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Abstract: T he present paper descr ibes an LES prediction of turbulent diffusion flame combustion in a simpli�

fied ax i�symmetr ic combusto r g eometr y. The calculations are car ried out using a w ell�tested finite vo lume in�

compressible LES code w hich has been modified t o handle var iable density and reacting flow s. The basic mix�

tur e f raction conserved sca lar method is used w ith t he chemica l st ate r elationships described by fast chemistr y.

The turbulence�chemist ry inter action is modelled by a sub�g r id PDF method and the PDF is assumed to fo llow

a Beta�function shape. The LES predictions have been time�averaged over 3. 5 flow�through times to g ener ate

the mean radial prof iles of mix tur e fr action, product mass fr action, temperature, ax ial v elo city and ax ial rms.

The ag reement of the LES predictions with the exper imental data is good for all the above quantities at four dif�

fer ent ax ial positio ns w ith lar gest dif fer ences at the first measur ement plane. The LES met hod also pro vides in�

fo rmation on the unsteady nat ur e of turbulent diffusion combustion. For turbulent reacting flow s w ith larg e

density r atio , it was found necessary to use a relaxat ion method in order to remove unphysical high�frequency

fluctuations and to maintain numerical stability .
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Nomenclature

�� � relaxation fact or

�i j resolved st ress tensor

G c gain o f the t ransfer function

p hydrodynamic pressur e

Sc laminar Schmidt number

Sc t turbulent Schmidt number

S ij resolved st rain rate tensor

t time

T st atic temperature

ui component o f velo city v ecto r in i dir ect ion

x coordinate

Yi mass fr act ion of species i

Z mix ture fraction

Z� var iance o f mix tur e fraction

 density

! molecular visco sity,

!sg s subgr id scale eddy v isco sity

∀i j subgr id scale st ress tensor

#c phase ang le o f the transfer function

∃ filter w idth

%Z diffusiv e coefficient of mix ture fr action

Introduction

Understanding, and pr edict ing accurately,

combust ion processes in a gas turbine combusto r

is crucial in further impr oving its design and per�
formance, part icularly in a low em issions con�
tex t. T he flow s inside a gas turbine combusto r

ar e v ery complicated w ith highly sw irling and re�
circulat ing unsteady f low s, jets in cross flow,

heat release, and turbulence�combust ion inter ac�
tion. It is evident now that numer ical solut ions
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via the RANS approach using a statistical turbu�
lence model are unlikely to be capable of captu�
r ing complex , unsteady reacting f low s suf ficient�
ly accurately. Large Eddy Simulat ion ( LES) has

pro ven to be superior to the RANS appr oach

whenever f low development depends on detailed

capture of the dynamics of the lar ge scale mo�
t ions w hich are r esponsible at high Reynolds

number for cont rol ling the r ate of m ixing. The

present paper describes an LES simulat ion o f un�
steady non�pr em ixed combustion in a simplif ied

gas turbine combustor like geometry.

The outl ine of the paper is as fo llow s: a

mathemat ical fo rmulation for v ar iable density

flow, including a low M ach number approx ima�
t ion and a combust ion model, w ill be presented in

sect ion 1. Numerical methods, including the solu�
t ion procedur e and a relaxat ion method for stabi�
l izing a variable density f low w ill be int roduced

in sect ion 2. The calculat ion results w ill be pres�
ented and discussed in section 3, and conclusions

w il l be summar ized in sect ion 4.

1 � Mathematical formulation

The mathematical descript ion of non�
premixed combustion is based on a low M ach

number approx imation and a mix ing contro lled

model for combust ion.

1. 1 � Combustion model
A mixing controlled model[ 1] has been a�

dopted in the present study, based on the as�
sumpt ion that the rate of chem ical r eact ion is

much faster than the rate of m ixing. The com�
bust ion is then described by the mix ture frac�
t ion, Z, w hich obeys the tr ansport equat ion:

&( Z )
&t

+
&( Zu i )
&x i

=
&( Z )
&x i

%Z &Z
&x i

(1)

� � With the assumpt ion of unity Lewis number

and neglecting ex ternal heat loses due to thermal ra�
diat ion or convect ive heat transfer, the energy equa�
t ion for low Mach number flow and the transport e�
quation for mixture fract ion have the same boundary

condit ions and are linearly related. Therefore, the in�
stantaneous temperature, density and all major spe�
cies chemical compositions are unique funct ions of

the mixture fract ion, Z [2] .

Y i = Y i ( Z) ; T = T (Z) ;  =  ( Z) (2)

� � Var ious react ion models have been proposed

fo r use w ith the single conserv ed scalar ap�
proach: fast chemist ry , chemical equilibrium and

steady and unsteady laminar f lamelets at v ar ious

st rain rates
[ 2�4]

. In this paper, only the results

from fast chemistr y calculat ions are presented.

The effects o f more refined t reatment of chem i�
cal kinet ics w ill be discussed in a futur e paper.

For fast chemistr y, all chemical react ions are

assumed to be inf initely fast and irreversible.

Therefor e the chemical state relat ionships can be

determ ined direct ly f rom the given react ion stoi�
chiometr y, requiring no informat ion about reac�
tion rates or chemical equilibr ium informat ion.

The species mass f ract ions and the m ix ture fr ac�
tion have simple st raight line relat ionships as

show n in Fig� 1 ( fo r methane/ air combustion at
3� 8 ! 105 Pa, T fuel = 300 K, T air = 750 K ) . The

temperature and density as funct ions of mix ture

fraction ar e show n in Fig� 2.

F ig� 1� Species mass fraction as functions of Z

for fast chemistr y ( methane/ a ir r eact ion)

F ig. 2� T emperatur e and density as functions of

Z fo r fast chemistry
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1. 2 � Variable density flow equations

The compressible fo rm of the governing

flow equat ions for gaseous combust ion pro cesses

contains vort icity, ent ropy, and acoustic modes[ 5] .

When the f low speed is much low er than the lo�
cal speed o f sound, the time scales of acoustic

modes are much smal ler than those of the other

tw o modes, and there is thus no st rong coupling

of acoust ic f luctuat ions w ith either vort icity o r

ent ropy modes. If the full compressible form of

the governing equat ions is used, ext remely small

time�steps have to be adopted to resolv e the

high�fr equency acoust ic w aves. If a low M ach

number approx imat ion is adopted, acoust ic inter�
actions and compressibility ef fects are neg lected,

and it is assumed that the thermochemical varia�
bles such as density, temper ature, enthalpy, and

entropy can be decoupled from the lo cal varia�
t ions in stat ic pressur e w hose spat ial gradients

ar e sources of momentum. T he gas composit ion,

temperature etc. is only related to a pre�specif ied
backg round thermodynamically constant pres�
sur e field, p 0 . This implies that the speed of

sound is nearly infinite. With this approx ima�
t ion, only p 0 is coupled to the thermodynamic

variables and enter s into the equat ion o f state.

For the open systems considered in this study it

is also assumed that p 0 is uniform and constant.

The change of density is only related to the

changes in temperatur e and species composit ion.

With this low M ach number appro ximat ion,

the governing equat ions fo r non�premixed reac�
t ing f low include the cont inuity equat ion, mo�
mentum equations, and a conserved scalar t rans�
port equat ion for m ixture f ract ion. T he instanta�
neous governing equat ions are spatially filtered

by a g rid filter ( box f ilter) . Mass w eighted aver�
ag ing sim ilar to the Fav re�average in RANS

model ling is used to reduce the terms ar ising

from the f iltering operat ion. The f iltered gover�
ning equations can be w rit ten as

[ 3]
:

& 
&t

+
&
&x i

(  u i ) = 0 (3)

& 
-
u
~

i

&t
+

&
&x j

( 
-
u
~

iu
~

j ) = -
&p
-

&x i
+
& �

-
ij

&x j
-
&∀ij
&x j

(4)

& 
-
∋

&t
+

&
&x i

( 
-
u
~

iZ ) =
&
&x i

(D z , i ) -
&
&x i

( J z , i )

(5)

in which �
-

ij is the spat ially�averaged resolv ed

molecular stress tensor, and D z , i is spat ially�av�
eraged r esolved mo lecular dif fusion flux for the

conserv ed scalar Z in the i direct ion, ∀ij and J z , i

ar e the residual or sub�g rid�scale flux es o f mo�
mentum and mixture f ract ion, respect iv ely :

∀ij =  
-
( uiu j - u

~
iu
~

j ) � J z , i =  
-
( uiZ - u

~
iZ )

(6)

The molecular propert ies in �
-

ij ( and D
-

z , i ) are

consider ed constant and the flux es are evaluated

using linear relat ionships w ith the resolv ed scale

st rain rate S ij and scalar gradient
&Z
&x i

:

�
-
ij = 2!S ij � S ij =

1
2

&u
~

i

&x j
+
&u
~

j

&x i
-

1
3
(ij S kk

D
-

z, i =
!
Sc

&Z
&x i

(7)

To close equat ions ( 4) and ( 5) , gradient t rans�
port sgs models based on the standard Smagorin�
sky model[ 6] and a constant tur bulent Schm idt

number have been used:

∀ij - 1
3
(ij ∀kk = - 2!sgsS ij = - 2 

-
( C s∃) 2 | S ij | S ij

J z , i = -
!sgs
Sc t

&Z
&x i

(8)

In equat ion ( 8) , | S ij | is the magnitude of the

Favre�averaged str ain rate tensor ( 2S
~

ij S
~

ij ) and

∃ is the f ilter�w idth, assumed here to be the cube
root o f the local finite�volume cell size. T he sgs
Prandt l/ Schm idt number Sct is given the value

0. 9.

Because o f the non�linearity of the thermo�
chem ical relat ionships, the assumed PDF method

w as used to r elate the instantaneous values in

the chemical state relat ionships to f ilter ed values

required by the LES method. By presuming the

subg rid scalar PDF of the m ix tur e f ract ion, , the

filtered species mass f ract ions, density and tem�
perature can be obtained:

1

 
=∀

z

1
 ( Z)

P
~

( Z)dZ (9)
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Y
~

i =∀
z

Y i ( Z)P
~

dZ (10)

T
~

=∀
z

T (Z)P
~

( Z) dZ (11)

� � Cook and Riley [ 7] proposed model ling P
~

( Z)

by a Beta�funct ion, par ameterized via the re�
solved mix ture fraction and its v ar iance.

P
~

( Z) =
Z

a- 1
(1- Z)

b- 1

∀
1

0
Z

a- 1
( 1- Z)

b- 1
dZ

a = Z
~ Z

~

(1 - Z
~

)

Z�2sgs
- 1

b = (1 - Z
~

)
Z
~

(1 - Z
~

)

Z�2sgs
- 1 (12)

� � The sgs variance can be obtained from an e�
quilibrium hypothesis:

Z�2sgs = CV ∃
2 &Z

~

&x i

2

(13)

where ∃ is the filter w idth, and CV is a constant

set to 0� 2 in the present simulat ions.
To avoid the PDF convolution at run�t ime,

the integ rat ions can be pre�calculated and sto red
in look�up tables as a so�called interpo lation li�
brary. For adiabat ic f low s, the table has tw o di�
mensions: mix ture f ract ion and its variance. T o

facilitate linear interpo lat ion of the look�up ta�
ble, the variance of mix ture fr act ion is normal�
ized as:

∋�s = Z�2sgs
0� 25#Z(1 - Z)

(14)

� � The density and temperature data in the fast

chemist ry libr ar y are show n in Figures ( 3) and

( 4) respect iv ely .

Fig� 3 � Density pro files in fast chemistry libr ary

2 � Numerical method

The LULES code used as the basic constant

Fig . 4 � Temperature pro files in fast chemistry libr ary

density LES methodolog y adopted at the outset

of the present w or k is a f inite v olume code based

on body�f itted, orthogonal cur vilinear co�ordi�
nates. In curvilinear co�or dinates, v elo city may be
decomposed into its cont ravariant components.

One dif ficulty encountered when using contra�
var iant velocity components is due to the addi�
tional body force terms which arise because of

grid line curvature. These addit ional term s cause

memory requirement and accuracy problems

which can be quite ser ious in three�dimensional
applications[ 8] . In addit ion, the att raction of o r�
thogonal co�or dinates is that grid staggering may
be used to avo id checkboar d oscillat ions and the

necessity for any added smoothing. H ow ever, the

geometry complexity fo r w hich 3D o rthogonal

grid can be generated is rest ricted. To avo id

these problems, the body�f it ted curvilinear gr id
generat ion in the present code is lim ited to only

the x�y plane and in the third dimension, z , the

grid is either t ranslated or ro tated. Although this

is somewhat rest rict ive, many cy lindr ical or ful ly

annular gas turbine related combustor g eome�
tries can be easily represented by this approach.

2. 1 � Spatial discretization

The spat ially f iltered t ransport equat ions

described above ar e discretised using the finite

volume method on a staggered g rid. For the mo�
mentum equations, spat ial der iv at ives for both

convect ive and diffusive terms are calculated u�
sing a second order central differencing scheme.

For the scalar t ranspo rt equat ion, a central

dif ferencing scheme is used for the diffusion

term while a second�order TVD scheme is used

fo r convect ion discret ization [ 9] .

2. 2 � Solution procedure
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The governing equat ions are solved using an

Explicit Adams�Bashfo rth pr edictor/ correcto r

scheme in the follow ing sequence:

( 1) The subgr id eddy viscosity is calculated

using the Smagor insky model.

!n+ 1sgs =  
- n
( Cs∃) 2 | S

~
n
ij | (15)

� � ( 2 ) The density w eighted value,  
-
z
~
, is

solv ed at the ( n+ 1) t ime step, using velocit ies

and density at the ( n) and ( n- 1) t ime steps.

(  
-
z
~
)
n+ 1

= (  
-
z
~
)
n
+ ∃t #

3
2
� ∃
# ( 

- n
u
~ n
Z
~

n
) -

� ∃
#

!�
Sc

+
!sgs�
Sc t � ∃

Z
~

n

-
1
2
� ∃
# (  - n- 1

u
~ n- 1

Z
~

n- 1
) -

� ∃
#

!n- 1

Sc
+
!sgs

n- 1

Sc t � ∃
Z
~

n- 1

(16)

� � ( 3) Intermediate v alues o f m ix tur e f ract ion
and its variance are calculated to find the density

at ( n+ 1) t ime step.

Z
~
*

=
( 
-
Z
~

)
n+ 1

 
- n (17)

Z�2sgs * = CV∃2 |
� ∃

Z
~
*

|
2

(18)

� � ( 4) After obtaining predictor value of Z
~
*

and Z�2sgs* , these are used as entries into the fast

chemist ry library to calculate an est imated value

of density at the ( n+ 1) time step.

 
- n+ 1
est = ∀

Z

1
 ( Z* )

P
~

( Z
*
)dZ*

- 1

(19)

� � ( 5) Fo r combust ion w ith large density vari�
at ions, a r elax ation method, w hich w il l be de�
scribed in detail in the nex t sect ion, has to be ap�
plied for density to guarantee computat ional sta�
bility. Af ter updat ing the density at the ( n+ 1)

time step using this r elax at ion method, mix ture

fraction has to be updated acco rdingly in order to

retain consistency.

 
- n+ 1

= (1- �) 
- n+ 1
es t + � 

- n
(20)

Z
~

n+ 1
=

( 
-
Z
~

)
n+ 1

 
- n+ 1 (21)

� � ( 6) A fter cor rect ing m ixture f ract ion fo r the

( n+ 1) t ime step using equat ion ( 21) , it s vari�
ance is updated fo r the ( n+ 1) t ime step. The

species mass fractions and temperature are then

evaluated f rom the fast chem ist ry librar y using

Z
~

n+ 1
and Z�2sgs

n+ 1

as entries.

Z�2sgs
n+ 1

= CV ∃
2
|
� ∃

Z
~

n+ 1
|
2

(22)

� � ( 7) The momentum equat ions are solv ed fo r

the ( n+ 1) t ime step to g et an the intermediate

velocity field, using the Adam�Bashfo rth scheme
expressed as fo llow s:

 
- n+ 1

u
~ *

i = (  
-
u
~

i )
n+ ∃t

3
2
( adv. + dif f .)

n

-
1
2
( ad v. + dif f . )

n+ 1

+
1
2
&p
- n- 1

&x i

(23)

� � A convectiv e out f low boundary condit ion is

applied after solv ing equat ion ( 23) .

( 8) A mult ig rid so lver ( see [ 8] ) is used to

so lve a Poisson equat ion to get the pressure f ield

at the ( n+ 1) time step.

&2 P
-

n

&x i&x i
=

2
3∃t

&(  
- n+ 1

u
~ *

i )

&x i
+
& 
- n+ 1

&t
(24)

� � where
& 
- n+ 1

&t
=
 
- n+ 1

-  
- n

∃t
(25)

� � ( 9) The intermediate velocity f ield is then

updated using the new pressure f ield to g et the

velocity at ( n+ 1) t ime step. A convect ive out�
flow boundary condition is ag ain applied.

u
~ n+ 1

i =
1
 
- n+ 1  

- n+ 1
u
~ *

i -
3∃t
2
&P
-

n+ 1

&x i

= u
~ *

i -
3∃t
2 
- n+ 1

&P
-

n+ 1

&x i
(26)

2. 3 � Relaxation method

In flow s w ith st rong density gradients ( due

to intense heat release and expansion ) , because

of the use of spat ial discret izat ion in the t rans�
port equat ions using a non�diffusive central

scheme, high f requency errors are intr oduced to

all quant it ies. T hese can be removed from densi�
ty by relax at ion in time in order to achieve a sta�
ble scheme[ 10] . T he r elax ation of density is the

classical relax ation scheme:

 
- n+ 1

= (1- �) 
- n+ 1
es t + � 

- n
(27)

where �is the relax at ion factor w hich is defined

as:
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�= e
- ∃t/ T

(28)

in which ∃t= t
n+ 1 - t

n is the t ime step and T is

the r elax at ion t ime.

The relaxat ion method above is in the form

of a recursiv e oper at ion of a convo lut ion, i. e. ,

discrete integrat ion of  * ( t) w ith an exponent ial

decaying w eight ing function.

 n+ 1 =∀
t
n+ 1

- ∃
 * ( t)

e
t- tn+ 1

T

T
dt (29)

� � The density is averaged over the relax at ion

time w ith a w eighting function that decays expo�
nent ially backw ar ds in t ime. T his is a filtered

convo lut ion by a low pass f ilter, w ith  * ( t ) the

signal being f iltered. The convo lut ion kernel o r

filter kernel is:

h( t ) =
1
T
e

t- t
n+ 1

T )( t ) (30)

in w hich )( t ) denotes the H eaviside unit step

funct ion, i. e. ,

)( t ) =
1, t % 0

0, t < 0
(31)

� � T he tr ansfer funct ion of this low�pass filter
in the f requency domain can be evaluated v ia a

Laplace t ransform of the impulse response:

H ( s) = L{ h( t)} = Gce
j#

c =
1

1+ ( ∗T)
2
e
jarctan(- ∗T)

(32)

where Gc = 1/ 1+ ( ∗T)
2 is the gain of the

tr ansfer funct ion and #c= arctan ( - ∗T ) is the

phase angle. T he Pow er Spectr al Density o f the

low�pass f ilter kernel with dif ferent char acteris�
t ic relaxat ion t imes is show n in Fig� 5.

F ig� 5 � Power spectrum density of the

low�pass filter kernel

T he Four ier t ransform o f  n+ 1 is equal to the

mult iplicat ion of the Four ier t ransform o f  * ( t)

and the low�pass f ilter kernel, i. e. ,
L{  

n+ 1
( t) } = L { 

*
( t) } ! L { h( t) } (33)

� � A fter know ing the f requency spectr um of

 n+ 1
( t) , w e can derive the f requency spect rum of

 
*
( t ) . How ever, since there is a feedback be�

tw een density and the other variables in the sys�
tem, the deriv ed f requency spect rum of  * ( t )

w ith differ ent relaxat ion t ime w ill be similar but

no t pr ecisely the same.

2. 4 � Test case and computational setup

The experimental test case used for valida�
tion of the LES simulat ion w as the coax ial jet

combusto r conf iguration of Ow en et al.
[ 11]

which

has been used previously as an LES validat ion

test case in [ 12, 13] . The conf igur at ion has a low

velocity ( 0� 93 m / s) central fuel jet , and a higher
velocity ( 20� 6 m / s ) , annular non�sw irling air

jet . T he Reynolds number based on air st ream

outer radius( R) and the inlet bulk velo city of the

air ( U ) is 10
4
. T he computat ional domain w as

chosen to extend from 2R upst ream of the com�
bustor mix ing plane to 8� 5R downst ream of this

plane. The calculat ions used 200 ! 64 ! 64 gr id
points in the ax ial, radial and azimuthal dir ec�
tions, respectively. A coarse mesh w ith 100 ! 32

! 32 gr id po ints w as also used for a gr id�depend�
ence study ( No te that the pr edict ions of [ 12, 13]

used a grid size 3 t ime denser than the finer gr id

used here) . T he coarse mesh is show n in Fig� 6.
No random noise w as imposed at inlet and uni�

Fig . 6 � Schematic o f gr id used for t he simulat ions

form velo city pro files w ere applied, because the

flow condit ioning dev ices w ere located only a

short distance upstr eam of the jet orif ice.

Pierce
[ 13]

used fully developed inf low condit ion,

ev en though the experimental arrangement prop�
erly did not allow this. Convective out f low

boundary condit ions w ere specified at the out let.

All the solid boundaries, including the annular
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splitter plate, w er e assumed to be adiabat ic and

impermeable.

3 � Results and discussion

3. 1 � Energy spectrum

Three calculat ions have been carried out

w ith the same t ime step ( dt= 0� 002 6 ms) , but
dif ferent relax at ion t ime T , i. e. , 0� 005 ms, 0� 02
ms, and 0� 05 ms. T he predicted density and ax ial
velocity pow er spect ral densit ies at a point ( x / R

= 0� 77, y / R = 0� 85, += ,/ 2, w ith centre of the
mixing plane as the origin) are shown in Fig� 7.

F ig. 7� Energy spect rums o f density and ax ial v elocity

at po int ( x / R= 0� 77, y / R= 0� 85,+= ,/ 2, w ith centr e

o f the mix ing plane as the o rigin)

It is show n that the predicted energ y spect ra

ar e dif ferent only in the high f requency range

w here the energ y levels have fallen by ar ound 3

orders o f magnitude, w ith longer relax at ion t ime

providing st ronger damping o f high frequencies,

w hile the low frequency range remains unaffect�
ed. Compared w ith the results for relax ation t ime

0� 005 ms, results for relaxat ion t ime 0� 02 ms

show not iceable addit ional decay only after about

4 000 H z, w hile those for relaxat ion t ime 0� 05
ms show not iceable ext ra decay after about 1 500

Hz. T his is consistent with the predict ions of the

low�pass f ilter theory int roduced above. It also

demonst rates that the relax ation method is able

to promo te numerical stability w ithout underm i�

ning the simulat ion accuracy . No te the increase

in energy at high frequency obtained w ith the

smallest relax at ion t ime ( 5 ! 10- 6 s) ; it is the

grow th in these high f requency f luctuat ions

w hich w ould make the calculat ion catast rophical�
ly unstable if lef t undamped.

3. 2 � Analysis of the mean flow field

The t ime�averaged ax ial velocity and mix�
ture fraction f ields fo r predicted dif fusion f lame

combust ion ar e show n in Fig� 8, in compar ison

w ith results f rom a pur e mixing ( non�r eact ing)
calculat ion.

Fig. 8� T ime�averaged f ields of ax ial v elo city and

mixtur e fraction, ( a) axial velocit y, mixing , ( b)

mixtur e f raction, mix ing, ( c) ax ial velocity ,

reacting, ( d) m ixt ur e fraction, reacting

In the mix ing case, the high axial velocity of

the annular air jet decays quickly . T he flow f ield

includes a larg e, st rong central r ecirculation re�
g ion which enters the fuel jet supply and a long,

flat recirculat ion r eg ion near the cor ner o f the

step. T he fuel and air mix very ef ficient ly and the

potential core of the fuel jet is sho rt . The mix ing

begins w ell inside the fuel inlet por t. In the reac�
ting case, heat release fo rces the f low to acceler�
ate. T he high axial velocity r eg ions cont inue un�
til the out let . Since the react ing f luid expands,

the high speed annular air jet is pushed outw ard

to the w all. The central recirculat ion region is
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shifted downst ream and is elongated as the f low

accelerates, w hile the recirculat ion reg ion near

the step corner becomes much smaller. The mix�
ing eff iciency of fuel and air is substant ially re�
duced compared w ith the non�r eact ing case, and
there is an ident ifiable potent ial co re of fuel

dow nst ream of the fuel inlet .

3. 3 � Mean profiles
After r eaching statistically steady state, cal�

culat ions w ith different relaxat ion t imes provided

essentially the same time�aver aged results. The

mean prof iles f rom calculation w ith relax at ion

t ime 0� 02 ms w er e used to compare against the
experimental data. Calculation results using the

init ial co ar se mesh w ere compared w ith those of

the f iner mesh to study the grid�dependence. The
pro files o f m ix ture f ract ion, temperatur e, product

mass f ract ion, ax ial mean velocity and rms along

the centr eline o f the combustor are show n in

Fig� 9. T he pro files along the lipline of the split�
ter plate betw een central fuel jet and annular air

st ream are show n in Fig� 10.

Fig . 9 � Axial pro files o f time�aver aged mix tur e fraction, temperature, pr oducts mass f raction,

ax ial velocity and its rms along the centerline o f the combustor

F ig . 10 � Ax ial pro files o f time�aver aged mix ture fraction, temperature, pr oducts

mass fraction, ax ial velo city and its rms along the lipline
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� � Bo th Figures 9 and 10 show that w hen the

mesh is refined, the calculat ion results in g eneral

ag ree fairly w ell. The main changes occur in a

small reg ion near the inlet po rt. In Fig� 9, it is
show n that the f ine mesh calculation results fo r

mixture fraction ( and thus the temper ature and

product mass fraction predict ions) show a steep�
er g radient at fuel jet ex it than in the coar se

mesh, and this zone is shifted slight ly dow n�
st ream. The resolved central r ecirculation zone is

also st ronger than that predicted w ith the coar se

mesh. In Fig� 10, the f ine mesh and coarse mesh
results are in clo se agreement , show ing that the

mixing across the jet annular shear layer is rea�
sonably w ell resolv ed w ith a higher mix ture frac�
t ion predicted in the f irst tw o radii dow nst ream.

The fine mesh r esults ar e used to compare w ith

the experimental data.

Since density , temperatur e and species mass

fractions all depend on mix ture f ract ion, it is im�
portant to predict mixture f ract ion prof iles accu�
r ately. Fig� 11 show s the radial prof iles o f time�
aver aged m ix tur e fr act ion compared w ith the ex�
perimental data at four dif ferent axial locations.

The LES results of Pierce[ 12] w ith fast chemistry

ar e also show n for reference. It is found that the

present simulat ion is in good ag reement with

Pierce& s results at all axial posit ions. T he results
ag ree w ith the experimental data better as ax ial

distance increases. At axial posit ion x / R= 0� 21,
the simulat ion results agr ee poorly w ith the ex�
perimental data by predicting unbur nt mixture.

This w as also show n in Pierce& s[ 12] calculat ions.

Pierce[ 12] considered that the difference may be

caused by specif ication of fully�developed inlet

condit ions, but this w as not used here and the re�
sults are essentially the same. It is believ ed that

the dif ference is due to the very rapid changes

w hich taken place in the ax ial direction and the

invalidity of the simple chemist ry model used

here to cope w ith these. It is also no ticed that , in

the m id and far dow nst ream reg ion, the calculat�
ed mix ture f ract ion is higher than that of the ex�
perimental data. T his is believed to be caused by

the fast chem ist ry model, w hich over predicts the

heat release rate and thus leads to a low er mix�
ing rate.

Fig. 11 � Radial pro files o f time�aver aged mix tur e fraction

� � Fig� 12 show s radial prof iles of t ime�aver�
aged product mass fr act ion compared w ith the

experimental data at four ax ial lo cat ions. The

product mass f ract ion is defined as the sum of

the mass fractions of CO2 and H 2O. It can be

seen that the simulat ion pr ovides good results at

three downst ream ax ial posit ions. The discrepan�
cy betw een the prediction and the experimental
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data at the x / R= 0� 21 lo cat ion is consistent w ith
that of the mixture f ract ion and can be explained

by the steep gradient show n in Fig� 9. Near the
inlet , the product mass f ract ion is due mainly to

recirculat ion of products f rom react ions happen�
ing downst ream. It is also appar ent that the fast

chemist ry model consistent ly overpredicts the

lev els of product concentr at ion in the inner re�
g ions.

The radial prof iles of t ime�averaged temper�
ature at four different axial lo cat ions are show n

in Fig� 13. T he results show fair ag reement w ith

the experimental data. It seems that the predic�
tion of temperature pro files is gener al ly bet ter

than those for the product mass f ract ion; how ev�
er, it has to be po inted out that the temperature

pro files are measured at four ax ial po sit io ns

w hich ar e different and fur ther dow nst ream than

those fo r product mass fraction measurements.

The radial pro files of t ime�averaged ax ial veloci�
ty and axial f luctuat ion intensity are show n in

Fig� 14. T he agreement betw een the simulation and
experiment is good, except for an under�prediction in
the inner region near the fuel outlet .

F ig . 12 � Radial pr ofiles of time�averaged product mass fr action

Fig� 13� Radia l prof iles of t ime�averaged t emperat ur e
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F ig. 14 � Radial pro files o f time�aver aged axial v elocit y and ax ial fluctuat ion intensity

� � T he simulation successfully captures the

peaks of ax ial f luctuat ion intensity w ithin the

shear lay er betw een the fuel and air st reams.

How ever, the predicted tur bulence level is low er

than in the experimental results.

3. 4 � Flame structures

A snapshot o f the predicted instantaneous

temperature f ield is show n in Fig� 15, w hich
serves to il lustr ate the f lame str uctures. The

high temperature r eg ions r epresent the locat ion

Fig . 15� Instantaneous temperature fields;

T op: meridiona l plane; Bottom: radial cro ss

Sections ( a) x / R= 1� 5, ( b) x / R = 3� 0,

( c) x / R= 4� 5, ( d) x / R= 6� 0

of the f lame. It is seen that the annular air

st ream is pushed out forw ards the w all and cre�
ates a low er temperature layer surrounding the

inner higher temperature react ing region. T his

layer g radually disappears as the ax ial distance

increases. T he diffusion flame is found to be lif�
ted and composed of separate high temperature

zones w ithin the circular reg ion of the fuel�air
shear layer. N ear the inlet , the size of the high

temperature zones is small. As the ax ial distance

increases, the high temperature zones become

larger and beg in to connect . Near the out let , the

high temperature zones become fully connected

and occupy the w ho le azimuthal direct ion.

4 � Conclusions

A finite volume incompressible variable den�
sity Large Eddy Simulation code has been devel�
oped for low M ach number non�premixed com�
bust ion. T he m ixture fraction method is used

w ith the chem ical state r elat ionships described

by fast chemist ry. The turbulence�chemist ry in�
teract ion is modelled by a sub�g rid PDF method

and the PDF is assumed to be a Beta�funct ion.
An explicit Adams�Bashforth scheme is

used for the temporal integrat ion, w ith the Pois�
son equation for pr essure being solv ed by a mul�
tig rid method. T he code is v alidated against ex�
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perimental data from [ 11] and Pierce& s LES pre�
dict ions[ 13] . T he LES predict ions have been aver�
aged over 3� 5 f low�through t imes to gener ate

mean r adial pro files of mix tur e f ract ion, product

mass f ract ion, temperature, ax ial v elo city and ax�
ial f luctuat ion intensity. The agr eement of the

LES predict ions w ith the experimental data is

good for all pro files at four dif ferent ax ial posi�
t ions considering that only a simple subgr id

model and a simple combustion model have been

employed. T he ef fects of heat release on mix ing

have been illust rated by comparing w ith the re�
sults of a non�react ing calculat ion. It is found

that the str ong heat release dur ing combust ion

consider able decreases the mix ing rate of fuel

and air. T he LES method is also show n to be ca�
pable of revealing the unsteady nature of turbu�
lent diffusion f lame combust ion. For turbulent

react ing f low s w ith larg e density rat io, it w as

found necessary to use a relax at ion method in or�
der to remove unphysical high�f requency fluctua�
t ions and to maintain numerical stability. The re�
lax ation method ( fo llow ing [ 10] ) is found to

perform like a low�pass filter in the f requency

domain, and helps to remove the high f requency

oscillations and keep the calculat ions stable,

w hile at the same t ime leav ing the low frequency

energy containing components unaf fected, thus

allow ing high accuracy of LES calculat ion.
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