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Abstract—The effect of radiation heat loss has 
been incorporated into a stretched laminar 
flamelet model of turbulent premixed flames using 
the enthalpy defect approach, and the method 
applied to the simulation of a number of 
stoichiometric methane-air jet flames. Comparison 
of predictions with available data on flames 
burning in the flamelet regime demonstrate that 
the model successfully captures the major 
features of these flames, in terms of flame 
position and velocity, temperature and major 
chemical species mass fraction fields, with 
satisfactory agreement with data for NO levels in 
one of the flames also being obtained. Overall, the 
model produces encouraging results for the 
flames examined, although further validation is 
required against measurements in idealised and 
practical burner configurations where the effects 
of thermal radiation heat loss are more evident. 
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I.  INTRODUCTION 

Mathematical models are now used increasingly in 
the design and performance prediction of burners 
employed, for example, in industrial boilers and 
furnaces. These models are used routinely to assist in 
burner design, and to ensure that high combustion 
efficiencies are achieved and that the level of pollutant 
emissions complies with legislation. For emissions of 
NOx in particular, predictive accuracy critically depends 
on the accuracy of temperature and oxygen 
concentration results derived from such models. 

Many of the burners employed in industrial 
combustion equipment, including low NOx gas turbine 
combustors, use premixed fuel-air mixtures. A wide 
variety of combustion modelling approaches is 
available for predicting the turbulent reacting flows of 
interest (see, for example

1
). One such approach is the 

use of stretched laminar flamelet models
2,3

 that 
account for the influence of high turbulence strain 
rates in quenching a flame. Bradley et al.

4
 applied this 

concept to turbulent non-premixed combustion in the 
form of a mixedness-reactedness flamelet model 
which is based on the use of stretched laminar 
premixed, rather than diffusion, flamelets, with the 
parameters mixedness and reactedness quantifying, 
respectively, the degree of premixing before reaction 

occurs and the completeness of combustion. This 
model has been applied successfully in computations 
of a wide range of turbulent, non-premixed flames 
(see, for example

4,5
), as well as being extended to 

cover turbulent premixed systems
3
.  

It is well known that thermal radiation plays an 
important role in practical flames. In previous 
applications of flamelet models to turbulent flames, 
however, radiation heat loss has largely been 
unaccounted for (see, for example

3,6
) as the 

assumption of adiabatic combustion is generally 
invoked. The neglect of thermal radiation has led to 
the significant over prediction of temperatures in 
flames, particularly non-premixed, where radiation is 
important, and as a consequence the erroneous 
prediction of NOx levels that are highly temperature 
dependent. This restricts the range of applicability of 
flamelet models to flames with negligible radiation 
heat losses.  

The present paper describes the development and 
application of a novel, non-adiabatic flamelet model 
that incorporates radiation heat loss effects into the 
calculation of turbulent premixed flames. The 
incorporation of such effects is particularly important 
in applications where the close proximity of solid 
surfaces, for example in boilers, causes significant 
radiation heat transfer from the flame and within the 
enclosure of the combustion device. The effect of 
radiation heat transfer is incorporated into the flamelet 
modelling methodology using the concept of enthalpy 
defect

7
. This parameter, defined as the difference 

between the actual enthalpy and the adiabatic 
enthalpy of a flame, is introduced as an additional 
flamelet variable. In the context of the premixed 
flamelet modelling approach

3
, the heat release rate in 

a laminar flame can then be expressed as a function 
of reactedness and enthalpy defect.  A non-adiabatic 
flamelet data library has been generated using the 
CHEMKIN code

8
 for one-dimensional laminar 

premixed flame calculations using a detailed chemical 
kinetic mechanism involving 49 species and 279 
reaction steps. The CHEMKIN code has been 
modified by adding a source term to the energy 
conservation equation to account for radiation heat 
loss. Radiation heat transfer in turbulent flames is 
modelled by assuming the flames to be optically thin, 
with the wide-band model

9
 used to determine the 

absorption coefficients of the radiating species. The 
complete methodology has been incorporated into the 
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stretched laminar flamelet model of Bradley et al.
3
 for 

turbulent premixed combustion. 
The performance of the non-adiabatic flamelet 

combustion model has been evaluated by computing 
the turbulent, stoichiometric premixed methane-air jet 
flames studied experimentally in

10,11
. Predictions of the 

combustion model, coupled to round jet calculations 

based on the k- turbulence model, are compared with 
measurements. 

II. MODEL FORMULATION 

An existing computer code, originally developed by 
Bradley and co-workers

4
, for the calculation of velocity 

and temperature fields in combusting flows using the 
stretched laminar flamelet approach, and later 
modified by Ma et al.

5
 to include the species 

conservation equations, was employed in this study. 
The calculation procedure is based on the solution of 
the Favre-averaged conservation equations for mass, 
momentum, thermal energy and chemical species. 

Turbulence is handled using the k- model, with 
standard values of the model constants

12
.  

The temperature distribution is obtained by solving 
the thermal energy equation, modelled in terms of the 
sensible enthalpy. The source terms in this equation 
represent the turbulent mean volumetric heat release 
rate due to combustion and the volumetric heat loss 
due to thermal radiation. Radiative heat transfer was 
modelled by assuming the unconfined flames studied 
experimentally to be optically thin. Data for the 
absorption coefficients of the radiating species CH4, 
CO, CO2 and H2O given by Tien

9
, and based on the 

wide-band model, were used in the present 
calculations. 

The major chemical species concentration 
distributions were obtained from solutions of their 
transport equations. The mean reaction rate source 
term in these equations, and the turbulent mean 
volumetric heat release rate source term in the 
sensible enthalpy equation, were prescribed by the 
combustion model employed which is described 
below. NO concentrations were calculated using a 
post-processing approach

13
 that involves the solution 

of the conservation equation for NO. The time-mean 
reaction rate of NO in the source term of this equation 
was obtained using a probability density function 
(PDF) approach, with the thermal-NO formation rate 
being determined using the Zeldovich mechanism

14
 

and the prompt-NO formation rate by a global rate 
expression from De Soete

15
. 

The adiabatic flamelet combustion model
3
, 

applicable to turbulent premixed flames, was extended 
to take into account the effect of radiative heat transfer 
using the enthalpy defect concept

7
. The enthalpy 

defect is caused by the radiative heat loss, qr, which is 
then imposed on the flamelets as a parameter. The 
turbulent mean heat release rate under non-adiabatic 
conditions is expressed as: 

 ddqqpqqPq r

q

rrlbt

r


max

0

1

0
),(),(      (1) 

where ql (, qr) is the laminar volumetric heat release 

rate,  (= [T - Tu] / [Tm - Tu]) the reactedness (a 

reaction progress variable), Tu the unburnt gas 
temperature, Tm the maximum temperature of the 

premixture, p(, qr) is a joint probability density 

function of  and qr, and Pb is the probability that the 
stretch rate can sustain a flamelet. By assuming 

statistical independence between  and qr, and 
neglecting the effect of qr fluctuations

4-6
, the joint PDF 

can be expressed as: 

p(, qr) =  p() (qr - r
q ),       (2) 

where p() is represented by a beta-function and (qr - 

r
q ) is a delta-function. This joint PDF treatment is 

consistent with the assumptions made in the original 
flamelet model

3
. The turbulent mean heat release rate 

is then: 

 dpqqPq
rlbt 

1

0
)(),( .      (3) 

The beta-function PDF of p() was determined from 

the Favre mean values and variances of  which were 
obtained by solving their own modelled transport 
equations

3
. A similar approach was adopted to 

account for the effect of radiative heat transfer on the 
mean reaction rates. 

For the methane-air flames
10,11

 considered in this 
study, the laminar volumetric heat release rate and 
reaction rate data were generated from extensive 
calculations of one-dimensional premixed methane-air 
flames with a detailed chemical mechanism using the 
CHEMKIN code

8
. The GRI-Mech 2.11 reaction 

mechanism
16

, which involves 49 species and 279 
reaction steps, was employed. For the generation of a 
non-adiabatic flamelet data library, the CHEMKIN 
code was modified by introducing a source term, qr, 
into the energy conservation equation to account for 
radiative heat loss. The heat loss term qr can be 
considered as an independent parameter that 
corresponds to the enthalpy defect. Fig. 1 shows 
calculated heat release rate profiles for a laminar, 

stoichiometric ( = 1) premixed methane-air flame for 
different values of radiative heat loss. Similar profiles 
were generated for reaction rate data. The computed 

values of ql(, qr) and the reaction rate parameter, 

wi,l(, qr) were then curve fitted against  for each 
value of qr in order to reduce computer storage 
requirements and significantly decrease model run 
times. The fits adopted were of the same form as 
those used by Bradley et al.

4
 which provided a close 

fit to ql(, qr) and wi,l(, qr) values that had a close to 
Gaussian form. For chemical species, this meant that 
profiles of CH4, CO2, H2O and O2 could be 
represented to a high degree of accuracy, whilst those 
of CO, H2 and OH could not due to their non-Gaussian 
distribution. Given the current stage of development of 
the combustion model, the latter species were 
therefore excluded from the present study, although 
future work will address this shortcoming. 

The Favre-averaged conservation equations, written 
in cylindrical co-ordinates for solution, were 
discretised by integrating over control volumes 
covering the computational domain. The convection 
terms were approximated by a third-order accurate, 
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non-diffusive, boundedness-preserving discretisation 
scheme

17
, while the diffusion terms were 

approximated using central differencing. The 
discretised equations were then solved by a variant

17
 

of the SIMPLE algorithm
18

 that uses the penta-
diagonal-matrix-algorithm. 

III. EXPERIMENTAL AND COMPUTATIONAL DETAILS 

The first premixed stoichiometric methane-air jet 
flame

10
 considered, referred to below as Case I, was 

produced by a 12 mm diameter burner with an exit flow 
Reynolds number of 21,000. Pilot flames which 
surrounded the main burner tube were used to 
stabilise the primary flame. A staggered, non-uniform, 

77 (axial)  68 (radial) computational mesh was used 
in calculating this flame following grid independence 
tests.  Computations started 0.5 mm above the nozzle 
exit plane where normalised mean axial and fluctuating 
axial and radial velocities values were available from 
measurements. The mean radial velocity was set to 
zero at this location. The inlet values of the turbulence 
kinetic energy were calculated from measured 
fluctuating velocities with the assumption of the 
fluctuating azimuthal velocity being equal to the 
fluctuating radial velocity. The inlet turbulence energy 
dissipation rate was then determined from inlet 
turbulence kinetic energy values using an 
experimentally determined lateral integral length scale 
of 2.4 mm

10
. Similar calculations were also performed 

for a Re = 35,000 flame considered by the same 
authors, referred to below as Case II. 

The second stoichiometric methane-air jet flame
11

 
considered, referred to as Case III, was produced by a 
burner of 8 mm diameter with Re = 8,000 at the nozzle 
exit. Computations were carried out on a staggered, 
two-dimensional, non-uniform mesh containing 107 

(axial)  127 (radial) nodes, with a higher mesh density 
in the region near the burner exit and close to the jet 
axis. Test calculations with different mesh sizes 

(between 59  75 and 140  180) again showed that 
the selected mesh was sufficiently fine to provide 
acceptable grid independent solutions. Inlet mean 
velocity data at the burner exit required for the 
calculations were obtained from measurements

11
, with 

the exit profile consisting of a high velocity central core 
and a surrounding low velocity region used to 
decrease the velocity gradient to the stagnant 
surroundings. The radial velocity was taken as zero, 
and the turbulence kinetic energy was determined by 
assuming 6% turbulence intensity, corresponding to a 
fully developed turbulent pipe flow. For this case, the 
inlet value of the turbulence kinetic energy dissipation 
rate was then evaluated from the turbulence kinetic 
energy using a length scale corresponding to 0.33 
times the radius of the burner tube. 

IV. RESULTS AND DISCUSSION 

Predictions and measurements of the mean axial 
velocity, mean temperature and fuel (i.e. CH4) 
concentration at four downstream locations (for axial 
distance x and burner diameter D) along the axis of 
the Case I flame are given in Fig. 2. Equivalent results 

for the major species concentrations CO2, O2 and H2O 
are shown in Fig. 3. Compared to a non-reacting flow, 
for which experimental data are available

10
, gas 

expansion within the flame results in higher axial 
velocities due to heat release. As a result of this 
expansion, the shear layer, located at the position of 
the maximum axial velocity gradient in the radial 
direction, is moved away from the centre-line, while 
the mean flame-front position moves towards the 
centre-line with increasing downstream distance 
because of the consumption of unburned mixture. All 
of these features were successfully reproduced by the 
present non-adiabatic flamelet model. The predictions 
of mean axial velocity are more diffuse than the 
measurements at the interface between the main 
flame jet and the co-flow of combustion products from 
the pilot flame used in the experimental 
configuration

10
. It is known, however, that such diffuse 

profiles occur even in constant density jet calculations 

that employ the standard k- turbulence model. This 
discrepancy is not, therefore, necessarily a result of 
the combustion model. 

Fig. 1. Calculated heat release rate profiles for a laminar 

premixed methane-air flame ( = 1) for different values of 
radiative heat loss (qr). 

 
Fig. 2. Comparison of measured

10
 and predicted mean 

axial velocities, temperatures and fuel concentrations at four 
downstream locations in the Case I flame (symbols - data, 
line - predictions). 
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The spreading rate of the flame is more accurately 
predicted by the results obtained for temperature, fuel 
and major species mass fractions. Predictions of 
mean temperatures are in close accord with data, 
although some slight over prediction does occur at the 
location closest to the burner. Likewise, predictions of 
CH4, CO2, O2 and H2O are again in good agreement 
with data in terms of flame location and spreading 
rate, although a slight under estimation of peak CO2 
and H2O values is seen at all measurement stations, 
particularly towards the edge of the flame, with a 
corresponding over prediction of O2 levels also 
occurring. Additionally, at the first measurement 
location in particular, data for CO2 and H2O are seen 
to be almost flat in the outer regions of the flow.  This 
is most likely due to contributions from the burnt 
products of the pilot flame that were not modelled 
explicitly in the present work. This contribution is, 
however, generally small, and does not detract from 
the acceptable level of agreement obtained between 
predicted and observed results. 

Fig. 3. Comparison of measured
10

 and predicted CO2, O2 
and H2O levels at four downstream locations in the Case I 
flame (symbols - data, line - predictions). 

 

Chen et al.
10

 also presented two more data sets 
obtained using the same piloted burner, but with 
higher Reynolds numbers of 35,000 and 45,500. The 
non-adiabatic flamelet model was also applied to 
simulate these two flames, but the predicted results 
for these cases compared less favourably with 
experimental data. As an example, predictions and 
measurements for the Re = 35,000, Case II flame, are 
shown in Figs. 4 and 5. It can be seen that the trends 
of temperatures, axial velocities and major species 
concentrations of this flame have been duplicated well 
by the computed results. However, some 
discrepancies exist between the measured and 
simulated data, with agreement being less satisfactory 
than for the Case I flame, particularly in terms of the 
under prediction of CO2 and H2O. Calculated results 
for the case with Reynolds number of 45,500 have 
even less satisfactory agreement with measurements 
(not shown here). As indicated by Prasad and Gore

19
, 

however, these highly stretched flames lie in the 
distributed reaction zone, rather than the flamelet 
regime, where the current model is not applicable. 
Nevertheless, the predictions given above for the Re = 
21,000 flame do demonstrate the applicability of the 
present flamelet model to flames with relatively high 
stretch rates, with the flame considered lying at the 
border of the distributed reaction zone and flamelet 
regimes. 

 

   
 
Fig. 4. Comparison of measured

10
 and predicted mean 

axial velocities, temperatures and fuel concentrations at five 
downstream locations in the Case II flame (symbols - data, 
line - predictions). 

 

   
 
Fig. 5. Comparison of measured

10
 and predicted CO2, O2 

and H2O levels at five downstream locations in the Case II 
flame (symbols - data, line - predictions). 
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Turning to the Case III flame, Figs. 6 and 7 compare 
predicted radial distributions of O2, CO2 and NO 
concentrations with measurements

11
 at various axial 

locations. Although more limited than the data set of 
the Case I flame, these comparisons again 
demonstrate that the non-adiabatic flamelet model 
yields reliable predictions of major chemical species 
concentrations. Some deviation between predictions 
and observations is evident, particularly at the first 
measurement station where a slight lateral shift in the 
predictions is apparent. Centre-line O2 levels are also 
over predicted to some extent in the near field of the 
flame, and under estimated in the far field.  
Importantly, however, NO levels are in good 
agreement with data, indicating likely conformity 
between predicted and observed temperature values.  
A slight shift in the predicted NO profile at the first 
measurement location is again observed, although 
further downstream predictions largely come in line 
with data, and faithfully reproduce the decrease in NO 
levels with downstream distance.    

 
Fig. 6. Measured

11
 and predicted O2 and CO2 levels at six 

downstream locations in the Case III flame (symbols - data, 
line - predictions).  

 
Calculations for both flames were also performed 

using an adiabatic flamelet model in order to quantify 
the effects of radiative heat loss. The predicted results 
(not shown here) exhibited small differences when 
compared with those obtained from the non-adiabatic 
model. This is due to the relatively small radiative heat 
loss from these atmospheric pressure premixed 

flames. However, at further downstream locations, 
where experimental data is absent, the predictions of 
the two models revealed larger differences, particularly 
for temperature and NO distributions. There is 
therefore a requirement for further testing of the model 
against idealised and practical burner flows where the 
influence of radiative heat loss on flame characteristics 
is more pronounced. This should include comparisons 
with data from flames enclosed within tubes where the 
close proximity of solid surfaces causes significant 
radiation heat transfer from the flame and within the 
enclosure itself. 

 
Fig. 7. Measured

11
 and predicted NO levels in the Case III 

flame (symbols - data, line - predictions). 

 

V. CONCLUSIONS 

Based on the enthalpy defect concept, the effect of 
radiative heat loss has been incorporated into the 
calculation of turbulent premixed flames using a 
stretched laminar flamelet modelling approach. The 
method has been applied in the simulation of two 
premixed methane-air flames, with comparisons with 
available data showing that the model captures the 
major features of these flames in terms of velocities, 
temperatures, major chemical species and NO 
concentrations. The study produces encouraging 
results that replicate the overall characteristics of these 
turbulent premixed jet flames. However, further 
validation is required against combustion and emission 
measurements in both idealised and practical burner 
configurations where the effects of thermal radiation on 
flame structure and emissions are more evident. In 
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addition, further extension of the model to include 
minor chemical species excluded from the present 
version is required. 
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