling Using Premixed Methane-Air 

Flames in a Near-Homogeneous Turbulence, Combustion and Flame, 127,1880- 

1894 

Cheng, R. K. and Shepherd, I. G., 1991, The Influence of Burner Geometry on 

Premixed Turbulent Flame Propagation Combustion and Flame 85 7-26 

Cheng, R. K., 1995, Velocity and Scalar Characteristics of Premixed Turbulent 

Flames Stabilized by Weak Swirl Combustion and Flame 101 1-14 

Cho, P., Law, C. K., Hertzberg, J. R. and Cheng, R. K., 1996, Structure and 

Propagation of Turbulent Premixed Flames Stabilised in a Stagnation Flow 

Proceeding of the Combustion Institute 21 1493-1499 

Cho, P., Law, C. K., Cheng, R. K. and Shepherd, I. G., 1998, Velocity and 

Scalar Fields of Turbulent Premixed Flames in Stagnation Flows Proceeding of 

the Combustion Institute 22 739-745 

228 



Chomiak, J., 1990, Combustion: A study in Theory, Fact and Application 

Gordon Breach, New York 

Chomiak, J. and Nisbet, J. R, 1995, Modelling Variable Density Effects in 

Turbulent Flames-Some Basic Considerations Combustion and Flame 102 371- 

38 

Christman P. J. and Podzimek, J., 1981, Hot-Wire Anemometer Behavior in 

Low Velocity Air Flow Journal of Physics E: Scie. Instrum, 14 46-51 

Clanet C. and Searby, G., 1998, First Experimental Study of the Darrieus- 

Landau Instability Physics Review Letter 80(17) 3867-3 870 

Clavin, P., 1985, Dynamics Behaviour of Premixed Flame Front in Laminar and 

Turbulent Flows Progress in Energy Combustion Science 11 1-59 

Clavin, P., 1994, Premixed Combustion and Gas Dynamics Annual Review 

Fluid Mechanics 26 321-352 

Clavin, P. and Williams, F. A., 1979, Theory of Premixed Flames Propagating 

in Large-Scale Turbulence Journal of Fluid Mechanics 90 589-604 

Clavin, P. and Williams, F. A., 1982, Effects of Molecular Diffusion and 

Thermal Expansions on the Structure and Dynamics of Premixed Flames in 

Turbulent Flow of Large Scale and Small Intensity Journal of Fluid Mechanics 

116 251-282 

Clavin, P. and Joulin, G., 1983, Premixed Flames in Large Scale and High 

Intensity Turbulence Flow Journal of Physics Letter 44 L- 1 

Clavin, P. and Siggia, E. D., 1991, Turbulent Flames and Sound Generation 

Combustion Science and Technology 78 147-155 

Damköhler, G., 1940, Z. Electrochem 46 601 (English translation: NACA TM 

1112,1947 

Darabiha, N., Giovangigli, V., Trouve, A., Candel, S. M. and Esposito, E., 

1987, Coherent Flame Description of Turbulent Premixed Ducted Flame 

Turbulent Reactive Flows Lecture notes in Engineering 40 591-537 

Darrieus, G., 1938, Propagation d'un front de flame, presented at La Technique 

Moderne, Paris 
229 



Dixon-Lewis, G., 1990, Structure of Laminar Flames Proceeding of the 
Combustion Institute 23 305-324 

Dowling, A. P., 1997, Nonlinear Self-Excited Oscillation of the Ducted flame 

Journal of Fluid Mechanics 346 271-290 

Dowling, A. P., 1999, A Kinematic Model of a Ducted flame Journal of Fluid 

Mechanics 394 51-72 

Ducruix, S., Durox, D. and Candel, S., 2000, Theoretical and Experimental 

Determination of Transfer Function for laminar Premixed Flames Proceeding of 

the Combustion Institute 28 765-773 

Duggins, R. K., 1975, Research Note: Conical Diffuser with Annular Injection at 
Inlet Journal of Mechanical Engineering Science 17 237-229 

Duggins, R. K., 1980, Flow Control by Secondary Injection 7th Australian Hydr. 

And Fluid Mech. Conf. 238-241 

Echaus W., 1961, Theory of Flame-Front Stability Journal of Fluid Mechanics 

10 80-100 

Fleifil, M., Annaswamy, A. M., Ghoneim, Z. A. and Ghoneim, A. F., 1996, 

Response of a Laminar Premixed Flames to Flow Oscillations: A Kinematic 

Model and Thermoacoustic Instability Results Combustion and Flame 106 487- 

510 

Furukawa, J., Maruta, K. and Hirano, T., 1998 Flame Front Configuration of 

Turbulent Premixed Flames Combustion and Flame 112 293-301 

Furukawa, J., Hirano, T. and Williams, F. A., 1998 Burning Velocities of 

Flamelets in a Turbulent Premixed Flame Combustion and Flame 113 487-491 

Ghenai, C., Gouldin, F. C. and Gokalp, I., 1998, Mass Flux Measurements for 

Burning Rate Determination of Premixed Turbulent Flames Proceeding of the 

Combustion Institute 27 979-987 

Gouldin, F. C. and Miles, P. C., 1995, Chemical Closure and Burning Rates in 

Premixed Turbulent Flames Combustion and Flame 100 202-2 10 

Gouldin, F. C., 1996, Combustion Intensity and Burning Rate Integral of 

Premixed Flames Proceeding of the Combustion Institute 26 381-388 
230 



Gouldin, F. C., 1997, Physical and Chemical Aspects of Combustion Gorodon 

and Breach, 433 

Gülder, Ö. L., 1991, Turbulent Premixed Flame Propagation Models for 
Different Combustion Regimes Proceeding of the Combustion Institute 23 835- 
842 

Gülder, Ö. L., Smallwood, G. J., Wong, R., Snelling, D. R., Smith, R., 
Deschamps B. M. and Sautet, J. C., 2000, Flame Front Surface Characteristics 
in Turbulent Premixed Propane/Air Combustion Combustion and Flame 120 
407-416 

Haq, M. Z., Sheppard, I. G., Woolley, R., Greenhalgh, D. A. and Lockett, R. 
D., 2002, Wrinkling and Curvature of Laminar and Turbulent Premixed Flames 
Combustion and Flame 131 1-15 

Joulin, G. and Clavin, P., 1979, Linear Stability Analysis of Nonadiabatic 
Flames: Diffusional-Thermal Model Combustion and Flame 35 139-153 

Kalt, P. A. M. And Bliger, R. W., 2000, Experimental Characterisation of the 

a -Parameter in Turbulent Scalar Flux of Premixed Combustion Combustion 

Science and Technology 153 213 

Karlovitz, B., Dennisston, J. R., Knapschaaefer, D. H. and Wells, F. E., 1953, 

Studies of Turbulent Flame. A. Flame Propagation Across Velocity Gradients B. 

Turbulent Measurement in Flames Proceeding of the Combustion Institute 4 613- 

620 

Karlovitz, B., 1954, A Turbulent Flame Theory Derived from Experiments 

Selected Combustion Problem AGARD 247-262 

Karoll, J. W., Kumar, R. K. and Bolwles, E. M., 1993, Burning Velocities of 

Hydrogen-Air Mixtures Combustion and Flame 94 330-340 

Kerstein, A. R., 1988, Pair-Exchange Model Proceedings of Combustion 

Institute 21 1281-1289 

Kerstein, A. R. and Ashurst, W. T., 1992, Propagation Rate of Growing 

Interfaces in Stirred Fluids Physics Review Letter 68 934-937 

231 



Kerstein, A. R. and Ashurst, W. T., 1994, Passage Rates of Propagating 

Interfaces in Randomly Advected Media and Heterogeneous Media Physics 

Review E 50 1100-1113 

Khokhlov, A. M., Oran E. S. and Wheeler, J. C., 1996, Scaling In Buoyancy- 

Driven Turbulent Premixed Flames Combustion and Flame 105 28-30 

Kido, H., Nakashima, K., Nakahara, M. and Hashimoto, J., 2001, 

Experimental Study on the Configuration and Propagation Characteristics of 
Premixed Turbulent Flame, JSAE Review, 22,131-138 

Kobayashi, H., Tamura, T., Maruta, K. and Niioka, T., 1996, Burning 

Velocity of Turbulent Premixed Flames in a High Pressure Environment 

Proceeding of the Combustion Institute 26 389-396 

Kobayashi, H., Kawabata, Y. and Maruta, K., 1998, Experimental study on 

General Correlation of Turbulent Burning Velocity at High Pressure Proceeding 

of the Combustion Institute 27 941 

Kostiuk, L. W., Shepherd I. G. and Bray, K. N. C., 1999, Experimental Study 

of Premixed Turbulent Combustion in Opposed Streams. Part iii-Spatial 

Structure of Flames Combustion and Flame 118 129-139 

Kuznestov, V. R. and Sabel'nikov, V. A., 1990, Turbulence and Combustion 

Combustion: An International Series 

Kwong, A. H. M. and Dowling, A. P., 1994, Active Boundary Layer Control in 

Diffuser AIAA J. 32 2409-2414 

Landau, L. D, 1944., Acta Physicochimica 19: 77 

Langhorne, P. J., 1988, Reheat Buzz: An Acoustically Coupled Combustion 

Instability: Part 1 Experiment Journal of Fluid Mechanics 193 417-443 

Laverdant, A. and Thevenin, D., 2003, Interaction of a Gaussian Acoustic 

Wave with a Turbulent Premixed Flame Combustion and Flame 134 11-19 

Law, C. K. and Sung, C. J., 2000, Structure, Aerodynamics and Geometry of 

Premixed Flamelets Progress in Energy Combustion Science 26 459-505 

232 



Lawn, C. J., Evesque, S. and Polifike, W., 2004, A Model for the 
Thermoacoustic Response of a Premixed Swirl Burner Part 1: The Flame 

Response Combustion Science and Technology 176 1359-1390 

Lawn, C. J., Williams, T. C. and Schefer, R. W., 2005, The Response of 
Turbulent Premixed Flame to Normal Acoustic Excitation Proceeding of the 
Combustion Institute 30 1749-1756 

Lawn, C. J. and Schefer, R. W., 2005, The Scaling of Premixed Flamelet 

Statistics in the Corrugated Flame Regime To be published 
Lee, G. G., Huh, K. Y. and Kobayashi, H., 2000, Measurement and Analysis of 
Flame Surface Density for Turbulent Premixed Combustion on a Nozzle-type 

Burner Combustion and Flame 122 43-57 

Lee, J. G., Kim, K. and Santavicca, D. A., 2000, Measurement of Equivalence 

Ratio effect on Heat Release during Unstable Combustion Proceedings of the 

Combustion Institute 28 415-421 

Lee., T. W. and Lee, S. J., 2003, Direct Comparison of Turbulent Burning 

Velocity and Flame Surfaces Properties in Turbulent Premixed Flames 

Combustion and Flame 132 492-502 

Lefebvre, A. H. and Reid, R., 1966, The Influence of Turbulence on the 

Structure and Propagation of Enclosed Flames Combustion and Flame 10 355- 

366 

Leuckel, W., Nastoll, W. and Zarzalis, N., 1990, Experimental Investigation of 

the Influence of Turbulence on the Transit Premixed Flame Propagation Inside 

Closed Vessel Proceedings of the Combustion Institute 23 729-734 

Libby P. A., 1989, Theoretical Analysis of the Effect of Gravity on Premixed 

Turbulent Flames Combustion Science and Technology 68 15 

Lieuwen, T. and Zinn, B. T., 1998, The Role of Equivalence Ratio Oscillations 

in Driving Combustion Instabilities In Low NOx Gas Turbines Proceedings of the 

Combustion Institute 27 1809-1816 

Linan, A., and Clavin, P., 1985, Premixed Flames with Nonbranching Chain- 

Reactions (Structure and Dynamics) Combustion and Flame 70 137-159 
233 



Liu, Y. and Lenze, B., 1988, The Influence of Turbulence on the Burning 

Velocity of Premixed CH4-H2 Flames with Different Laminar Burning Velocities 

Proceeding of the Combustion Institute 22 747-754 

Markstein, G. H., 1951, Journal of Aerospace Science 18 199 

Markstein, G. H., 1964, Nonsteady Flame Propagation Pergamon press 
Matalon, M., and Matkowsky, B., 1982, Flames as Gas Dynamics 

Discontinuities Journal of Fluid Mechanics 116 239-259 

Menkes, J., 1959, On the Stability of a Plane Deflagration Wave Proceedings of 

the Royal Society of London A 253 380 

Miles, P. C., 1991, PhD Thesis Cornell University Ithaca NY USA 

Michelson, D. M. and Sivashinsky., G. I. 1977, Nonlinear Analysis of 
Hydrodynamic Instability in Laminar Flames -II Numerical Experiment Acta 

Astronaut 4 1207-1221 

Mueller, C. J., Driscoll, J. F., Reuss, D. L. and Drakes, M. C., 1996, Effects of 

Unsteady Stretch on the Strength of a Freely Propagating Flame Wrinkled By a 

Vortex Proceedings of the Combustion Institute 26 347-355 

Nicoll, W. B. and Ramprain, B. R., 1970, Performance of Conical Diffuser with 

Annular Injection at Inlet Trans ASME J. Basic Eng. 192 827-835 

Paul, R. N. and Bray, K. N. C., 1996, Study of Premixed turbulent Combustion 

Including Landau-Darrieus Insatiability Proceedings on Combustion Institute 26 

259-266 

Pelce, P. and Clavin, P., 1982, Influence of Hydrodynamics and Diffusion Upon 

the Stability Limit of Laminar Premixed Flames Journal of Fluid Mechanics 124 

219-237 

Peters, N., 1986, Laminar flamelet Concepts in Turbulent Combustion 

Proceedings of the Combustion Institute 21 1231-1250 

Peters, N., 1999, Turbulent Burning Velocity for Large scale and Small Scale 

Turbulence Journal of Fluid Dynamics 384 107 

Peters, N., 2000, Turbulent Combustion Cambridge Monographs on Mechanics 

234 



Peters, N., Wenzel, H. and Williams, F. A., 2000, Modification of the Turbulent 

Burning Velocity by Gas Expansion Proceedings of the Combustion Institute 28 

1231-1250 

Plessing T. Kortscik, C., Peters N., Mansour M. S. and Cheng, R. K., 2000, 

Measurements of the Turbulent Burning Velocity and the Structure of Premixed 

Flames on a Low Swirl Burner Proceedings of Combustion Institute 28 359-366 

Poinsot, T. S., Trouve, A. C., Veynante, D. P., Candel S. M. and Espositio, E. 

J., 1987 Vortex-Driven Acoustically Coupled Combustion Instabilities Journal of 
Fluid Mechanics 177 265-292 

Poinsot, T., Echekki, T. and Mungal, M. G., 1990, Diagrams of Premixed 

Turbulent combustion Based on Direct Simulation Proceeding of the Combustion 

Institute 23 613-619 

Poinsot, T., Candel, S. and Trouve, A., 1996, Application of Direct Numerical 

Simulation to Premixed Turbulent Combustion Progress in Energy Combustion 

Science 21 531-576 

Pope, S. B. and Anand, A. M., 1985, Flamelet and Distributed Combustion in 

Premixed Turbulent Combustion Proceedings of Combustion Institute 20 403- 

410 

Pope, S. B., 1998, The Evolution of Surfaces in Turbulence International journal 

of Engineering Science 26 445-469 

Pratt, R. L. and Bowsher, J. M., 1978, Letter: A Simple Technique for 

Calibration of Hot-Wire Anemometer at Low Air Speeds DISA Info 23 33-34 

Rayleigh J. W. S., 1878 Nature 18 319 

Renard, P. H, Thevenin, D., Rolon J. C. and Candel, S., 2000, Dynamics of 

Flame/Vortex Interaction Progress in Energy Combustion Science 26 225 

Renou, B., Boukhalfa, A., Puechberty, D. and Trinite, M., 2000, Local Scalar 

Flame Properties of Freely Propagating Premixed Turbulent Flames at Various 

Lewis Numbers, Combustion and Flame 123 507-521 

235 



Roberts W. L. and Driscoll, J. F., 1991, A Laminar Vortex Interacting With a 
Premixed Flames: Measured Formation of Pockets of Reactants Combustion and 
Flame 87 245-256 

Rooney P. D. and Yakhot, V., 1992, Flame Broadening Effects on Premixed 

Turbulent Flame Speed Combustion Science and Technology 86 31-44 

Rosen, J. B., 1957, Proceeding of the Combustion Institute, 6,236-241 

Sabathier, F., Boyer, L. and Clavin, P., 1981, Progress in Aeronaut and 
Astronaut 76 246 

Schadow K. C. and Gutmark, E., 1992, Combustion Instability Related to 

Vortex Shedding In Dump Combustors and Their Passive Controls Progress 

Energy Combustion Science 18 117-132 

Schuller, T., Durox, D. and Candel, S., 2003a, A Unified Model for the 

Prediction of Laminar Flame Transfer Functions: Comparisons Between Conical 

and V-Flame Dynamics Combustion and Flame 134 21-34 

Schuller, T., Durox, D. and Candel, S., 2003b, Self-Induced Combustion 

Oscillations of Laminar Premixed Flames Stabilized on Annular Burners 

Combustion and Flame 135 525-537 

Searby, G., and Clavin, P., 1986, Weakly Turbulent Wrinkled Flames in 

Premixed Gases Combustion Science and Technology 46 167-193 

Searby, G. and Rochwerger, D., 1991, A Parametric Acoustic Instability in 

Premixed Flames Journal of Fluid Mechanics 231 529-543 

Seifert, G. and Graichen, K., 1982, A Calibration Method for Hot-Wire Probes 

Including the Low Velocity Range DISA Info. 27 8-11 

Shepherd, I. G. and Kostiuk, L. W., 1994, The Burning Rate of Premixed 

Turbulent Flames in Divergent Flows Combustion and Flame 96 371-380 

Shepherd, I. G., 1995, Heat Release and Induced Strain in Premixed Flames 

Combustion and Flames 103 1-10 

Shepherd, I. G., 1996, Flame Surface Density and Burning Rate in Premixed 

Turbulent Flames Proceeding of the Combustion Institute 26 373-379 

236 



Shepherd, I. G., Bourguignon, E., Michou, Y. and Gökalp, I., 1998, The 

Burning Rate in Turbulent Flames Proceeding of the Combustion Institute 27 

909-916 

Shepherd, I. G. and Cheng, R. K., 2001, The Burning Rate of Premixed Flames 

in Moderate and Intense Turbulence Combustion and Flame 127 2066-2077 

Sinibaldi, J. 0., Muller, C. J. and Driscoll, J. F., 1998, Local Flame 

Propagation Speed Along Wrinkled, Unsteady, Stretched Premixed Flames 

Proceedings of Combustion Institute 27 827-832 

Sivashinsky, G. I., 1977, Nonlinear Analysis of Hydrodynamimic Instability in 

Laminar Flames -IDerivation of Basic Equation Acta Astronaut 4 1177-1206 

Sivashinsky, G. I., 1983, Instabilities Pattern Formation and Turbulence in 

Flame Annual Review of Fluid Mechanics 15 179 

Sivashinsky, G. I., 1988, Cascade-Renormalization Theory of Turbulent Flame 

Speed Combustion Science and Technology 62 77-96 

Shy, S. S., W. K. I. and Lin, M. I., 2000, A New Cruciform Burner and Its 

Turbulence Measurements for Premixed Turbulent Combustion Study, 

Experimental Thermal and Fluid Science 20 105-114 

Shy, S. S., Lin, W. J. and Peng, K. Z., 2000a, High-Intensity Turbulent 

Premixed Combustion: General Correlations of Turbulent Burning Velocities in 

a New Cruciform Burner Proceedings of Combustion Institute 28 561-568 

Shy, S. S., Lin, W. J. and Wei, J. C., 2000b, An Experimental Correlation of 

Turbulent Burning Velocities for Premixed Turbulent Methane-Air Combustion 

Proceedings of Royal Society of London A 456 1997-2019 

Taylor, G. I., 1935, Statistical Theory of Turbulence Proceedings of Royal 

Society of London A 151 421-444 

Tseng, L. K., Ismail, M. A. and Faeth, G. M., 1993, Laminar Burning 

Velocities and Markstein Numbers of Hydrocarbon/Air Flames Combustion and 

Flame 95 410-426 

Vaezi , V. and Aldredge, R. C., 2000a, Laminar Flame Instabilities in a Taylor- 

Couette Combustor Combustion and Flame 121 356-366 
237 



Vaezi , V. and Aldredge, R. C., 2000b, Influence of Acoustic Instabilities on 
Turbulent Flame Propagation Experimental Thermal and Fluid Science 20 162- 

169 

Veynante, D., Marc Duclos, J. and Piana, J., 1994, Experimental Analysis of 
Flamelet Models for Premixed Turbulent Proceeding of the Combustion Institute 

25 1249-1256 

Veynante, D., Trouve, A., Bray, K. N. C. and Mantel, T., 1997, Gradient and 
Countergradient Scalar Transport in Turbulent Premixed Turbulent Flames 

Journal of Fluid Dynamics 332 263- 

Veynante, D. and Poinsot, T., 1997, Effect of Pressure Gradient on Premixed 

Turbulent Flame Journal of Fluid Dynamics 353 83-114 

Williams F. A. and Bollinger, L. M., 1949, The Effect of Turbulence on Flame 

Speed of Burner Type Flame Proceeding of the Combustion Institute 3 176-185 

Williams, F. A., 1985, Combustion Theory 2nd edition, Benjamin Cummings, 

Melno Park, CA 

Williams, F. A., 1992, The Role of Theory in Combustion Science Proceeding of 

the Combustion Institute 24 1-17 

Wirth, M. and Peters, N., 1992, Turbulent Premixed Combustion: A Flamelet 

Formulation and Spectral Analysis in Theory and IC Engine Experiments 

Proceedings of the Combustion Institute 24 493-502 

Yakhot, V., 1988, Propagation Velocity of Premixed Turbulent flames 

Combustion Science and Technology 60 191 

Zaytsev, M. and Bychkov, V., 2002, Effect of the Darrieus-Landau Instability 

on Turbulent Flame Velocity Physics Review E66 026130-02622 

Zimont, V. L., 1979, Theory of Turbulent Combustion of a Homogenous Fuel 

Mixture at High Reynolds Number Combustion Explosion Shock Waves 15 305 

238 



APPENDIX 1: UNCERTAINTY ANALYSIS 

This Appendix discusses the estimation of error in measurements. For single 

observation, uncertainty is the possible error which is the difference between the 

actual and observed values. Uncertainty depends upon the particular circumstances 

of the observation. Propagation of uncertainty will mean the way in which 

uncertainties in the variable affect the uncertainty in the result. 

Let us consider a result, R, to be function of n independent variables, v1, v2, ... vn. 

For small variation in the variables, the uncertainty can be expressed in the form 

8R = 
aR 

5v, + 
aR 

5v2 + ...... (A 1.1) 
cýl'1 äl'2 

Kline and McClintock (1953) has shown that if R is a linear function of n 

independent variables, each of which is normally distributed, then the normalised 

uncertainty is 

6R 
FoMýv, 2 öR by 2 öR by 2 

2n 

The following determines the uncertainty in inlet velocity by calculating the 

uncertainty in the measurement of flow rates with flow meters. The total inlet 

velocity is the sum of the air flow velocity and fuel velocity. 
Vtot V 

fuel 
+ Vair 

The total velocity in terms of volumetric flow rate is 

tot 
_ 

Ljei + 
Qair 

Vtot 
AAA 

Fuel is measured using a rotameter and the air is measured using an orifice plate. The 

volumetric air flow rate is 

Qair = C'd E AO 2 
rpa 
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where Cd is the discharge coefficient, zip is the pressure drop across the orifice plate, 
AO is the orifice area, and R is the gas constant, T is the temperature and E is the 

velocity approach factor. 

1 
E_ 

j(J_ß4) 
where 0 is the diameter ratio. 

The normalised uncertainty in velocity ignoring that in the fuel flow which is very 

small, and using equation A1.2 is 

,, 
2 

6 ytot 

_' 

Qair a` 

Vtot a4P Qtot 
+ 

aQair bpa 2+ aQair 

aaa Qror aT 

ÖT 
(A1.3) 

Qror 

In the present calculation, Cd, AO and E are taken as constant. Table Al. I gives the 

uncertainty in total velocity for experimental condition at atmospheric pressure and 

288.15 K. 
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S. No Qa 

1/m 

Qf 

1/m 

Vtot 

m/s 

Pa 

N/m2 

AP 

N/m2 

T 

K 

5vtot/vtot 

ono 
1 374 32 2.6 101325 260 288.15 3.5 

2 312 27 2.2 101325 180 288.15 3.7 

3 281 25 1.9 101325 146 288.15 3.7 

4 374 32 2.6 9991.7 260, 288.15 3.6 

5 312 27 2.2 9991.7 180 288.15 3.8 

6 281 25 1.9 9991.7 146 288.15 3.8 

7 374 32 2.6 101325 260 293.15 3.5 

8 312 27 2.2 101325 180 293.15 3.7 

9 281 25 1.9 101325 146 293.15 3.7 

Cd = 0.598, E2 = 1.0059, Ao = 0.000452, R= 8314 J/Kmol, 5Qj= 0.091 1/min, 

tPa = 666.1 N/m2 , 54P = 0.1 N/m2 
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APPENDIX 2: NORMALISED MEAN TURBULENT 
BURNING VELOCITY IN NON-EXCITED CONDITION 

In this Appendix, Searby and Clavin's (1986) expression for flame wrinkling 

amplitude is used to calculate the turbulent burning velocity. 

Let us consider the flame surface for a particular wave number is given by 

a=ä sin(ky) 

where F= 
2ý 

and A. 

lkx 

v 

X is the flame wrinkling length scale in the transverse direction. 

The additional surface due to wrinkling with wave number k is 

is/2k 

dya=! JJ(dy)2+a2k2cos2ky (dy) 2 -y 7r 
-ic/2k 

where y is the projected area. The fractional area enhancement due to wrinkling for k 

is 

dk 'r/2k ya 
=k 

J J(dy)2+a2k2cos2ky (dy)2 -1 (A2.2) 

-nI2k 

A/2 

(A2.1) 

The flame displacement amplitude from Searby and Clavin (1986) is 

a 

u k* k*2 
y(o - 2w*2 +YY 

Fr I-y 

2k* + 2iw* 

+ 2(k *3 L) 
+i 2k*w* +2k *Zei L 

--k 
*, a). y 

(A2.3) 

242 



where 'y is the normalised gas expansion coefficient, y= 
Pu Pb 

and Pu, Pb are the 
Pu 

unburnt and burnt gas density, and the fluctuating axial velocity is u= u'e`(ky"t) . 
Equation A2.3 is derived in terms of a reduced wave number, k' = A56,, reduced 

frequency, co* = co5l / S1 and the flame displacement amplitude is normalised by the 

laminar flame thickness, ä' = a/ 81 
, and the velocity is normalised by the laminar 

burning velocity, u'* = u'/S, . Hence (A2.3) becomes 

2k51 + 2icw(61 ) 
as, SI 
u' ö1 

0) 
2/2- 2C0 21 7M, 

- 
yk 

2 öI 
+2k 36 3+ 

Y (SI) (Sl)2+ 
Fr 1-y 6f 

3 

i 2kýlw(ý1) + 2k261 w(ýr) _ k2ýy r 
Si Si o1 61S1 

By taking the modulus, the flame wrinkling amplitude is 

äS1 2 4k2 +4w2 /SI 

uý [222 
yk yk2 32 2kw 

+- _k + 
S1 S1 61 Fr 1- y+2 Sr 

The three dimensional energy is given as 

+2k2wL_yk2coG 
2 

(A2.4) 

SI sl 

u2 = JfJE2(k1, k2, k3)dk1dk2dk3 

Here k3 = w/U where U is the local mean velocity and kl and k2 are the transverse 

wave numbers. Integration over cartesian wave numbers can be replaced by 

integration in cylindrical coordinates. The cylindrical coordinates are 

kl = k'cos 0 

k2 = k'sin 0 

and w 
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where k' = 
Vký 

+ k2 and k' varies from 0 to k'e, 0 varies from 0 to 2ir and c, varies 

from 0 to we. Assuming the turbulence is nearly isotropic and the energy is constant 

over the wave number ranges 0 to k'e and frequency range 0 to we, then a new 
Eu2=E2 (k ', w) can be defined, where 

Z= JJJE 2 (k', (o)k'dk' dwdO =7tEu2 ke2We 

since the integration over 0 yields 27r. The three dimensional energy is therefore 

u2 ü2 
E2=_ 

u 7Cke2We 7rke2we 

The square of the flame amplitude in bandwidth dk' and dw is 

ä 2= la I u'I 2u 2= l ä/ u11 
2 Eu2 27cdk' do-) 

Converting equation (A2.4) into cylindrical coordinates and substituting the energy 

expression, the fractional area enhancement due to wrinkling is 

dy k ý12k' 
ar 

yX 
-ir/2k' 

(dy) 2 +k'31a/u'I2 
27r 2 

dk'dw cost k' (dY) 2 
-1 

7Cke2 wY 
e 

äk <1 hence (A2.5) can be expanded using the binomial expansion. 

d k' ý/ zk' 

Ya J y 7r 
-iriak' 

(1+1k'3laIU12 
2 

22 u dk'd(o cost k dY -1 ki2ý 
Y) 

ee 

The area enhancement due to all wave numbers and all frequencies is 

weke i is/2k' 2 
ya 

_ 
dya 

=k ki3lä/Ui2 u dk'COS2 k'ydydw 11 Il Jkw yy Oki -rr/2k, ee 

The normalised turbulent burning velocity is equal to the area ratio 

S` 
= 

y` I+ ya 
S1 yy 

(A2.5) 
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and the integration of cos2ky gives 
it/2 

J cost (k"y)d (k'y) =2 
-7r 12 

Thus the normalised burning velocity is 

Ya 
_ =peke1 ü2 ä/u'2k'3dkI dtv ffdya_ 112 ,z YY0 kl ke Cve 

The lower limit of integration is taken to be k; ' instead of zero because below k; ', the 

flame is stable because of gravitational effects and ke' = 7r/21, where 1 is the integral 

length scale. 

Hence the normalised burning velocity is 

S` 
=1+1 

ux 
Si 2 S, 

('eke 4k'2 +40)21S2 k, 3dk, da) 
1) 22º º2 

2º 
º2 º2 

Z kiz6 
0 ki yw 

- 
2w 

+ yk 
- 

yk + 2Lk'3 + 
2k o) + 

2k wL 
- 

yk wL ee 

s2s2 öý Fr 1-y S, S, S, 

(A2.7) 

Figure A2.1 shows the stability diagram for methane/air flames for ==0.95 and with 

appropriate laminar burning velocity, -y and L. With w=0 radsec, there is a clear 

boundary between stable and unstable regions. In the low wave number region, k; 

separates the unstable region from the stable region. This boundary is seen as a 

bulge in figure A2.1. As the frequency is increased, there is no boundary between 

unstable and stable regions at low wave number. At high wave numbers, kc separates 

the unstable region from the stable region. 
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ke k'35.2 

'2 
1 Figure A2.2 shows JI a/ u' 12 

k 
k' for different cj. The integral is calculated for 

ki e 

different equivalence ratios. The integral is almost identical for the two limits, k'e 

and k',, where k'c is the critical wave number beyond which the flame is stable due 

to thermal-diffusive effects, and is given by 

y ký 
2L(1- y) 

where G is the Markstein length scale. For the calculation of normalised turbulent 

burning velocity, the wave number was varied therefore from k'; to only k'e and the 

frequency from 0 to 300 radsec. The upper limit of frequency is taken to be 300 

radsec because a typical k'e, in the present study is 157 m-1 for l= 10 mm and a 

typical axial velocity is 2 m/s . 
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Figure A2.1 Stability diagram for premixed methane/air flames, = 0.95 

and for various w 
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Figure A2.2 Integral of the flame wrinkling amplitude for various w, and different 

with appropriate Si, -y and L 
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APPENDIX 3: NORMALISED MEAN TURBULENT 
BURNING VELOCITY UNDER ACOUSTIC 

EXCITATION 

In this Appendix, Bychkov's (2002) expression for flame wrinkling amplitude is 

used to calculate the normalised mean turbulent burning velocity due to acoustic 

excitation. 

The fractional area enhancement due to wrinkling as derived in Appendix 2, is 

7r / 2k' dYa 
=k (' (dy)2 +k'2ä2 cost k'y (dy)2 -1 (A3.1) 

y 'r 
-7r/2k' 

The flame displacement amplitude from Bychkov (2002) is 

a 
=2, 

F2 0.5 
@-1 

ut kS1(O+1) 0+1 

2 -0.5 ^2 02+1 t92 
,+4f 

(A3.2) 
S2 O+1 (0+1)2 

where 0 is the temperature ratio and the turbulent velocity is ut = ýL u'(k'). 
The two dimensional energy is given as 

u2 = ff$E2(kj, k2)dkjdk2 

where kl and k2 are the transverse wave numbers. Integration over cartesian wave 

numbers can be replaced by integration in polar coordinates. The polar coordinates 

are 

kl = k'cos O 

k2 = k' sin 0 

where k' = kl + k2 and k' varies from 0 to k'e, and 0 varies from 0 to 21r. Similarly 

to Appendix 2, the turbulence is nearly isotropic and the energy is constant over the 

wave number ranges 0 to k'e, so a new Eu2 = Eu2 (k') can be defined, where 

u2 = J$JE 2 (k')k'dk'dO =iEu2ke2 

since the integration over 0 yields 21r. The two dimensional energy is therefore 
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The square of the flame amplitude in bandwidth dk' is 

ä2 =laIU12uZ =lä/u'I2Eu22nk'dk' 

Substituting A3.2 in A3.1, the fractional area enhancement is 

(A3.3) 

it / 2k' 2 dya kf 
(dy) 2+ k' 3lä / u'I 

2 22 
dk' cos 2 k'y (dy) 2 

-1(A3.4) y 7C 
-n/J2k' 7Cke 

äk < 1, and hence (A3.4) can be expanded using the binomial expansion. 
; r/2k' dYa 

=kJ (1 +1 k'3l ä/ u'I2 
2'cä2 

dk' cos2 k'y )dy -1 y 
-is/2k' 

2 eke 

The area enhancement due to all wave number is 

Y dy 
ke 

k, ir/2k' 2 
a=ja= J- f ki3lä/ül2 ui2 dk'cos2 ky dy' 

yy0 7r 
-ir12k' 

ke 

The normalised turbulent burning velocity is equal to the area ratio 

st 
= yl =I+ ya 

S1 yy 
and the integration of cos2ky gives 

is/2 
j cost (k'y)d (k'y) _ 

-ic/2 

Thus the normalised burning velocity is 

2 

= 
jdYa = 

JLk'3I 12 ui2 dk' (A3.5) 
yyo2 ke 

Here ke' = 7421, where l is the integral length scale. 

Substituting A3.2 in A3.5, the normalised burning velocity is thus 
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