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The autonomous noise generation by the turbulence interactions, heat release 
and chemistry fluctuation in front of an attached propane jet diffusion flame was 
investigated numerically. In the computational procedure the Large Eddy 
simulation turbulent model (LES) was employed to calculate the reacting jet flows. 
A reactedness-mixture fraction two-scalar exponential probability density function 
(PDF) model based on non-premixed flame arguments was used. The preliminary 
results of the computational fluid dynamics model (CFD) suggest that the location 
of the maximum noise intensity coincides with the region of the peak temperatures 
levels. The lifted flame gives elevated energy content in the sound spectrum than 
the attached one and the difference in the noise level is about 40 dB at most 
frequencies and mostly near the frequency 80 Hz. The present methodology has 
been certificated through a series of experimental measurements and a reasonable 
agreement was observed. It is believed that the present procedure has captured the 
basic behaviors and trends in the aero-thermochemical and flame noise generation 
characteristics, of the studied jet diffusion flames, although further tests and 
improvements would be required to enlarge the applicability of the method. 

Key words: combustion roar, attached flame, autonomous noise, sound 
spectrum, turbulent combustion modeling.  

 

1. INTRODUCTION  

The integrated Combustion Control approach through artificial recognition and 
manipulation of the combustion-generated noise has recently been put forward as a 
methodology suitable to offers important impulse in the optimisation of functional behaviour 
modern systems of combustion chamber with important profits in the cost and in the safety. 
Combustion roar is related to the noise generated directly by the flame due to turbulent 
fluctuations independently or in combination with acoustic resonance with the reacting 
environment and usually involves a broadly distributed spectrum [1–4].  

The topic is of interest to practical combustor designs since it is interrelated with 
combustor acoustic/pressure oscillations or resonance, acoustic pollution of the environment 
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diagnosis of operational variations and faults and ultimately active or hybrid combustor 
operation control techniques. Practical examples which are interesting from the point of view 
of research into combustion roar is the combustion chambers of aircraft jet engines, flares and 
hot-air balloons where minimization of flame noise is desirable. 

To describe the acoustic performance of the jet flame as autonomous source of sound an 
integral expression is employed that provides the (acoustically one-dimensional) noise 
spectrum from the flame in terms of an assumed shape turbulence spectrum at the flame front 
closely following the formulation put forward and derived in closed form by [5–7]. 

As a first step towards understanding the phenomenon turbulent non-premixed jet flames 
lifted from the burner rim are studied as model problems. A diffusion flame attached to the 
burner nozzle lifts above the jet exit rim or blows out abruptly when the fuel jet velocity 
steadily increases and exceeds a critical value [8, 9]. Apart from their relevance in the design 
and safe operation of industrial systems such jet flame stability phenomena provide a useful 
research tool for experimental and numerical studies of turbulent reacting flow characteristics 
and related phenomena such as those presently addressed. Non-intrusive measurements by 
Schneider, et al. [10] suggest that individual theories such as turbulent premixed flame 
propagation, laminar flameless quenching, large or small scale mixing are all plausible 
theoretical viewpoints to describe the coupled aerothermochemical phenomena of lift-off and 
blow-out. 

In the described work a two-dimensional time-dependent phase-averaged Navier-Stokes 
flow simulation method capable of calculating the mean and turbulent properties of the 
momentum and thermo-chemical fields is employed to study the behavior of axisymmetric 
co-flowing methane-air attached jet diffusion flame configuration [11-13]. Both laminar and 
turbulent (lifted-off) operational conditions have been investigated to test and develop the 
model over a range of conditions with increasing complexity. A modular post-processor is 
then employed for the prediction of turbulent combustion noise exploiting the time-mean and 
fluctuating thermo-chemical quantities obtained from the basic reacting flow field predictions. 

2. MODEL SIMULATION 

2.1. Combustion model (basic turbulence/chemistry interaction model) 
A partial equilibrium scheme corresponding to a two-scalar description employing the 

mixture fraction, , and the  concentration, , were used. The reaction 

 was introduced to allow for non-equilibrium effects and  formation 
from CO  is assumed to proceed as: 
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and  is taken from the JANAF (Tables).  εk

Additionally when the mixture strength exceeds the rich flammability limit the 
composition is taken as that of equilibrium at this limit diluted with pure fuel. The final 

_________________________________________________________________________________________ 
Panagiota Marazioti 
Computational fluid dynamics modeling of the combustion noise (roar) in attached-lifted propane jet diffusion 
flames and comparison of the numerical results 



Electronic Journal «Technical Acoustics» 2009, 14 
_________________________________________________________________________________________ 

3 of 13

composition is calculated from the NASA equilibrium code for given  and  values by 

defining  as an 'element'. The passive, , and the reactive, , variables, are calculated 

from the equations (2, 3) with 
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transport assumptions for the turbulent fluxes fu j ′′ and 
2COjYu ′′ . 

An exponential joint PDF is constructed from the normalized mixture fraction and CO2 

concentration values,  and , which are used to transform the physically allowable 

space of  and  into a normalized square area suitable for integration. The relationships 

established by this transformation are: 
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where ,   
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The local PDF is of the form:  
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where f ∗  and  are appropriately transformed variables and are calculated through the 

coefficients (a …a ) which depend on the local moments 
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assuming equilibrium between the turbulent production and destruction of these moments in 
their general form transport equation: 
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The moments are then obtained from the following expression: 
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Mean quantities and correlations are evaluated by using PDF information e.g. 
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where  is the Jacobian of the transformation, J tτ  is evaluated as follows in line with the 

hybrid model formulation: if  then ∆>tL ><∆= kt
~

/τ  and if ∆<tL  then . ><>=< ετ ~/
~
kt

2.2. Aerodynamic model 
The reacting flows were calculated with the time-dependent N-S equations governing the 

temporal and spatial variation of the velocities and pressures e.g. uuu ′+>=< with 
uuu ′′+>=< where u and  are the instantaneous and phase-averaged (or resolved) 

velocities, 
>< u

u  and u  are the time-mean and large-scale (resolved) fluctuating components 
and  is the stochastic (subgrid) turbulent fluctuation. The model description given below 
closely follows the formulations adopted in [12]. For the reacting flows density-weighted 

values are used i.e. 
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In the conventional ε−k  model >< tν
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where , 0.009Cµ = 1 1.44Cε = , , 2 1.92Cε = 1.0κσ = , 1.3εσ = . 

The standard ε−k  model has been formulated and tested within steady-state calculation 
procedures against a range of plane shear flows with no distinct peaks in their energy 
spectrum. When a 2D time-dependent calculation is used part of the energy spectrum is 
directly resolved by this type of calculation. There is clearly ambiguity as to whether the 
standard model is capable of partitioning (correctly or not at al) the total stress into its 
stochastic and periodic contributions. 

In the present time-dependent calculations the spatial filtering due to the employed mesh is 
also accounted for in an effort to distinguish the directly computed (albeit 2D) turbulent 
motions, which are resolved by the mesh of size , from the turbulence already 2/1)( yx∆∆=∆
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modeled by the ε−k  model. >< tν
~  is therefore here evaluated by borrowing the 

Smagorinsky mixing length model from the large–eddy simulation (LES) formalism and the 
hybrid turbulence model is: 

( ) ( ) 2/1
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sC  is taken as 0.1. The resulting tν
~  is fed back into the production of >< k

~
 in the ε−k  

equations thereby producing a continuous distribution of tν
~ . The implicit scheme used here, 

is therefore well suited for this hybrid formulation. Calculations with the standard ε−k  
model have been proven clearly inferior to the recent hybrid method predictions both for cold 
and reacting bluff-body flows, as has been demonstrated in Koutmos et al. [12]. 

2.3. Turbulent flame noise model 
For the evaluation of the autonomous sound radiation due to the interaction of the turbulent 

fluctuations with the flame front the model formulation of Klein, [5] has been followed 
closely. Starting from the basic wave equation for low Mach number flows the one-
dimensional sound generated by the fluctuating heat release from a turbulent non-premixed 
flame is evaluated by deriving an integral expression assuming that the instantaneous 
combustion zone is infinitely thin and that combustion is fast and determined by the mixing of 
fuel and air. The sound spectrum can then be expressed as a function of a turbulence spectrum 
(of assumed shape) of the mixture fraction at the flame front. The resulting expression for the 
sound spectrum for a non-premixed turbulent flame is then given in integral form as function 
of frequency: 
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with Ufk 2/21 π= , tlk /πε = , ( ) 4/13/νε=kolk , ( )21f fθ = ∇ is the thickness of the mixing 

layer between fuel and air, ( )0[ ] /[ 1flame flame st st ]A T T T f f= − − . 
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The parameter sound pressure level, SPL, expressed in dB can also be evaluated as: 

6

( )
( ) 20 log

20 10
pp f

SPL f ν
ν −

⎛ ⎞
= ⎜ ⎟⎜ ⎟⋅⎝ ⎠

. (15)

The time-averaged information about the turbulence sound spectrum and other parameters 
required in the above expression is derived from the basic reacting flow calculation and the 
computation of the sound spectrum is performed in a post-processing step. 

2.4.  Computational domain 
The coflowing methane-air jet configuration and computational domain are shown in 

Fig. 1. The convective condition ( ) 0// 0 =∂∂+∂∂ tUt φφ , )( 0UC =  was used at the outlet. A 
mesh of 205×123 (x, y) grid points was used with an axial expansion ratio of 1.1. For inlet 
conditions fully developed flow was assumed. 

The equations were solved with a finite-volume method based on a staggered mesh, a 
pressure correction method (SIMPLE) and the QUICK differencing scheme [12]. A second-
order scheme was used for temporal integration. 

Time steps were of the order 10
-4

…10
-5

s depending on fuel Reynolds number. After an 
initial transient of ut ( 00 /UDtabo   030t = ) statistics were computed r ove
approximately .  

 
0100t

Figure 1. 

Methane-air co-flowing jet flame 
nfiguration Investigated R=27r and thco e 
length of computation Domain is 50r 

3.1

co-flow of air at 
10

 support for an 
extension of the basic model to the more complex turbulent diffusion flames.  

 

 

3. RESULTS AND COMPARISON  

. Aero-thermodynamic parameters 
Computations were initially performed for a steady-state, laminar CH4-air diffusion flame 

for which experimental data by Meier, et al. [14] is available. Figure 2 shows sample results 
for undiluted CH4 jet flow at 5 cm/s through a 1.2 cm-diameter tube, with a 

cm/s which are compared against the experimental data of reference [14].  
Results are compared with data at the final steady-state which was reached at about 25.000 

time-steps (∆t = 0.06 s). Overall the agreement is satisfactory in both the reactive scalar 
(temperature) and the momentum field (axial velocity) despite some experimental 
uncertainties concerning the rig exit conditions and these comparisons lend
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Figure 2. Laminar CH4 jet flame predictions for fuel jet velocity 2 m/s 

 
Figure 3 displays time-averaged temperature contours for jet velocity of 2 m/s investigated. 

The stoichiometric contour is also superimposed on the plot.   
 

  

 

 

 

 

 

 

Figure 3. Time-averaged temperature contours for fuel jet velocity 2m/s  

x

y 

 
The distribution of temperatures of flame, of type of beam, constitutes perhaps the more 

basic characteristic. In the particular experiment the temperature was measured in order to it 
can be connected then with the under measurement sizes: the length and the intensity of sound 
of flame but also it is developed for the certification of calculating results. The measurements 
of temperature became with a step of order of 2 mm/s at length but also across the flame. This 
step is satisfactory for an experiment, of this order, after it can give us a completed picture in 
but also outside from the file of flame. 

Certain indicative results for this case are given in Figure 4 where the actinic (radial) 
measurements of temperature in six different places at length of flame are presented. With 
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increase of benefit of fuel is observed increase of temperature at length of axis Z (vertical 
distance from the orifice of boiler). This increase becomes with decreased rate. This make is 
owed in that near in the boiler the flame is cold because excess fuel. Then the mixture is 
continued to the stoichiometric proportion. It was observed also that as long as they are 
increased the values of z increases the temperature of flame and becomes more emission of 
radiation. The temperature is stabilised round a marginal value in removed point of axis of 
flame. This happens because are minimised the intensity of turbulence (is decreased the speed 
of flow) and the flame become more laminar approaching her final value of temperature. 

The lower temperatures prevail near the axis symmetry. As the points of measurement are 
removed by this (across) the temperature are increased and it reaches her biggest value in the 
limit of flame where they become chemical reactions. 

 

 
Figure 4. Temperature measurements in six different positions z along the flame length in 

the case of the attached flame 
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Apart from the case of the attached flame (figure 4) measurements was held for a lifted 
turbulent diffusion flame. The fuel was exited from a pipe, of diameter d = 0.96 mm. The 
velocity of air in the exit was the same as in the case of attached 1 m/s while the fuel velocity 
was 15 m/s so as to achieve the lift-off of the flame. In figure 5 the radial measurements of 
temperature for the lift-off flame in six different positions (z) along the flame length are 
presented. 
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Figure 5. Temperature measurements in six different positions z along the flame length in 

the case of the lifted flame  
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Some preliminary joint statistics between temperature and mixture fraction, two important 

scaling parameters for the partially premixed regime have been produced from the time-
dependent calculation for the higher fuel jet velocity of 20 m/s [15]. The collected points lie 
close to the stoichiometric contour in the vicinity of the movement of the flame base.  

Propane is well known for its bimodel approach to extinction from a wide range of 
previously reported works (e.g [16]). The plot implies a lower level of bimodality with the 
scatter points located mostly above the mixing asymptote and below the partial equilibrium 
levels. The variance of mixture fraction spreads the points over an area slightly broader than 
the lean limit. 

Experimental data of this nature would be very helpful in identifying the detailed nature 
and flow behavior of the near stabilization region. The reduced bimodality with respect to 
customary diffusion flames may be attributed to loss of resolution in the present simulation, to 
deficiencies in the reignition model which is formulated for pure diffusion flames, or to a 
lower variability of the chemical time-scale arising from omission of the effects of partially 
premixed flame propagation. This aspect which is not treated explicitly in the model other 
than through the inclusion of the relevant chemical time-scale. 

Encouragingly the present modeling formulation recovered two important experimentally 
observed trends. Firstly, the linear relationship between flame lift-off height and jet exit 
velocity that has been extensively verified through global and detailed measurements as well 
as the correct slope of this linear variation. Secondly it reproduced adequately the increase in 
lift-off height for a given jet inflow velocity as the fuel flow is diluted e.g. with N2, something 
expected since the residence time is now longer when the fuel stream is diluted.  
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3.2. Combustion noise (roar) 
The reasonable performance of the computational model for the prediction of the 

experimentally observed aero-thermodynamic parameter variations and trends lends support 
to the extension of the method to include and apply the flame noise described previously to 
enable a meaningful evaluation of the combustion noise radiated by the present flames. Flame 
noise calculations have performed for two selected flame configuration, the attached flame 
with exit fuel velocity of 2 m/s in present work and the lifted-off flame by Marazioti [15] with 
exit fuel velocity of 20 m/s.  

Equation (14) was discretized to be able to calculate it numerically and the integral is 
computed numerically at every grid cell. The part in square brackets of Eq. (14) can be 
considered as the strength of the local noise source and gives an indication of the spatial 
distribution of the local noise ‘intensity’ in the reacting flow field for each selected frequency.  

Integrating numerically Eq. (14) for all cell volumes and over the full frequency range 
(∆f = 1 Hz, Pref = 20 µPa) we deduce the sound spectrum expressed in dB sound pressure level 
from Eq. (15). The turbulent aero-thermochemical data produced by the basic time-dependent 
computation are time-averaged and supply the required information to evaluate the parameters 
involved in Eq. (15) for every cell volume and frequency. Figure 6 (a, b), for comparison, 
display contours of the local noise intensity (the term between the square brackets in 
Eq. (14)), attached and lifted [15] diffusion flame, for a frequency of 100 Hz.  

It is seen that noise generation levels are predominant mainly in the vicinity of the mixing 
interface between fuel and oxidizer. These attain maximum values downstream of the lifted-
off flame base for the lifted flame and the location of the maximum noise intensity coincides 
with the region of the peak temperatures levels.  

 
a) 

 

b) 

 
Figure 6. The local noise source intensity (LNSS) distribution for fuel jet velocity 

a) 2 m/s and b) 20 m/s [15] along the flame length: x-axis is the flame length and y-axis the 
flame width  

y 

y
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The lifted flame produces significantly increased maximum values of the local noise 
source strength and this appears a reasonably predicted trend since the lifted flame produces 
increased turbulence levels and temperature fluctuations downstream of its lifted base.  

The calculated sound spectra for the booth diffusion flame are plotted in Figure 7. The 
lifted flame gives elevated energy content in the sound spectrum and the difference in the 
noise level is about 40 dB at most frequencies and more near the frequency 80 Hz. 

 
   a)                                                                             b) 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.The calculated sound spectra for: 
a) lifted [15] and b) attached flame, plotted in SPL dB (∆f=1 Hz) 

 
This is evidently consistent with the previously discussed predictions of the local noise 

intensity levels. It should also be noted that the qualitative distribution of the spectral density 
also depends on the assumed turbulence spectrum used in Eq. (14).  

An aspect that merits discussion is whether the assumption of fast chemistry can still be 
applied for the partially-premixed flame configuration with lift-off and to what extend the 
expected discrepancies affect the validity of the present prediction [17]. Experimental results 
would be quite helpful to identify the extent of disagreement in the sound pressure level 
predictions of this flame and this would help improve the present effort. 

Note with standing the above arguments, it is believed that the present procedure has 
captured the basic behaviors and trends in the aero-thermochemical and flame noise 
generation characteristics of the studied flames although further tests and refinements would 
be required to enlarge the applicability of the method. 
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4. SUMMARY 

A computational procedure the Large Eddy simulation turbulence model (LES) has been 
employed to study the stabilization mechanism and the autonomous noise generation by the 
flame front due to turbulent fluctuations in attached and lifted propane jet turbulent diffusion 
flames. Although the method exploited primarily diffusion flame concepts with the effects of 
partial extinctions/reignitions embodied, it produced reasonable qualitative agreement with 
reported data. Despite the fact that these exploratory and preliminary computations are based 
on axisymmetric configurations and hence the three-dimentional or the non-symmetric 
turbulent behavior is excluded the present method captured many important trends and 
behaviors and allows for an evaluation and further development of the overall methodology. 
Further extensions along the line of addressing in a more clear-cut manner the impact of 
partial-premixing are also required.  

The adequate accord between computations and experimental observation in the turbulent 
aerothermodynamic flow and flame parameters allowed a first attempt at evaluating the 
turbulent combustion noise (roar) characteristics of the complex flame configuration 
investigated here. The developed methodology provides a basis to address the coupled effects 
of turbulence interactions, heat release and chemistry, and the autonomous turbulent 
combustion noise generated at the flame front. These preliminary results suggest that the 
modeling procedure followed such complex behaviors as the variation of the flame lift-off 
height with fuel jet velocity and the accompanying increase in the radiated flame noise levels. 
Further detailed assessment and improvements of the described methodology may however be 
required to validate and demonstrate its wider applicability.  
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