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Abstract

In this numerical study, several traditional scalar dissipation rate models are used for scalar transport modelling in mixing turbul
jets with co-flowing air. These models are implemented into a second order turbulence closure model and are compared to the
experimental data. It is shown that the assumption of equal time scales for dynamic and scalar turbulence is no longer neede
algebraic non-equal scales model or the transport equation model are used. The influence of these models on scalar mixture f
mixedness, half-width of the jet and time scale ratio are examined. It is shown that the trends, which are observed in the experi
reproduced qualitatively by the non-equal scales model.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Turbulent jets with co-flowing air have attracted cons
erable attention (Borean et al. [1], Antoine et al. [2], Sche
and Dibble [3], Gazzah et al. [4]), in the aim of increasi
the efficiency of mixing processes in industrial applicatio
such as turbulent diffusion flames in combustion chamb
and aeronautics. However, a major difficulty in the mod
ing of turbulent flames is the adequate modeling of sc
turbulence.

To investigate turbulent binary-mixing jets numerical
one has to use an algebraic equation or a transport equ
for the scalar dissipation rateεf . Several models have bee
used in the literature and some examples have been
by Schiestel [5] and Ruffin [6]. Thek–ε or second orde
models based on the assumption of equal velocity and s
scales have been tested. However, this assumption disa
with the experimental data obtained in turbulent jets and
bulent diffusion flames. Indeed, the measured ratio of
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mechanical to scalar time scale in the helium-air jet of P
chapakesan and Lumley [7] was not constant. Dibble e
[8] calculated the time scale ratio in a turbulent diffusi
flame using a second-order closure model and found out
the ratio is not constant. Lucas [9] and Pietri et al. [10] fou
a varying mechanical to scalar time scale ratio in their ex
iment on axisymmetric jet.

A transport equation for the scalar dissipation rate m
be constructed to overcome the assumption of equal
scales for the scalar and the velocity turbulence. In this
pose, Shih et al. [11], Mantel and Borghi [12], Ruffin [
developed some equations for the scalar dissipation ra
the frame of second order closures. However, Yoshiz
[13] developed an algebraic model forεf with his two-scale
direct interaction approximation (TSDIA), which does n
rely on the assumption of equal length and time scales
dynamic and scalar turbulence. This model is called the n
equal scales model for scalar transport.

In the present study, we investigate a turbulent bina
mixing round jet of propane emerging at high velocity fro
a nozzle into a co-flowing air. The algebraic equal sca
model, the non-equal scales model of Yoshizawa [13]

the transport equation model of Mantel and Borghi [12] are
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Nomenclature

D nozzle diameter . . . . . . . . . . . . . . . . . . . . . . . . . . m
De effective diameter . . . . . . . . . . . . . . . . . . . . . . . . m
DF diffusion coefficient . . . . . . . . . . . . . . . . . m2·s−1

F̃ mean mixture fraction
Lf scalar halfwidth
k turbulent kinetic energy . . . . . . . . . . . . . . m2·s−2

Kf scalar decay constant
Rτ time scale ratio
r radial distance . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Ũ mean axial velocity . . . . . . . . . . . . . . . . . . . m·s−1

Ṽ mean radial velocity . . . . . . . . . . . . . . . . . . m·s−1

u axial velocity . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

v radial velocity . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

w tangential velocity . . . . . . . . . . . . . . . . . . . . m·s−1

x axial distance . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
g, f̃ ′′2 scalar variance
Re Reynolds number
Ret turbulent Reynolds number
Sρ density ratio,= ρj/ρco

Sct turbulent Schmidt number
S

1/2
f spreading rate

Greek symbols

βe expansion coefficient
µ dynamic viscosity . . . . . . . . . . . . . . . kg·m−1·s−1

ν kinematic viscosity . . . . . . . . . . . . . . . . . . m2·s−1

ε dissipation rate . . . . . . . . . . . . . . . . . . . . . . m2·s−3

εf scalar dissipation rate . . . . . . . . . . . . . . . . . . . s−1

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

Φ generalized turbulent parameter

Subscripts

ex external
a ambient fluid
c centerline
co coflow
max maximum
j jet fluid
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applied within a second order turbulence closure model.
influence of the co-flow on the various physical quantit
of the propane/air jet are analyzed using these last mo
and compared to the experimental data of Schefer and
ble [3].

2. Velocity and scalar turbulence modeling

2.1. Velocity turbulence modeling

The turbulent flow is modeled using Favre averaged qu
tities. The second order turbulence closure model is use
describe the turbulent velocity field. The parabolized eq
tions and the constants of this model are reported, for ex
ple, in Sanders et al. [14].

A mass weighted quantity is defined as

Φ̃ = ρΦ

ρ̄
(1)

This Favre-averaged variable is denoted by a tildeΦ̃,
while a conventional averaged variable is denoted by
overbar �Φ. Favre fluctuations are denoted byΦ ′′, while
conventional fluctuations are indicated byΦ ′. The resulting
governing equations in cylindrical coordinates are develo
using the standard parabolic flow assumption. The cont
ity equation is given by

∂ρ̄Ũ

∂x
+ 1

r

∂(rρ̄Ṽ )

∂r
= 0 (2)

wherex is the axial distance in the jet direction andr is the

radial distance. The equation for axial momentum is
∂ρ̄Ũ Ũ

∂x
+ 1

r

∂rρ̄Ṽ Ũ

∂r

= −∂ �P
∂x

+ 1

r

∂

∂r

(
rµ

∂Ũ

∂r

)
− 1

r

∂(rρν′′u′′)
∂r

+ ρ̄g (3)

when∂ �P/∂x ≈ ρag a buoyancy term is often introduced a
written as−(ρa − ρ̄)g. However, buoyancy effects are om
ted in the present study, and the mean pressure gradie
assumed zero.

To describe the mixing of gases, a mixture fractionF̃ , is
introduced. It is governed by a convection-diffusion cons
vation equation of the form

∂ρ̄Ũ F̃

∂x
+ 1

r

∂rρ̄Ṽ F̃

∂r

= +1

r

∂

∂r

(
rρDF

∂F̃

∂r

)
− 1

r

∂(rρν′′f ′′)
∂r

(4)

The mean density can be obtained from the mean m
ture fraction using the equation of state, which with cons
pressure, leads to

1

ρ̄
= F̃

ρj

+ 1− F̃

ρa

(5)

whereρa is the ambient air density andρj is the nozzle fluid
density.

The equation of state can also be written as

ρ̄ = ρ̄aF̃ + b (6)

wherea and b are two constants based only on the m
density of specie in their pure states (a = (ρj − ρa)/ρj and
b = ρa).

The turbulent flow is modeled using Favre averaged qu

tities. A second order turbulence model is used to describe
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Table 1
Source terms in the general equation (7) for the second order model. HereG = −ρ̄βegũ′′f ′′ is the buoyancy pro-

duction term andP = −ρ̄ũ′′v′′ ∂Ũ
∂r

is the production term of turbulent energy

Φ SΦ

ũ′′u′′ −2(1− α)ρ̄ũ′′v′′ ∂Ũ
∂r

− 2
3 ρ̄ε − C1ρ̄ ε

k

(
ũ′′u′′ − 2

3k
) + 2

3αP − (
2− 4

3C3
)
ρ̄βegx ũ′′f ′′

ṽ′′v′′ − 2
3 ρ̄ε − C1ρ̄ ε

k

(
ṽ′′v′′ − 2

3k
) + 2

3αP − 2Cs

r2
k
ε ρ̄w̃′′w′′(ṽ′′v′′ − w̃′′w′′) − 2

3C3ρ̄βegx ũ′′f ′′

w̃′′w′′ − 2
3 ρ̄ε − C1ρ̄ ε

k

(
w̃′′w′′ − 2

3k
) + 2

3αP + 2Cs

r2
k
ε ρ̄w̃′′w′′(ṽ′′v′′ − w̃′′w′′) − 2

3C3ρ̄βegx ũ′′f ′′

ũ′′v′′ −(1− α)ρ̄ṽ′′v′′ ∂Ũ
∂r

− C1ρ̄ ε
k
ũ′′v′′ − Cs

r2
k
ε ρ̄w̃′′w′′ũ′′v′′ − (1− C3)ρ̄βegx ũ′′f ′′

ε k
ε

(
Cε,1(P + G) − Cε,2ρ̄ε)

)
ũ′′f ′′ −ρ̄ṽ′′f ′′ ∂Ũ

∂r
− ρ̄ũ′′v′′ ∂F̃

∂r
− C1f ρ̄ ε

k
ũ′′f ′′ − C′

1f
ρ̄ ε

k

(
ũ′′u′′

2k
ũ′′f ′′ + (

ũ′′v′′
2k

− 1
3

)
ṽ′′f ′′)

+0.8ρ̄ṽ′′f ′′ ∂Ũ
∂r

− (1− C3f )ρ̄βegx f̃ ′′2

ṽ′′f ′′ −ρ̄ṽ′′f ′′ ∂Ṽ
∂r

− ρ̄ṽ′′v′′ ∂F̃
∂r

− Csf ρ̄ k
ε

w̃′′w′′
r2 ṽ′′f ′′ − C1f ρ̄ ε

k
ṽ′′f ′′

−C′
1f

ρ̄ ε
k

(
ũ′′v′′

2k
ũ′′f ′′ + (

ṽ′′v′′
2k

− 1
3

)
ṽ′′f ′′) − 0.2ρ̄ũ′′f ′′ ∂Ũ

∂r

f̃ ′′2 = g −2ρ̄ṽ′′f ′′ ∂F̃ − ρ̄ε

∂r f

s of
bo-
ay

effi-

din
be-
s of

nts
n to
en

The
were
e
n o
m to
ich

rm
0%
m-
h
ther
ang
ders

ate,
hed

f
t is

l
jet
2.

opic
calar
ses,
the
are
del

.

issi-
me
are
are

e
s for

n

the velocity turbulent field. The equations and constant
this model are reported in Sanders et al. [14]. The para
lized conservation equations in cylindrical coordinates m
be presented in the following general form:

∂ρ̄ŨΦ

∂x
+ 1

r

∂(rρ̄Ṽ Φ)

∂r
= 1

r

∂

∂r

(
rρ̄DΦ

∂Φ

∂r

)
+ SΦ (7)

whereΦ is the dependent variable,DΦ is the diffusion co-
efficient of the propertyΦ, andSΦ is the source term ofΦ.
The relevant variables and the associated transport co
cients and source terms are shown in Table 1.

In the literature a number of modifications to theε-
equation model have been proposed to correct the sprea
rate for the round jet, but many attempts have failed
cause it proved to deteriorate predictions for other type
flow. In fact, the standard version ofε-equation model is
due to Launder and Spalding [15]. Their model consta
are calibrated for the incompressible case by compariso
experimental results of a wall jet and a mixing layer. Wh
the flow is complicated, modified versions of theε-equation
model were proposed to take into account these effects.
same approach was adopted when density variations
caused by mixing. The modifications introduced to thε
transport equations, in these cases, are often by additio
supplementary terms. Pope [16] suggested to add a ter
theε-equation based on the idea of vortex stretching, wh
would only be active in the round jet. However with this te
the spreading rate of a radial jet is underpredicted by 6
(Rubel [17]). Furthermore the resulting model does not co
ply with realizability which is one of the constraints whic
can be imposed on turbulence models (Speziale [18]). O
researchers modified the dissipation rate equation by ch
ing to the model constants (Borghi and Escudie [19], San
et al. [14]).

To improve the predictions of the round jet spreading r
the turbulent exchange of momentum must be diminis

and consequently the eddy-viscosity must be decreased. Thi
g

f

-

Table 2
Turbulence constants in the second order model, where the value oC1
is adapted for the axisymmetric jet case [14]. The diffusion coefficien

defined byDΦ = CΦ
k
ε ṽ′′v′′. For all Reynolds stressesCΦ = Cs , while for

the scalar fluxes and the scalar varianceCΦ = Csf

C1 α C3 Cs Cε,1 Cε,2 C1,f C′
1,f

C3,f Cs,f

2.3 0.6 0.5 0.22 1.45 1.90 5.7 −6.1 0.33 0.22

is often done by changing this empirical coefficientsCε,1
andCε,2 in theε-equation. In our case, theε-equation mode
constants were adjusted by the correct prediction of the
expansion. The used constants are summarised in Table

The second order closure model consists of non-isotr
expressions for the Reynolds stresses and turbulent s
fluxes. The transport equations for the Reynolds stres
the variance of the mixture fraction, the scalar fluxes,
turbulent kinetic energy and the scalar dissipation rates
developed using the parabolic flow assumption. The mo
constants used in the present study are given in Table 2

2.2. Algebraic equal-scales model of the scalar dissipation
rate model

The classical algebraic equal-scales of the scalar d
pation rateεf is based on the assumption that the ti
and length scales of velocity and scalar turbulent fields
equal. The time and length scales for velocity turbulence
τu ∼ k/ε and lu ∼ k3/2/ε, respectively, wherek is the tur-
bulent kinetic energy andε is its dissipation rate. On th
basis of dimensional analysis, the time and length scale
scalar turbulence areτs ∼ g/εf and ls ∼ g3/2ε1/2/ε

3/2
f , re-

spectively, whereg is the scalar variance. Settingτu = τs or
lu = ls gives the equal-scales model:

εf = Rτεg/k (8)

where the coefficientRτ is empirical and it is usually take

sto be equal to 2 (Schiestel [5]).
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The assumption of equal length scales leads to a fi
turbulent Schmidt number. The turbulent Schmidt numb
Sct , is defined as the ratio of the eddy viscosityνt ∼ k2/ε

and the eddy diffusivityνs ∼ g2ε/ε2
f . This expression lead

to a relationship betweenSct andRτ which is obtained from
Sct = νt/νs ∼ (k2/ε)/(g2ε/ε2

f ), so thatSct ∼ R2
τ .

2.3. Yoshizawa non-equal-scale of the scalar dissipation
rate model

To overcome the shortcoming of the previous mod
Yoshizawa [13] has developed a model based on the
scale direct interaction approximation (TSDIA). This sca
dissipation rate model does not assume equal length sc

Using an asymptotic expansion of a scale parameter
tinguishing the slow variation of mean flows from the fa
variation of turbulent fluctuations, Yoshizawa [13] propos
the following scalar dissipation equation:

Dεf

Dt
= εf

(
λ1

1

g

Dg

Dt
+ λ2

1

ε

Dε

Dt

)
(9)

As indicated by Sanders [20], this Eq. (9) leads to
analytical solution:

εf = φgλ1ελ2 (10)

The valueφ defined in Eq. (10), unfortunately is n
dimensionless. The dimension of the coefficientφ is com-
pletely determined by the values ofλ1 andλ2. By consid-
ering similarity behavior of the dependent variables in
round jet, the axial velocity decays with axial distance
Ũ ∼ x−1. This value is based on momentum conserva∫ ∞

0 Ũ2r dr = constant. Since the jets spread linearly,r ∼ x

so Ũ2x2 = constant, and this gives the above scaling re
tions. The turbulent kinetic energy decays ask ∼ Ũ2 ∼ x−2

and the dissipation rate decays asε ∼ k3/2/lu ∼ x−4 be-
cause the integral length scalelu increases linearly withx.
When the velocity decay is known, the scalar decay
be derived based on the conservation of nozzle mass
through each axial cross section of the jet:

∫ ∞
0 Ũ F̃ r dr =

constant. Sincer ∼ x, the scalar decays as̃F ∼ x−1, the
scalar variance decays as̃f ′′2 ∼ F̃ 2 ∼ x−2 and the scala
dissipation rate asεf ∼ x−4. Equating exponents ofx in
εf ∼ gλ1ελ2 andεf ∼ x−4, and using the scaling laws fo
f̃ ′′2 ∼ x−2 andε ∼ x−4 this leads toλ1 + 2λ2 = 2.

Usingλ1 = 1 andλ2 = 0.5, the coefficientφ should have
the dimension ofν−1/2, and its unity is thus m−1·s1/2. The
value of the coefficientφ used in this study isφ = 7 m−1·s1/2

and has been determined by the calibration of model
dictions with experimental data. A very important featu
of Eq. (10) is the absence of the turbulent kinetic energk,
compared with the equal-scale version (Eq. (8)).

2.4. Scalar dissipation rate equation

Various transport equation models forεf are given in
the literature (Schiestel [5]). These models differ from e

other by the addition of supplementary terms (Shih et al.
.

Table 3
Coefficients in the scalar dissipation rate equation of Mantel
and Borghi [12]

CP1 CP2 CD1 CD2

1 1 0.9 0.625

[11], Mantel and Borghi [12]) or by changing the value
the model constants (Ruffin et al. [21], Sanders et al. [1
In this study, we use the model developed by Mantel
Borghi [12] by applying an order of magnitude analysis. T
model is Reynolds number dependent and is aimed for m
elling turbulent combustion with in the flamelet concept.

The parabolized conservation equation ofεf in cylin-
drical coordinates may be written in the following gene
form:

∂ρ̄Ũεf

∂x
+ 1

r

∂(rρ̄Ṽ εf )

∂r

= 1

r

∂

∂r

(
rρ̄Df

∂εf

∂r

)
+ CP1

ε

k
Pf + CP2

εf

k
Pk

+ CD1Re1/2
t ρ̄

ε

k
εf − CD2Re1/2

t ρ̄
ε2
f

g
(11)

whereRet = k2/(εν) the turbulent Reynolds number,Df =
Cf

k
ε
ν̃′′ν′′ (with Cf = 0.18) is the diffusion coefficient,Pk =

−ρ̄ũ′′ν′′(∂Ũ/∂r) is the production term of the turbule
kinetic energy,Pf = −2ρ̄ũ′′f ′′(∂F̃ /∂r) is the production

term of the scalar fluctuation,CD1Re1/2
t ρ̄ ε

k
εf is the pro-

duction term by eddy stretching of scalar field by the sm

scales of turbulence andCD2Re1/2
t ρ̄

ε2
f

g
is the destruction

term by the curvature of the level surfaces having a cons
value of the scalar. The coefficients of this model are lis
in Table 3.

3. Numerical approach

The equations for the mean velocity, the mean m
fraction, and the velocity and scalar turbulence models
solved using a parabolic finite volume code. No transform
tion of the radial direction is employed. This means that
grid expands in the radial direction following the jet expa
sion. The computations are performed up to an axial dista
of approximately 100D with an axial forward step size o
0.01 times the local jet half width and 80 grid points
the radial direction are used. This was sufficient to ob
a grid independent numerical solution. No boundary con
tions are prescribed due to the parabolic nature of the fl
The computation progresses from section to section, an
implementation requires only the profiles at the jet nozzl

The boundary conditions at the nozzle exit are those
fully developed pipe flow (Laufer [22]). The mixture fractio
at the inlet is equal to 1. The radial velocity, the scalar v
ance and their dissipation are zero at the nozzle and in

ambient. All variables at the radial jet boundary are equal
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to those in the ambient. For the turbulence quantities
implies a value of zero or a negligibly small value and
energy dissipation is estimated byε = Cµk3/2/0.03D (with
Cµ = 0.09).

The influence of the emission conditions on the evo
tion of the dynamic and scalar fields has been investig
by the authors in previous studies (Gazzah [23] and Ga
and Sassi [24]). It proves that the emission conditions h
a notable influence only in the near exit region.

4. Results and discussions

The experimental configuration of Schefer and Dib
[3] is retained for this study to permit validation. Th
propane/air jet issued from a round nozzle with an ex
nal diameterDex of 0.90 cm and an internal diameterD

of 0.526 cm. The outlet velocity of the propane jet is
to Uj = 53 m·s−1 and that of the co-flowing air strea
is Uco = 9.2 m·s−1, which gives a ratio of co-flow air to
jet velocity of 0.174 with a corresponding density ratio
Sρ = ρj/ρco = 1.52. The jet Reynolds number is defined
Re = UjD/ν, and is of the order of 68 000. In the follow
ing, predictions of the far field behavior of quantities such
the scalar decay constant, the half-width of the jet, the sc
fluctuation intensity (called unmixedness) and the time s
ratio are presented and discussed.

The axial profile of the mean mixture fraction on the
centerlineF̃c versus the normalized distance from the virt
origin (x − x01)/De is shown on Fig. 1. The effective d
ameter is defined asDe = S

−1/2
ρ D. It appears that the thre

models have no influence on the mean mixture fractionF̃

and lead to the same prediction. The computed results a
well with the experimental data of Schefer and Dibble [
The discrepancy between the computed and measure
sults is less than 10%. This discrepancy is probably due t
under-estimation of the experimental values which is cau
by a precession centerline jet motion. This instability
hances the mixture and leads to reduce the mean valu
the scalar on the centerline.

The mixture fraction decay constantKf defined by
1/F̃c = Kf (x − x01)/De is one of the most important cha
acteristic of mixing jet studies. Its value is independen
x if buoyancy effects are absent, Gazzah et al. [25]
Table 4, the predicted and the experimental values of
mixture fraction decay constantKf are shown. A value o
Kf = 0.156 is found. This value is very close to those o
tained by Gazzah et al. [4] (Kf = 0.154) with a first order
model. The experimental study of Schefer and Dibble
showsKf = 0.185.

The jet spreading rate can be determined from the m
mixture fraction profiles and defined as the radial locat
at which the mixture fraction is equal to half its value at
centerline. Fig. 2 compares the computed and experime
jet spreading rate of the scalar field. It proves that the dif

ent models give the same prediction of the half-widthLf .
e

-

f

l

Fig. 1. Centerline values of the mixture fraction.

Fig. 2. Centerline values of the mixture fraction half-width.

The computedLf has the same behavior as the m
sured quantity. The difference observed is probably du
the precession centerline motion as well as the inter
tence in the two mixing layers. This mechanism leads
an over-estimation of the measured half-width. It should
noted that when there is no co-flow, the computed half-w
agrees much better with the experimental data (Gazzah
[4]).

The scalar half-width can be written as

Lf

D
= S

1/2
f

(x − x02)

D
(12)

whereS
1/2
f is the scalar spreading rate. In presence of

flow, the half-width is no longer a linear function ofx, and
S

1/2
f cannot be easily determined. ThereforeS

1/2
f depends on

the axial distance and is not a useful concept in a co-flow
jet. The estimated spreading rateS

1/2
f = 0.043 is smaller

than that obtained by Schefer and Dibble [3]S
1/2
f = 0.06,

with the same value of co-flow and the value (S
1/2
f = 0.086)

obtained by Dyer [26] in a propane-air jet using a differ
value of the co-flow. The values of half-width and spread

rate are affected by the co-flowing air.
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Table 4
Model predictions for asymptotic values of mixture fraction decay, the spreading rate, the unmixedness and the time scale ratio at various models

Models Uco/Uj Kf S
1/2
f

√
gmax/

√
gc rmax/Lf

√
gc/Fc Rτ

RSM equal 0.174 0.156 0.043 1.13 0.70 0.26 2.00
RSM non-equal 0.174 0.156 0.043 1.14 0.76 0.27 2.08
Mantel and Borghi [12] 0.174 0.156 0.043 1.07 0.70 0.34 1.51
Mantel and Borghi modified 0.174 0.156 0.043 1.10 0.70 0.29 1.92
k–ε (Gazzah et al. [4]) 0.174 0.154 0.045 1.16 0.75 0.26 2.00
Exp. Schefer and Dibble [3] 0.174 0.185 0.06 1.24 0.96 0.265 –
Dyer [26] 0.026 0.18 0.086 1.29 0.8 0.15 –
Djeridane [27]Sρ = 0.94 0.10 0.151 0.052 1.22 0.85 0.19 –
Panchapakesan and Lumley [7]S = 0.14 0.00 0.27 0.13 1.27 0.61 0.22 1.5
ρ
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Fig. 3. Centerline values of the scalar fluctuation intensity.

The axial profile of the scalar fluctuation intensity on t
jet centerline is shown on Fig. 3. The different profiles ha
similar behavior. They increase withx and then they reac
an asymptotic value. The asymptotic value

√
gc/F̃c obtained

by each model as well as the experimental asymptotic v
obtained by Schefer and Dibble [3] and by Djeridane [
are listed in Table 4.

The equal and non-equal scales models give rise res
tively to an asymptotic value of 0.26 and 0.27 atx/De > 20.
These values are both very close to experimental data. H
ever, it appears that results obtained using Mantel and Bo
model differ from that obtained using the two other mode
To improve the prediction of the asymptotic value obtain
with Mantel and Borghi model, the constant involved in t
destruction term is modified. When a value ofCD2 = 0.5 is
used, the so-called modified Mantel and Borghi model le
to a result in good agreement with the experimental data

Using a ratio of co-flow to jet velocityUco/Uj = 0.1,
Djeridane [27] obtained an asymptotic value of the sc
fluctuation intensity of 19%. This value is smaller than t
obtained by Schefer and Dibble [3]. As pointed out by Dje
dane [27], this difference is due to the fact that the t
experiments have not the same co-flow and the asymp
value increases when the ratioUco/Uj increases.

Since several models have been adopted to predic
scalar dissipation rateεf , we obtained different estimation
of the scalar fluctuation intensity (Fig. 3) becauseεf is in-

volved in the destruction terms of the scalar variancef̃ ′′2.
-

i

Fig. 4. Centerline values ofεf predicted with the different models.

It is rightful to ask howεf or f̃ ′′2 will affect the mean and
the turbulent quantities. As shown in Table 1,f̃ ′′2 appears
explicitly in the buoyancy term in the equation of̃u′′f ′′. It is
well known (Gazzah et al. [25]), that the contribution of t
buoyancy term is negligible in the near region. Therefo
the estimate ofεf affects only the scalar variancẽf ′′2 and it
has no affect on the mean quantities (Figs. 1, 2, 5).

Fig. 4 shows the axial profiles of the computed scalar
sipation rate obtained with several models. It appears
the different profiles have similar behaviors. The results
tained with Mantel and Borghi are greater than the predic
of the other models. This is expected and compatible w
the prediction of the scalar fluctuation intensity. Fig. 4 sho
that the scalar dissipation rate predicted with all models
hibits an increase with increasing the axial distance be
attaining a maximum and then it decreases for large
tance from the exit. This is in good agreement with the air
jet behavior was obtained by Djeridane [27]. The differen
between the values of the measured and computed scala
sipation rate is mainly due to the difference of the value
the co-flow ratio. The experiments of Djeridane [27] are c
ried out with a co-flow ratio smaller than the ratio used
the present study. Indeed, if the computation is made
a co-flow ratio equal to that relative to experimental d
of Djeridane [27] (Fig. 4), the agreement between the c
puted and experimental results becomes better.

In Figs. 5 and 6, the radial profiles of the mixture fracti

and the scalar fluctuation intensity normalized by their re-
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Fig. 5. Mixture fraction radial profiles predicted atx/D = 30.

Fig. 6. Scalar fluctuation intensity radial profiles predicted with the differ
models atx/D = 30.

spective centerline values versus the radial distance nor
ized byLF are plotted. The predicted profiles are compa
with the measurements of Schefer and Dibble [3] for
downstream sectionx/D = 30. As expected, in this regio
the computation gives the affinity of the profiles and an e
lution alike of that related to a simple jet is found. We not
that all models are in good agreement with the experim
tal data of Schefer and Dibble [3] for the radial profiles
the mixture fraction. However, concerning the radial sca
fluctuation intensity profiles (Fig. 6) the agreement is acc
able in the sense that all models show similar behavior to
experimental one. Besides to than the experimental un
tainties and the influence of the emission conditions on
prediction of the jet structure, the observed differences co
be due to a limitation effect of the parabolic approach,
to the influence of intermittence which is not explicitly tak
into account in this model. However, it is noted that none
the models predicts the weak local off-axis maximum in
experimental curves. A comparison of the maximum fluc
ations

√
gmax/

√
gc (unmixedness) and their radial locatio

rmax/LF is also shown in Table 4.
Fig. 7 exhibits the radial profile of the computed tim
scale ratioRτ obtained using different models. In the central
-

Fig. 7. Time scale ratioRτ radial profiles predicted by the different mode
atx/D = 30.

region,Rτ is almost constant whereas in the outer regionRτ

decreases significantly. The measurements in the Helium
jet of Panchapakesan and Lumley [7] ofRτ show a simi-
lar trend. The quantitative values predicted by the pre
models and Panchapakesan and Lumley [7] are different
unfortunately there are no measurements ofRτ available in
propane jet with co-flowing air. The difference between
results obtained by the modified Mantel and Borghi mo
and the experimental data is mainly due to the fact the c
position of the mixture is not the same. Indeed, if the co
putation is made for Helium-air jet, the agreement betw
experimental and computed results is improved. Theref
the experimental results are displayed only for qualita
comparison. The modified Mantel and Borghi model
haves like the equal scale model. The predicted asymp
centerline values ofRτ , using different models, are shown
Table 4.

5. Conclusion

The turbulent transport of scalar fluctuation has been
vestigated using several models: the equal scales, the
equal scales and the transport equation models within
framework of the second order turbulence closure mo
The influence of these models on the scalar mixture f
tion, the unmixedness, the half-width of the jet and the t
scale ratio have been examined. The obtained results sh
a good qualitative agreement with data from experiment
Schefer and Dibble [3] for a propane turbulent jet into a
flowing air stream.

The standard Mantel and Borghi [12] model does not p
dict convenably the asymptotic value of turbulent scalar
tensity. To improve this prediction we modified the destr
tion terms constants. Although its simplicity, the algebr
non-equal scales model provides satisfactory results.
thermore, the dynamic and scalar time scale ratio appea
depend on the jet radial distance as it has been observe

perimentally. The algebraic non-equal scales model seem to



M.H. Gazzah et al. / International Journal of Thermal Sciences 44 (2005) 766–773 773

alar

els
ion

ng
ntal

sive
an J.

n-

the
ut.

ents,

od-
’Aix-

n ax-
id

der
heat
tion,

t ax-

of
bin-
luid

of

p-
e 96

tur-

ym-
nd a
0 (4)

lent

om-

d

rbu-
ust.

t, In-

ti-
ing a

ow,
.
vo-
s de

tions
able,

des
odèle

con-

bu-
rsité
be promising since it is able to predict accurately the sc
field.

In the near future, we intend to use the different mod
to investigate a reacting flow such as a turbulent diffus
flame.
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