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Abstract

In this paper, large eddy simulation of a two-dimensional spatially developing transitional free methane diffusion jet

at moderate Reynolds number is performed. The solver of the governing equations is built based on a projection

method and time integration is carried out using a second-order Adams–Bashforth scheme. A dynamic eddy viscosity

model is utilized for the turbulent subgrid scale terms and a similar dynamic method is applied for modeling the filtered

reaction rate. The direct solver for pressure correction Poisson equation is based on the Buneman variant of cyclic odd–

even reduction algorithm. A reduced four-step chemical kinetic mechanism is applied for the simulation of methane

combustion. Ignition process is well described by the simulation. Detailed description of transient vortical structures in

the entire flow field is given along with transient vortex–flame interactions. The development of a diffusion jet flame is

found to involve two distinct phases of ‘‘turbulence dominated’’ and ‘‘reaction dominated’’ respectively. The ‘‘turbu-

lence dominated’’ phase exists only for a very short time at the initial stage of the flame.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Turbulent combustion is a common phenomenon

that has been the focus of many investigations [1–4].

Among numerous types of turbulent flames, diffusion jet

flame is of particular interest for its wide application in

engineering. Planar jet is a typical shear flow involving

intensive interaction between neighboring streams and

having typical vortical characteristics of turbulent flows

[5,6]. The complex vortex–flame interaction in a reactive

jet flow is a major factor that influences the development

of a turbulent flame. Experimental study is an intuitive

and direct method to clarify structures of turbulent

flames and numerous researches have been performed

[7,8]. Although numerical simulation provides a useful
* Corresponding author. Tel.: +852-2766-6919; fax: +852-

2362-9045.

E-mail address: ck.chan@polyu.edu.hk (C.K. Chan).

0017-9310/03/$ - see front matter � 2003 Elsevier Ltd. All rights res

doi:10.1016/S0017-9310(03)00193-5
tool for the understanding of the detailed structures es-

pecially for the transient evolution, the chemical kinetic

mechanism of combustion process remains the main

challenge for numerical simulations. For the lowest hy-

drocarbon, methane, the full mechanism of combustion

has been identified as having more than 300 elementary

reactions and over 30 species [9]. However, such a

complex mechanism is extremely difficult to numerically

simulate due to the large number of species and the wide

range of length and time scales. In recent years, models

of reduced kinetics have been developed and successfully

applied to both premixed and non-premixed methane

flames.

For numerical simulation of turbulent combustion,

direct numerical simulations (DNS) have been applied

to simple flow configurations. However, DNS is quite

difficult to be extended to complex turbulent flames due

to the large computational scale. While numerical sim-

ulations based on the Reynolds averaged Navier–Stokes

(RANS) technique have also been adopted by many
erved.

mail to: ck.chan@polyu.edu.hk


Nomenclature

b0 half jet width

C turbulence SGS model coefficient

CM concentration of the third body

Cr combustion SGS model coefficient

d width of the jet exit

G filtering function

k reaction rate constants

K equilibrium constants of reaction rate

p pressure

P0 atmospheric pressure

Pr Prandtl numbers

Q reaction heat

R universal gas constant

Re Reynolds number

Sc Schmidt numbers

t time

T temperature

u, v velocity components

u0, v0 fluctuating velocity components

Ucon area weighted mean stream-wise velocity

W molecular weight

W mean molecular weight

x stream-wise spatial coordinates

y transverse spatial coordinates

Yi mass fraction of species i

Greek symbols

x reaction rate

q density

lT subgrid turbulent viscosity

gi catalytic efficiency of species i
l molecular viscosity
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researchers, they fail to capture directly the dynamics of

the coherent eddies, due to the non-linear, non-local and

intensively anisotropic properties of fully developed

turbulent combustion. Furthermore, RANS methods

are time-averaged and are generally not capable of

capturing transient behaviors of flow patterns. In the

past few years, large eddy simulation (LES) was used

widely [10,11] for the simulation of turbulent combus-

tions. In LES, each flow field variable is ‘‘filtered’’ into a

large-scale and a small-scale component. As large-scale

structures carry most of the kinetic energy and are re-

sponsible for most of the turbulent flux, they are de-

pendent on the geometry of the flow field and are

computed explicitly.

Although turbulence is by the nature three-dimen-

sional, 2D structures are still the object of many research

works. In particular, the well-documented quasi-two-

dimensional large-scale structures in the planar jet

contribute to the understanding of vortex–flame inter-

actions in the diffusion flame. The assumption of

two-dimensional flow precludes the vortex stretching

mechanism, but does allow for enhanced mixing and

unpredictability, which are the two important features

of turbulent flow. In addition, the near-field transitional

mixing in turbulent jets seems to be dominated by two-

dimensional large-scale structures, which can be cap-

tured in 2D simulations. A 2D simulation also makes

calculations more affordable and is reasonable to be a

logical first step in the simulation of turbulent flame. In

this paper, simulation of a two-dimensional spatially

developing transitional free methane diffusion jet at

moderate Reynolds number is performed by means of

LES using a dynamic subgrid scale eddy viscosity model.

Transient structures of the turbulent flame in the entire
flow field as well as transient vortex–flame interactions

are presented.
2. Formulation and numerical procedure

2.1. Reaction mechanics

The reduced chemical kinetic mechanism of methane

considered in this paper is the reduced four-step mech-

anism of Seshadri and Peters [12]. Such a mechanism is

reduced from a set of 22 elementary reactions with

steady-state assumption for O, OH, HO2, CH3, CH2O

and are shown as follows:

(I) CH4 + 2H+H2O!CO+4H2

(II) CO+H2O�CO2 +H2

(III) H+H+M!H2 +M

(IV) O2 + 3H2 � 2H+2H2O

The reaction rates are expressed in terms of the rates

of the flowing elementary reactions, where

xI ¼ k11CCH4
CH; ð1Þ

xII ¼ ðk10=K3ÞðCHCH2
ÞðCCOCH2O � CCO2

CH2
=KIIÞ; ð2Þ

xIII ¼ k5CO2
CHCM; ð3Þ

xIV ¼ k1CHðCO2
� C2

HC
2
H2O

=ðC3
H2
KIVÞÞ: ð4Þ

Based on Seshadri and Peters [12], the reaction rate

constants are expressed in the Arrhenius form

kj ¼ AjT nj expð�Ej=RT Þ and the equilibrium constants

are given by



Table 1

Catalytic efficiencies of different species

Species CH4 H2O CO2 H2 CO O2 N2 Others

Catalytic efficiency 6.5 6.5 1.5 1.0 0.75 0.4 0.4 1.0
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K3 ¼ 0:2675T�0:0247 expð15083=RT Þ; ð5Þ

KII ¼ 3:828� 10�5T 0:8139 expð9839=RT Þ; ð6Þ

KIV ¼ 11:283T�0:2484 expð11400=RT Þ: ð7Þ

The concentration of the third body CM can be written

in terms of the catalytic efficiency gi of species i and its

molecular weight Wi as

CM ¼ ðpW =RT Þ
XNs
i¼1

giYi=Wi ; ð8Þ

where R is the universal gas constant, p is pressure, T is

temperature and W is the mean molecular weight. The

catalytic efficiencies for the different species are given in

Table 1 [9].

2.2. Configuration of the simulation

In this paper, a planar jet is formed by admitting a

pure methane stream into a quiescent air environment

with a uniform velocity through a gap between two in-

finitely large plates as shown schematically in Fig. 1. The

width of the gap, d ¼ 2b0, is 0.02 m. The stream-wise

and transverse spatial coordinates are denoted by x and
y respectively. The computational domain is rectangular

of size 0.4 m� 0.34 m. Two staggered grids of 131� 121

and 259� 249 nodes were tested. The latter grid con-

figuration provided grid independent results and was

therefore adopted for the simulation in this paper. The

time step was chosen to be 1.0� 10�6 s.
Fig. 1. Schematic diagram

Table 2

Non-dimensionalisation of different quantities

Variables x y u v u0 v0 t

Scale b0 b0 U0 U0 U0 U0 b0=U
2.3. Governing equations

Filtered non-dimensionalised governing equations,

including continuity, momentum, energy, and species

transport equations are solved in Cartesian coordinates.

The half jet width, initial velocity of the jet, and the

thermal dynamic parameters along the centerline at the

inlet are used for non-dimensionalisation, as shown in

Table 2. Reynolds number based on these parameters is

6.6� 103.

In LES of turbulent combustion, Favre filtering is

commonly used to separate variables into large-scale

components and subgrid-scale components. Favre filter

is spatially density weighted with the formulation given

as

qf ðxi; tÞ ¼ �qq ~ff ðxi; tÞ ¼
Z
D

qf ðx0; tÞGðxi � x0;DÞdx0; ð9Þ

where f refers to any unresolved variable, q is density, G
is the filtering function and the sign ‘‘�’’ denotes Favre

filtering.

In Cartesian tensor notation, the Favre filtered non-

dimensionalised governing equations are obtained as

follows:

o�qq
ot

þ o�qq~uuj
oxj

¼ 0; ð10Þ

o�qq~uui
ot

þ o�qq~uui~uuj
oxj

¼ � o�pp
oxi

þ omij
oxj

; ð11Þ
of the planar jet.

q cp p l T xa Qa

0 q0 cp0 q0U
2
0 l0 T0 q0U0=b0 cp0T0
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o�qqeYYs
ot

þ o�qqeYYs~uuj
oxj

¼ o

oxj

l


Sc
oeYYs
oxj

 !
þ �xxs; ð12Þ

o�qq~ccp eTT
ot

þ o�qq~ccp eTT ~uuj
oxj

¼ o

oxj

l
~ccp
Pr

oeTT
oxj

 !
þ �xxaQa; ð13Þ

where

mij ¼ l
 oui
oxj

�
þ ouj

oxi
� 2

3
dij

ouk
oxk

�
ð14Þ

and

l
 ¼ lT þ �ll=Re: ð15Þ

The ideal gas state equation is satisfied as

�qq ¼ �pp0
ReTT P eYYs=Ws ; ð16Þ

where ui is the velocity component and i ¼ 1, 2 denote

stream-wise and transverse directions respectively. l is

the molecular viscosity, lT is the subgrid turbulent vis-

cosity, Re ¼ q0U0b0=l0 is the Reynolds number and dij is
the Kronecher delta function. Ys and Ws are the mass

fraction and molecular weight of species s. Sc and Pr are
Schmidt and Prandtl numbers, which are assumed to be

equal to 0.72 in our calculations. p0 ¼ 1:0135� 105 Pa is

the atmospheric pressure, R is the universal gas con-

stant, �xxs is the filtered chemical reaction rate of species

s. The chemical reaction rate and the reaction heat of

each reaction step are denoted by �xxa and Qa respec-

tively. As a reduced four-step reaction mechanism is

adopted, a takes on values of I, II, III and IV as in Eqs.

(1)–(4).
2.4. Turbulent SGS model

In this paper, a dynamic subgrid-scale eddy viscosity

model [13] based on the standard Smagorinsky model

[14] is adopted for the modeling of lT. The model co-

efficient, which is fixed in the Smagorinsky model, is

treated dynamically. To perform this, a test-level filter is

applied to the filtered N–S equations with generally

twice the width of the grid-level filter.

After grid-level filtering of the governing equations,

the subgrid scale stress term has the following form

sij ¼ �qqguiujuiuj � �qq~uui~uuj ¼ quiuj � quiquj=�qq: ð17Þ

A standard Smagorinsky model [14] of sij is to assume

sij � 1
3
skkdij ¼ �2C�qqD2jeSSj eSSij


� 1
3
eSSkkdij�; ð18Þ

where

eSSij ¼ 1

2

o~uui
oxj

 
þ o~uuj

oxi

!
; jeSSj ¼ ð2eSSijeSSijÞ1=2: ð19Þ
As suggested by Fureby [10], skk may be modeled as

skk ¼ 2CI�qqD2jeSSj2; ð20Þ

where, D is the characteristic filter width and C is a fixed

model constant. Erlebacher et al. [15] suggested that skk
may be ignored for CI � C.

Although widely adopted, the Smagorinsky model

has some drawbacks such as incorrect prediction of the

limiting behavior near a wall or in laminar flows and the

inability to take into account of the transfer of energy

from the small scales to the large scales with the fixed

model constant. These drawbacks may be overcome by

means of a dynamically determined model coefficient.

2.5. Combustion SGS model

Reaction rate is a complex function of the instanta-

neous (non-filtered) values of the reactive species and

thermodynamic variables. Due to the intensive non-

linear interactions among reactive species, the closure

of filtered reaction rate is more difficult than that of

the turbulent SGS stress. Most of the developed SGS

models for combustion require a large amount of com-

putational effort. In this paper, a less computational

intensive SGS combustion model, based on the dynamic

similarity model of Jaberi and James [11], is adopted.

The dynamic similarity model is similar to the dy-

namic turbulent model, where the filtered reaction rate is

decomposed as

�xx ¼ xð/Þ ¼ xð �//Þ þ k; ð21Þ

where �// represents the filtered values of the thermo-

dynamic variables and species and k ¼ xð/Þ � xð �//Þ is

the generalized SGS term. A similarity closure for this

term is given by

k ¼ Cr½xð �//Þ � xð��//�//Þ�; ð22Þ

where the model coefficient, Cr, is evaluated by the dy-

namic method similar to the one used for the turbulent

SGS stress. A test-level filter having filter width twice of

that of the grid-level is applied, thus

bxx ¼ xð �̂//�//Þ þ K; ð23Þ

where K is the SGS term at the test level and can be

obtained similar to Eq. (31) as

K ¼ Cr½
d

xð �//Þxð �//Þ � xð��//̂�//̂Þ�: ð24Þ

The grid and test level SGS term are related by

dxð �//Þxð �//Þ � xð �̂//�//Þ ¼ K � k̂k; ð25Þ

and substituting Eqs. (22) and (24) into Eq. (25), an

expression for Cr is obtained as
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Cr ¼
dxð �//Þxð �//Þ � xð��//�//

^

Þd
xð��//�//Þxð��//�//Þ � xð��//�//

^

Þ
: ð26Þ
2.6. Solution of the governing equations

A projection method, which treats pressure as an

intermediate variable satisfying the continuity equation,

is utilized in solving the governing equations. Equations

for Ys and T at the ðnþ 1Þth time step are initially solved

explicitly from the values of the nth time step. The

density at the ðnþ 1Þth time step is then calculated from

the ideal gas equation. The momentum equations with-

out the pressure term are solved to obtain the predicted

velocity field ~VV 
. With this predicted velocity field, the

Poisson equation for pressure is obtained and the term

oq=ot calculated with qnþ1 and qn. As solving the Poisson

equation is very time consuming, an efficient solver is

necessary. In this paper, a direct solver based on the

Buneman variance of cyclic odd–even reduction algo-

rithm [16] is used. With the pressure Poisson equation

solved, the predicted velocity ~VV 
 is finally corrected to
~VV nþ1.

2.7. Initial and boundary conditions

The jet flow simulated in this study is a non-forced

free jet. The initial condition of velocity is assumed to be

isothermal and quiescent with both velocity components

being zero,

u ¼ ujet ¼ 0:0 m=s; v ¼ 0:0 m=s;
YCH4

¼ 0:0; Yair ¼ 1:0;
T ¼ 298:15 K;

T ¼ 1000 K;
b0 6 s6 2b0; ycenter � 2b0 6 y6 ycenter þ 2b0:

8>>>>>><>>>>>>:
ð27Þ

For the inflow boundary, velocity is assumed to satisfy

Dirichlet conditions with a top-hat profile.
u ¼ ujet ¼ 10:0 m=s; v ¼ 0:0 m=s;
YCH4

¼ 1:0; Yair ¼ 0:0;
T ¼ 298:15 K;

ycenter � b0 6 y6 ycenter þ b0;

u ¼ uco ¼ 0:0 m=s; v ¼ 0:0 m=s;
YCH4

¼ 0:0; Yair ¼ 1:0;
T ¼ 298:15 K;

elsewhere:

8>>>>><>>>>>:
ð28Þ
At lateral boundaries, a traction-free boundary condi-

tion as described by Gresho [17,18] is used such that

rij � nj ¼ 0; ð29Þ
where rij is the stress tensor given by

rij ¼ �pdij þ m
oui
oxj

�
þ ouj

oxi

�
; ð30Þ

nj is the unit vector normal to the boundary and m is the

kinetic viscosity. The main advantage of this traction-

free boundary condition over a free-slip boundary con-

dition is that velocity entrainment across the boundary

is allowed.

At the outflow boundary, a non-reflective open

boundary condition [19] is used where the coherent

structures can be transported downstream without any

distortion according to

oU
ot

þ Ucon

oU
ox

¼ C1

1

Re
r2U; ð31Þ

where U is the unresolved variables, Ucon is the area

weighted mean stream-wise velocity over the outflow

boundary and the coefficient C1 is set as 0.5 in the pre-

sent paper.

For T and Ys, inlet boundary is set to satisfy the

Dirichlet condition and zero gradient condition is set on

the lateral boundaries. The non-reflective open bound-

ary condition is also used at the outflow boundary.
3. Results and discussions

In order to validate our simulation, a test is first

performed with the same condition as those of James

and Jaberi�s DNS calculation [20]. The composition of

the fuel stream is 20% CH4 and 80% N2, and that of the

oxidizer stream is 50% O2 and 50% N2. The velocities of

the jet and co-flow streams are 100 and 50 m s�1

respectively. The Reynolds number based on the half

jet width and inlet velocity is 3500. The reduced four-

step reaction mechanism of methane–air adopted in

their DNS calculation is the same as that used in our

simulation. Distributions of time-averaged tempera-
ture and species mass fraction at axial location of x ¼
4d are given in Fig. 2. The present simulation re-

sults using LES are in good agreement with the DNS

results.
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Fig. 2. Distribution of temperature and species at x ¼ 4d.

Fig. 3. Contours of temperature during ignition of the jet dif-

fusion flame.
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Our simulation results at conditions mentioned

above depict different stages of development for a dif-

fusion jet flame and the ignition process is clearly shown

in Fig. 3 where the flame is represented by its tempera-

ture contours. The coordinates shown in the figure are

non-dimensional, with the horizontal coordinates re-

presenting the stream-wise direction and the vertical

coordinates representing the transverse direction. The

centerline of the jet is at a non-dimensional value of

y ¼ 17. In our numerical simulation, ignition is simu-

lated by setting a small high temperature region of sev-

eral grid sizes near the jet exit as the initial condition.

Regions near the initial high temperature area are he-

ated by the transport and diffusion of flow that carries

the species along simultaneously. When the temperature

and concentration of species satisfy the ignition condi-

tion, reaction begins and develops into a typical cone-

shape flame front.

Figs. 4 and 5 show the transient vortical structures of

the diffusion jet flame at two instances after ignition. The

results illustrate the flame development in two distinct

phases. The initial phase can be referred to as an under-

developed phase as indicated in Fig. 4. Fig. 4a shows the

flame structures (or state of chemical reactions) ex-

pressed as temperature contours. Fig. 4b shows the

corresponding vorticity contours, which indicate the

structures of the flow field. Fig. 4c and d show the dis-
tributions of mass fraction of CH4 and CO2. In this

phase, mixing of fuel and oxidant is incomplete and

combustion is at its initial stage. There exists a large

amount of unburnt methane inside the flame region.



Fig. 4. Transient structures of jet diffusion flame at t ¼ 6:0� 10�2 s: (a) contours of temperature, (b) contours of vorticity, (c) contours

of mass fraction of CH4 and (d) contours of mass fraction of CO2.

Fig. 5. Transient structures of jet diffusion flame at t ¼ 2:2� 10�1 s: (a) contours of temperature, (b) contours of vorticity, (c) contours

of mass fraction of CH4 and (d) contours of mass fraction of CO2.
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CO2 is mainly present at the interface between the jet

and its co-flow. Accordingly, the high temperature re-

gion where combustion takes place is mainly at the in-

terface and temperature in other regions of the flow field

is not high enough to sustain combustion. However, the

large temperature gradient inside the flame region causes

heat diffusion and some reactions exist in certain small

regions of fuel and oxidant mixture. These cause the gas

to expand rapidly and form instantaneously some low-

density regions of small length scale. Vortices of these

small scales are thus generated and these vortical

structures effectively enhance turbulent mixing. The

interface between fuel and oxidant is thus greatly in-

creased leading to more reactions occurring simulta-
neously with turbulent mixing. This phenomenon is

confirmed by the vorticity contours.

The vortical structures of the flow field are quite

complex with the coexistence of both large and small

scales. Due to the intensive interactions between the

vortical structures and chemical reactions, the flow field

is to a large extent dominated by the motion of vortical

structures. Large velocity fluctuations exist in the flame

region, and the transverse velocity fluctuation is ex-

tremely large as a result of intense turbulent mixing.

Hence, this phase can be regarded as ‘‘turbulence

dominated’’.

The numerous vortical structures resulted from the

first phase greatly enhance turbulent mixing. With the
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intensified turbulence and reaction, the flame evolves to

become a fully developed flame, as shown in Fig. 5. The

entire region of the flame attains an overall high tem-

perature level instead of confining to the interface as in

the case of the previous phase. The concentration of

CH4 in most of the flow field is low with CO2 filling the

flame region accordingly. This is the result of intensive

mixing of fuel and oxidant and active chemical reactions

with rapid combustion. From the distribution of vor-

ticity, it can be seen that most vortices in the flow field

have a large scale, and those small-scale vortices ap-

pearing in the previous phase are no longer present. The

distribution of transient velocity distribution shows a

similar behavior. Both the stream-wise and transverse

velocity fluctuations are rather weak compared with

those of the previous phase and combustion is much

more intensive and this phase can be regarded as ‘‘re-

action dominated’’.

In order to further illustrate the above discussion,

non-dimensional turbulent kinetic energy q and reaction

rate x at different instances and locations are shown in

Figs. 6–8. The three stream-wise positions selected are

x ¼ 5d, x ¼ 8d and x ¼ 11d respectively. The time cho-

sen for these comparison are t ¼ 6� 10�2 s, t ¼ 2:2�
10�1 s, t ¼ 2:6� 10�1 s and t ¼ 3� 10�1 s. The first two

instances are purposely chosen to be the same as those of

the results given in Figs. 4 and 5, representing the

‘‘turbulence dominated’’ phase and ‘‘reaction domi-

nated’’ phase respectively. In Figs. 6–8, turbulent kinetic

energy as given by q ¼ ðu02 þ v02Þ=2 is shown along the

transverse position g ¼ y=ðx� x0Þ, where y is the dis-

tance from the centreline of the jet, x0 is the virtual initial
point of the jet with x0 ¼ �2d. u0 and v0 are the non-

dimensional stream-wise and transverse fluctuating ve-

locity components respectively. It can be seen that the

turbulent kinetic energy at t ¼ 6� 10�2 s at all three

positions are higher than those at the other three in-

stances. This indicates that the ‘‘turbulence dominated’’

phase exists only for a very short period of time, within
0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.1

0.2

0.3

q

η 

t=6.0*10-2s
t=2.2*10-1s
t=2.6*10-1s
t=3.0*10-1s

ω

(a) (b

Fig. 6. Turbulent kinetic energy a
one-tenth of a second after ignition, and the flow field

is more turbulent during this phase than during the

‘‘reaction dominated’’ phase. For tP 2:2� 10�1 s, the

turbulent kinetic energy changes very little with time

suggesting that the flame has remained in the ‘‘reaction

dominated’’ phase since its full development. Therefore,

the turbulent fluctuation in the initial ‘‘turbulence dom-

inated’’ phase is much higher than that in the fully de-

veloped ‘‘reaction dominated’’ phase.

For reaction rate, Figs. 6–8 indicate that for the

‘‘turbulence dominated’’ phase, high values of reaction

rate exist only at regions away from the centerline, in-

dicating that reactions occur mainly at the interface of

the jet and its co-flow. While for the ‘‘reaction domi-

nated’’ phase, large values of reaction rate exist mainly

inside the flame regions near the jet centerline. Fur-

thermore, maximum values of the reaction rate in the

‘‘reaction dominated’’ phase are much higher than those

of the ‘‘turbulence dominated’’ phase. These show that

intensive reactions occur in the entire regions of the

flame during the ‘‘reaction dominated’’ phase, which is

consistent with the various plots in Fig. 5.

To further illustrate the above discussion, simulation

result of a non-reactive isothermal jet at T ¼ 300 K with

the same initial and boundary velocity conditions of the

jet flame is also given in Fig. 9. It can be seen that the

vortical structures of a non-reactive jet are more com-

plex than those of the reactive jet. Simulation result

shows more small vortices in the non-reactive jet and the

gradient of the vorticity is obvious larger than that of

the reactive jet. Fig. 9 shows that the jet flame is less

turbulent than the isothermal jet at the same velocity

condition, consistent to the above discussions.

Result of simulation without SGS reaction model is

also given in Fig. 10. It shows that the non-SGS calcu-

lation gives unsatisfactory result. The shape of the flame

is to some extent unreasonable as less vortical structures

and flame details are captured compared to the results

obtained using the SGS model.
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nd reaction rate at x ¼ 5d.
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Fig. 9. Comparison between reactive and non-reactive jet at t ¼ 1:0� 10�1 s: (a) contours of reactive jet and (b) contours of non-

reactive jet.

Fig. 8. Turbulent kinetic energy and reaction rate at x ¼ 11d: (a) turbulent kinetic energy and (b) reaction rate.

Fig. 7. Turbulent kinetic energy and reaction rate at x ¼ 8d.

Y. Liu et al. / International Journal of Heat and Mass Transfer 46 (2003) 3841–3851 3849



Fig. 10. Comparison between simulation results of with and

without SGS mode at t ¼ 1:0� 10�1 s: (a) contours of tem-

perature with SGS reaction model and (b) contours of tem-

perature without SGS reaction model.
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4. Conclusions

In this paper, an efficient LES code is used to simu-

late a two-dimensional spatially developing transitional

jet diffusion flame of methane at moderate Reynolds

number. Simulation results show different features of the

diffusion flames, with the ignition process well illus-

trated. Detailed description of transient vortical struc-

tures in the entire flow field is given together with the

transient interactions between vortical structures and

chemical reactions. The development of a diffusion jet
flame is found to involve two distinct phases. The first is

a very short initial developing phase when intensive

vortex–flame interactions occur with the formation of

many small-scale vortical structures in the flow field and

comparatively high turbulent kinetic energy. This phase

is regarded by the authors as ‘‘turbulence dominated’’.

The other phase is a fully developed combustion phase

where vortical structures of the flame are rather less

‘‘turbulent’’ with rapid combustion and is regarded by

the authors as ‘‘reaction dominated’’.
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