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Abstract: The flow�field o f a pr opane�air diffusion f lame combust or with inter ior and ex ter ior conjugate heat

transfers w as numerically studied. Results obtained from four combustion models, combined wit h the r e�no r�

malization g roup ( RNG ) k�� turbulence model, discrete o rdinat es radiation model and enhanced wall treatment

are presented and discussed. T he r esult s ar e com pared w ith a comprehensive database obtained from a ser ies o f

experimental measurements. The flow patterns and the r ecirculation zone leng th in the combustion chamber ar e

accurately predicted, and the mean ax ial v elocities a re in fa irly g ood agr eement w ith the exper imental dat a, par�

ticularly at dow nstr eam sect ions fo r all fo ur combustion models. T he mean temperature profiles are captured

fairly w ell by the eddy dissipation ( EDS) , pr obabilit y density funct ion ( PDF) , and laminar f lamelet combustion

models. However , the EDS�finite�r ate combust ion model fails to pro vide an acceptable temperatur e field. In gen�

er al, the flamelet model illustrates little super ior ity o ver the PDF model, and to some ex tent the PDF model

show s bett er performance than the EDS model.

Key words:combustion model; flamelet model; dif fusion flame combusto r; conjugate heat transfer

CLC number:V231� 2� � � Document code: A

Received date: 2006�10�16; revision recevied date:2007�05�22

Introduction

To provide a benchmark database fo r the

development and evaluation of various physical

models, a ser ies of experiments w ere performed

at N at ional Resear ch Council Canada. With ad�
vanced techniques, measurements w ere made in a

propane diffusion f lame combustor , as show n in

Fig. 1. T he combustor geometry w as relat iv ely

simple compared w ith pract ical combust ion de�
v ices, but fundamentally similar and relevant to

the modeling of complex combust ion sy stems.

The compr ehensive database includes mean and

fluctuating velocity components, mean tempera�
ture, radiat ion heat flux, as w ell as species and

po llutant concentrat ions. The detailed experi�
ments and inst rumentat ion w ill be published sep�
arately.

These experimental data have been used ex�
tensively to assess various turbulence, combus�
tion and emission models

[ 1�2]
. In many combusto r

simulat ions, the computat ional domain w as limit�
ed to the combust ion chamber only, w hile in the

present study, the entire combustor flow�f ield,
from the fuel and air inlets to the nozzle ex it,

w as numerically modeled. In addit ion, the inter�
nal and external conjugate heat t ransfers f rom

the combust ion products to the flame ho lder and

insulat ion w alls w er e also simulated.

Presented and discussed in this paper are

the numerical results obtained from four com�
bust ion models, i. e. , the eddy dissipation( EDS) ,

EDS�finite�rate, probability density funct ion ( PDF)

and laminar flamelet combustion models. In all

cases, also used are the re�normalizat ion group

( RNG) k�� turbulence model, the discrete ordi�
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F ig . 1 � The model combusto r

nates radiation model, and the enhanced w all

tr eatment . T he numerical r esults are compared

w ith the experimental database in detail, and the

advantages and sho rtcom ing s o f these combus�
t ion models are revealed.

1 � Numerical simulations

Axisymmetric, steady , turbulent , react ing

flows w ere considered, and a commercial sof t�
ware package, F luent , w as used in the pr esent

study. The computat ional domain, selected phys�
ical models, boundary conditions, and so lut ion

methods ar e descr ibed in the fo llow ing sub�sec�
t ions.

1. 1 � Computational domain

Figure 1 is a schematic diagram of the model

combustor , including the fuel and air inlets, com�
bust ion chamber , disk flame�ho lder and contr act�
ed exhaust sect ion. Air entered the combust ion

chamber around a bluf f body, w hile fuel w as fed

through the center o f the disk f lame�holder .
Since the computat ional domain is ax isym�

metric, 2�D quadrilateral meshes w er e generated

over the f low reg ion, and interior and ex ter io r

conjugate heat t ransfer regions. F ine grids w ere

laid behind the f lame�holder in the combust ion

chamber to resolve f low recirculat ion. F ine g rids

w ere also g ener ated in the shear layers betw een

the recirculat ion region and fuel and air jets, as

w ell as the gap betw een the f lame�holder edge

and air inlet chamber w al l. Coarse g rids w ere

used downst ream o f the combust ion chamber and

in the so lid stainless steel and cer am ic regions. A

total number of 74 100 elements w ere used fo r

most of the simulations. T he skewness w as less

than 0� 2 in the f low�f ield domain and the aspect

ratio w as less than 12 for 99� 5% elements. Ef�
for ts w ere made to keep the w all parameter, y

+

in the desired range ( 30 to 60) . How ever, there

w ere lo cal low�velo city regions w here the y + val�
ues w er e w el l below 30. A number of meshes

w ere tested to ensure the mesh independence of

the numerical solut ions.

1. 2 � Turbulence modeling

The governing Favre�averaged conserv at ion

equat ions for mass, species, momentum and ener�
gy ar e not reproduced here. They can be readily

found in many classic literatur es, such as Refer�
ence[ 3] . For closure o f the basic equat ions, the

RNG k�� turbulence model derived f rom a r e�
no rmalizat ion gr oup theory was used to model

turbulent t ransfers in the react ing f low [ 4] . This

model has show n an excellent agreement between

the numerical and experimental results for an iso�
thermal flow over a backw ard facing step

[ 5]
.

According to this model, the turbulent vis�
cosity fo r high Reynolds number f low s is ex�
pressed as

�t =  C �k
2
/� (1)

where C�= 0� 0845, der iv ed fr om the RNG theo�
ry. It is very close to the empir ically determined

value o f 0� 09 used in the standard k�� model.

The quant ities o f the turbulent kinet ic energ y, k,

and dissipat ion r ate, �, are found from the fo llow�
ing pair of quations

 � (  vk ) =  � (!k�eff  k ) + Gk -  �(2)

 � ( v�) =  � (!��eff  �) + C1�
�
k
Gk - C

*
2�
 �

2

k

(3)

In the above equat ions, �eff is the ef fect ive viscos�
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ity, !k and !� are the inverse Prandt l numbers,

and Gk = �tS2 stands fo r the turbulence produc�
t ion w ith �t the tur bulence viscosity and S the

modulus of the mean rate�of�str ain tensor, de�

f ined as S  2S ij S ij .

The main differ ence betw een the RNG and

standard k��models is that the coef ficient of the

dest ruct ion term , C*
2� in Eq. ( 3) , is no longer a

constant, but a funct ion of f low mean st rain r ate

and turbulence f ield ( k and �) . It is def ined by

the following expression

C
*
2�  C2�+

C�∀3 (1- ∀/ ∀0)
1+ #∀3

(4)

where ∀ S k/�, ∀0 = 4� 38, #= 0� 012. As a result,

the RNG model is mor e responsive to the ef fects

of f low str ain rate and thus improves the accura�
cy for rapidly str ained flow s. The model con�
stants, C1�= 1� 42 in Eq. ( 3) and C2�= 1� 68 in

Eq. ( 4) .

In addit ion, the RNG model pr ovides an an�
aly tical formula to account for variat ions of tur�
bulent Prandt l and Schm idt number s in the f low

fo r the energy and species equat ions[ 5, 6]

!- 1. 392 9
!0 - 1. 392 9

0. 632 1
!+ 2. 393 9
!0 + 2. 392 9

0. 367 9

=
�mol

�eff

(5)

where �mol is the laminar viscosity, and !0 = 1/

Pr mol o r 1/ Scmol ( the inver se of the laminar

Prandt l o r Schm idt number) . How ever , it should

be ment ioned that the inverse Pr andt l numbers,

!k= !�= !, in Eqs. ( 2) and ( 3) are determined by

simply set ting !0 = 1.

1. 3 � Combustion modeling

Four combust ion models used in the pr esent

study are the eddy�dissipat ion ( EDS ) , EDS�f i�
nite�rate, probability density funct ion ( PDF ) ,

and laminar f lamelet models. The EDS model is

based on the w ork of M agnussen and H jer tag�
er [ 7] , w hich has been w idely accepted in diffusion

flame modeling
[ 8]

. Fo r this model, a one�step
global chem ical react ion is assumed,

C3H 8 + 5( O 2 + 3. 76N 2 ) =

3CO2 + 4H 2O + 5 ! 3. 76N 2 (6)

and the r eaction rate is governed by turbulent

mixing, or the larg e�eddy mix ing t ime scale, k/�.

The net react ion rate of species ∀ i# is given by

the smaller o f the tw o fo llow ing expressions in

kg / m
3 � s,

R i = ∃iM iA �
k
min

Y C
3
H

8

∃C
3
H
8
M C

3
H

8

,
YO

2

∃O
2
M O

2

(7)

R i = ∃iM iAB 
�
k

( Y CO
2
+ YH

2
O)

(∃CO
2
MCO

2
+ ∃H

2
OM H

2
O )
(8)

where Y is the mass fraction, ∃stands for the

stoichiometric coef f icient , M represents the mo�
lecular w eight , and the empirical constants, A =

4� 0 and B= 0� 5.
For the EDS�f inite�rate model, an addit ional

constraint w as included to the propane�air com�
bust ion, a g lobal chem ical react ion rate f rom

Westbr ook and Dryer
[ 9]

in kmole/ m
3 � s,

RC
3
H

8
= A exp(- E/ RT ) [ C3H 8 ]

0. 1
[ O 2 ]

1. 65

(9)

where the pre�exponential factor, A = 4� 836 ! 109

and the activat ion ener gy, E = 1� 256 ! 10
8
J/

kmole. T he net react ion rate at each point in the

flow�f ield is determined by the smallest one a�
mong the three expressions ( 7) , ( 8) and ( 9) .

The thir d combust ion model is based on the

mix ture f ract ion approach w ith an assumpt ion of

fast chem ist ry
[ 10]

. It o ffers many advantages over

the EDS and EDS�f inite�rate models. It allow s

intermediate ( radical) species predict ion, dissoci�
at ion ef fects, and mor e r ig orous tur bulence�
chemist ry coupling . The mixture fr act ion can be

w ritten in terms of atomic mass fract ion as

f =
Z i - Z i, ox

Z i, fuel - Z i, ox
(10)

where Z i stands fo r the elemental mass f ract ion

of element, ∀ i#, Z i, ox and Z i, fuel denote the elemen�
tal mass f ract ion of ∀ i# at the ox idizer and fuel

inlets respectiv ely . It is a common pract ice to as�
sume that all species have the same diffusivity in

turbulent f low s. As a result, the mix ture f ract ion

becomes a conserved quantity, and the t ransport

equat ions fo r the mean mix ture f ract ion and its

variance may be simplif ied as

 � (  vf ) =  � �t
%t
 f (11)

and
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 � ( v f ∃2
) =  �

�t
%t
 f ∃2

+

Cg�t (  2
f ) - Cd �

k
f ∃2

(12)

where f ∃= f - f , and the constants %t , Cg and Cd

take the values of 0� 85, 2� 86 and 2� 0 respectively.

With the fast chemist ry assumpt ion, the

chemical equilibrium calculat ion based on the

minim izat ion o f Gibbs f ree energ y can be used to

determ ine the combustion system. For a defined

combust ion system, the instantaneous mole frac�
t ions of individual species, density and tempera�
ture at each point in the flow�f ield can be exclu�
sively determined from the instantaneous mix�
ture f ract ion in the adiabat ic condit ion. When

heat loss is concerned, as in the present study,

the r elat ionship may be generalized as

&i = &i ( f , H ) (13)

where & r epresents the instantaneous species

mole f ract ion, density or temperature, and H is

the instantaneous enthalpy.

As pointed by Bilger [ 8] , full chemical equi�
l ibrium gives considerable er rors in temperature

on the rich side of hydro carbon f lames. To avo id

this, a part ial equilibrium approach w as applied

in the rich f lame region. When the instantaneous

equivalence rat io exceeded 1� 75, the combust ion

react ion w as considered ex t inguished and un�
burned fuel coex isted w ith reacted products.

The turbulence�chem ist ry interact ion is ac�
counted fo r by the #�funct ion probability density

funct ion ( PDF) , p ( f , f ∃2 ) , w hich is determined

solely by the mean and variance o f mix ture frac�
t ion. T he t ime�aver aged values of species mole

fractions and temper ature are computed as

&i =%
1

0

p ( f , f ∃2
) &i ( f , H )df (14)

Eighteen species w ere considered for the PDF mod�
el, including C3H 8 , CO2 , H 2O, O2 , N2 , CO, HO, H ,

O, H2 , C3H6 , C2H6 , C2 H4 , CH4 , CH 3 , CH 2 , CH , and

C( s) . The select ion of these species w as based on

the propane�air chemical kinetics
[ 11]

and the require�
ments for emission modeling.

The last combust ion model is a laminar

flamelet combust ion model. T his model view s

the turbulent flame as an ensemble of laminar

flamelets. For dif fusion f lames, it approx imates

the unsteady distorted turbulent dif fusion f lame

using a steady lam inar counter�f low diffusion

flame
[ 12]

. With this approach, a coordinate�free
fo rmat ion of the f lamelet st ructure can be de�
rived. T he species f ract ions, density and tempera�
ture in the f lamelet can be uniquely determined

by tw o parameters, namely the mixture f ract ion,

f and the scalar dissipat ion rate, ∋ in the adiabat�
ic case. The later parameter is equivalent to the

st rain rate, w hich quant ifies the departure of

flame from chem ical equilibrium.

A major advantag e o f the f lamelet model o�
ver other combust ion models is that detailed, re�
alistic, chemical kinetics can be incorporated into

turbulent react ing f low s. In the pr esent study,

the chem ical r eaction mechanism for propane�air
flames used by Stahl and Warnatz[ 13] was em�
ployed. It consists of 228 chem ical react ions and

31 species. Four chem ical r eact ions ( 86, 87, 177

and 178) in the mechanism w ere replaced by the

cor responding ones f rom the GRI�Mech 3� 0
mechanism because their pre�exponent ial factors

ar e too lar ge.

The coupling betw een non�equilibrium
chemist ry and turbulence is accounted for by the

probability density funct ion, p ( f , ∋ ) , as in the

PDF model case. The mean flow parameters are

computed according to the follow ing expression

&i = �p ( f , ∋) &i ( f , ∋, H ) df d ∋ (15)

where & r epresents the instantaneous species

fraction, density or temperature, and H is the in�
stantaneous enthalpy. The flamelet library is

preprocessed and tabulated, w hich offers t remen�
dous computat ional sav ing s.

To account for the r adiat ion heat tr ansfer

betw een the gas m ixture and combustion cham�
ber w alls, the discrete o rdinates radiat ion mod�
el

[ 14]
was employed. The absorption coeff icient of

gaseous m ixture w as determined from the local

species mass fr act ions in the mix tur e. An en�
hanced w all boundary t reatment w as applied at

the w alls. In this approach, an enhanced tw o�lay�
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er model is combined w ith enhanced w all func�
t ions, and the viscous and fully tur bulent r eg ions

ar e smoothly blended.

Polynomials w ere used to calculate the spe�
cific heat of species as a funct ion of temper ature.

These polynom ials w ere determ ined from the

JANNAF tables. In the case of the EDS and

EDS�f inite�rate models, the polynom ials f rom

Reference [ 15] w ere used, w here the chem ical

dissociat ion w as consider ed. For other thermal

propert ies such as molecular v isco sity, thermal

conductivity, diffusivity and absorpt ion coeff i�
cient , the values at 900 K were used.

1. 4 � Boundary conditions

The fuel mass flow rate w as 16� 2 g/ s, the air�
f low rate w as 550 g/ s, and the corresponding global

equivalence rat io was 0� 46. A turbulence intensity of

10% and hydraulic diameters were used at the fuel

and air inlets to estimate inlet turbulence kinetic en�
ergy and dissipation rate. An inlet temperature of

293 K was used for both flows.

The boundary temperatures w ere defined

based on the experimental measurements. A

room temperatur e o f 293 K was assigned to the

inlet sect ion w alls, and the upst ream edges of the

combust ion chamber and ceramic insulat ion

w al ls. A linear temper ature pro file from 293 K to

405 K was specif ied at the outer boundary o f the

ceramic insulat ion in the ax ial direct ion. The

temperature of the outer boundary of the exit

no zzle w as set to 823 K. The same temperature

w as assigned to the downst ream edge o f the

combust ion chamber w al l since its heat r esist�
ance w as much smaller than the cer am ic insula�
t ion ( the thermal conduct ivity is 25 W/ m � K fo r

the stainless steel, w hile only 0� 10 W/ m � K fo r

the ceramic insulat ion ) . A linear temperature

pro file f rom 823 K to 405 K was assigned to the

downst ream edge of the insulat ion w all. The

pressure at the combustor ex it w as set to the at�
mospher ic v alue.

1. 5 � Solution method

A seg regated solver w ith a second�order ac�
cur ate scheme w as used to reso lve the flow�f ield.

At conver gence, the normalized residuals of f low

variables w ere less than o r appro ximately equal

to 10- 5 for all test cases. M onitor ed ax ial veloci�
ties at tw o points in the shear layer dow nst ream

of the f lame holder remained unchanged at least

fo r the first four dig it s . A LINUX PC server

w ith tw o Pent ium 2� 8�GH CPUs and 4�GB

RAM was used to perform all simulat ions.

2 � Results and discussion

2. 1 � Velocity distributions

The ax ial velocity contours and f low path�
lines obtained from the flamelet model are show n

in the upper half in F ig . 2, w hile the experimen�
tal data are pr esented in the low er half, w ith the

zero axial velocity lines specif ied. T he contour

plo t prov ides an overall picture of compar ison

betw een the numerical and experimental results.

The flow patterns in the combust ion chamber are

w ell captured by the numerical simulation. T w o

recirculat ion zones are formed behind the f lame�
ho lder although, in the experimental case, the

central r ecirculation zone is no t completely re�
solved and no f low path�lines are draw n due to

the lim ited data points. The central recirculat ion

zone created by the fuel jet is completely con�
fined w ithin the annular recirculat ion zone crea�
ted by the annular air jet . T his implies that the

t ransportat ion of fuel into the f low�f ield, via the

annular recirculat ion zone, is realized by diffu�
sion only.

F ig. 2� Ax ial velo city contours and flow path�lines

More remarkably , the reat tachment po int o r

the length of the r ecirculation reg ion is accurate�
ly predicted by the numerical results. It is about

110 mm long. As expected, another separated

flow zone is observed at the upper left corner in
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the combust ion chamber.

The ax ial velocity contours and f low path�
lines fo r the PDF and EDS models are similar to

those fo r the f lamelet model. T his is also true fo r

the case of the EDS�f inite�rate combust ion mod�
el, ex cept that the annular r ecirculation zone is a

litt le larg er than the other thr ee cases. Due to

the limited space, contour plots for the PDF,

EDS and EDS�finite�rate models are not illust ra�
ted here.

Figure 3 presents the ax ial velocity prof iles

along the combusto r centerline fo r the four com�
bust ion models and compar ed w ith the experi�
mental results. From x &80 mm , where the nega�
t ive axial v elo city is close to it s peak value ( a�
bout - 10 m/ s) , up to x= 360 mm, the pr edicted

ax ial velocit ies agree w ell w ith the experimental

data. Discrepancies are observ ed at x & 55 mm.

The predicted ax ial v elo cit ies are low er than the

measured values, and the velocity def icit reg ion is

w ider than the experimental observ at ion. T his is

consistent w ith the obser vation in Fig. 2, w here

the central recirculat ion region is under�predic�
ted. In general, the EDS�f inite�rate model has

less agreement than the other three.

F ig. 3� Ax ial velo cities along the center line

Figures 4 and 5 g iv e the ax ial velocity pro�
f iles at cro ss�sections fr om x = 30 mm to 360

mm. A gain, the t rend and magnitude are fairly

w ell captured, except for the upst ream sect ion

x= 60 mm. T he ax ial v elo city magnitudes down�
st ream of the recirculat ion region ( x ∋120 mm)

ar e in good ag reement w ith the experimental da�

ta. The f lamelet and PDF results ar e close to

each other, and show lit t le improvement over the

other tw o models. Consider able discr epancies at

sect ions x= 30 mm and 60 mm are at t ributed to

the disag reement betw een the predictions and

measurements near the entral recirculat ion zone.

F ig . 4 � Ax ia l velocity profiles, x = 30~ 160 mm

Fig . 5� Ax ial velocity pr ofiles, x= 200~ 360 mm

699



航 � 空 � 动 � 力 � 学 � 报 第 22 卷

The fair ly good agreement betw een the nu�
mer ical results and experimental data suggests

that the RNG turbulence model, combined w ith

the enhanced w all t reatment, is capable of pre�
dict ing the flow separat ion and recirculat ion be�
hind the ax isymmetric bluf f body. Mo reover, the

momentum mix ing betw een the central w ake and

annular air can also be adequately predicted fo r

similar practical combust ion sy stems.

2. 2 � Temperature distributions

The temperature contours behind the f lame

ho lder obtained from the f lamelet model ( top)

ar e compar ed w ith the experimental data ( bot�
tom) in Fig. 6. As an overall picture, the predic�
ted temperature dist ribut ions are fair ly w ell co r�
r elated to the experimental data, ex cept fo r the

downst ream port ion in the annular recirculat ion

zone. In this reg ion, the predicted temperatur es

ar e higher than the measured values. This is a�
gain due to the fact that the size of the central

recirculat ion zone is under�pr edicted.

F ig . 6 � Temperature contours behind the flame�holder

Sim ilar temperatur e dist ribut ions are ob�
served for the PDF and EDS models. How ever,

the results f rom the EDS�f inite�rate model sub�
stant ial ly w eaker than the other three models

( not show n here) . T he high temper ature region

is shifted about 125 mm upstream and the ther�
mal w ake region becomes shorter and nar row er

in comparison w ith the experimental results and

the other three cases. It should be ment ioned

that the EDS�f inite�rate results w ere verif ied by

sw itching the combust ion model from the EDS to

the EDS�finite�r ate and iter at ing based on the

converg ed EDS solut ion w ith the fuel mass fr ac�
tion patched in the f low�f ield, and v ice versa.

The detailed comparisons of temperature

dist ribut ions are given in Figs. 7 ~ 9. F igur e 7

show s temperature prof iles along the center line

of the combustor. In the range o f measurements

( 50 mm to 350 mm) , the predicted temperatures

from the f lamelet , PDF and EDS models agree

fairly w ell w ith the experimental data, although

the predict ions do show peaks in the middle,

w hile the measurements tend to be flat . Among

the three models, the f lamelet case is slight ly su�
perior to the PDF case, and the PDF pr ofile dis�
plays bet ter ag reement than the EDS prof ile. The

maximum temperature reaches 2 098 K for the

flamelet model, 2 120 K fo r the PDF model, and

2 147 K for the EDS model, w hile the experi�
mental value is 1 950 K.

Fig . 7 � Temperature along the combusto r centerline

Poo r agr eement is observed for the EDS�f i�
nite�rate case. T he temperature is ov er�pr edicted
in the upst ream reg ion and under�predicted in

the downst ream region. The max imum tempera�
ture reaches 2 201 K.

Figures 8 and 9 present the temperature

pro files at cross�sect ions from x= 52 mm to 353

mm. Again, the results f rom the f lamelet , PDF

and EDS models agree fairly w ell w ith the exper�
imental data, except for the most upst ream sec�
tion and the region near the combusto r w al l.

Poo r agreement of the EDS�finite�rate model is

also observed, part icular ly at tw o upst ream sec�
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t ions.

F ig . 8� Temperature profiles, x = 52~ 202 mm

Fig. 9� T em perat ur e pr ofiles, x= 233~ 353 mm

At upst ream sect ions ( x = 52 ~ 142 mm)

where chem ical react ions are intense, the f lame�
let and PDF r esults illust rate slight ly bet ter o�
verall perfo rmance than the EDS results. The

EDS�f inite�rate model excessiv ely over�predicts
the temperature at sect ions x= 52 and 82 mm . At

downst ream sect ions ( x ∋172 mm) , the results

from the flamelet and PDF models are close to

each other, and the maximum differ ence is about

40 K at sect ion x = 202 mm and R & 13 mm. At

these downstr eam sect ions, the EDS results are

higher than the results f rom the f lamelet and

PDF models. T he max imum dif ference reaches ~

160 K at sect ion x= 172 mm and R &30 mm . The

dif ference decreases g radually dow nst ream and

moves tow ards the combustor cent re. In the

EDS�f inite�rate case, the predicted temperature

pro file is low er than the measured values f rom

sect ion x= 172 mm. The dev iat ion incr eases fur�
ther dow nst ream , exceeding 230 K at the centre

of section x= 293 mm.

From Figs. 6~ 9, it is found that the predic�
ted temperatures f rom the f lamelet , PDF and

EDS models ar e higher than the measur ed values

in the centre region f rom x & 140 mm to 250

mm. The max imum differ ence is about 140 K in

the f lamelet model case and a lit t le larger for the

PDF and EDS cases. T he reasons for this are

tw o�fold. First, the temperature w as measured by

a 0� 25 mm thermocouple. Ow ing to the r adiat ion

and conduction losses f rom the thermocouple,

the measurement erro r could exceed 100 K over

regions w here the gas temperature is high and

the f low velocity is low [ 16] . T he second reason is

that the predicted thermal spreading is some�
what less than the exper imental obser vations.

This leads to the temperature near the combus�
to r w all being under�pr edicted, as observed in

Figs. 8 ~ 9. T he results suggest that different

turbulent Prandtl and Schm idt numbers should

be used in order to more accurately predict the

thermal mix ing.

In general, the f lamelet model proves to be

the best among the four tested. T his is due to the

flamelet model taking into account the effects of

the detailed, relat iv ely realist ic, non�equilibrium
chemist ry. As ment ioned ear lier, the PDF model

of fers intermediate species predict ion, disso cia�
tion ef fects, and stat istical turbulence�chemistry

coupling. Consequent ly, it offers a bet ter per�
formance than the EDS model that assumes the
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combust ion pr ocess being contro lled by turbu�
lent mixing only. How ever, these improvements

ar e limited since most dif fusion flames are main�
ly contr olled by the turbulent mix ing

[ 8]
. Mo reo�

ver, for the PDF model, the po tential erro rs in

temperature on the rich side o f the f lame are

minim ized w ith the chem ical part ial�equilibrium
approach. In the case o f the EDS model, the w ell�
known problem of temperatur e overshoo t is alle�
v iated using the specific heats w her e the chem i�
cal disso ciation is considered. For the EDS�f inite�
rate model case, the turbulent mix ing contro l

mechanism is combined w ith a g lobal f inite

chemical react ion rate that is calibr ated by lam i�
nar flame speeds

[ 9]
. T he present study indicates

that this combination is not suitable to pr edict

dif fusion f lames w here complicated tur bulence�
chemist ry interact ions ar e invo lved.

The comparisons betw een the numerical and

experimental temperature f ields indicate that the

flamelet , PDF and EDS combust ion models, in

conjunction w ith other selected physical models,

can provide adequate simulat ions for diffusion

flame combusto rs stabilized by a bluf f�body
flame�ho lder. T his pr ovides a reliable base to e�
valuate NOx em ission models in the near future.

3 � Conclusions

A propane dif fusion f lame combustor w ith

the interior and ex terior conjugate heat t ransfers

w as numer ically studied w ith four combust ion

models, i. e. , the laminar f lamelet model, the

PDF model, the EDS model and the EDS�f inite�
rate model. Also used w ere the RNG k�� turbu�
lence model, the discrete or dinates r adiat ion

model and the enhanced w all tr eatment .

In compar ison with the compr ehensive ex�
perimental measurements, it is found that the

flow pat terns and the recirculat ion leng th ar e ac�
cur ately determ ined. The mean velocity prof iles

ar e fairly w ell captured by all four combust ion

models. For the temper ature field, the results ob�
tained from the flamelet , PDF and EDS models

show fairly good ag reement w ith the experimen�
tal results. How ever, the EDS�finite�r ate model

fails to prov ide an acceptable temperature field.

The comparisons betw een the numerical and

experimental r esults suggest that the flamelet,

PDF and EDS combust ion models combined with

other selected phy sical models are capable of

pro viding adequate simulations for diffusion

flame combustor s w ith similar configurat ions.
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