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ABSTRACT - Theaimsof the present study is the validation of the turbulent transport of a passive scalar
inajet flow with the CFD code "PHOENICS". Thefirst stage of thiswork is the analysis and modelling
of jet flow. We are interested in particular in two important questions in this validation flow case. The
first question is reative to the sensitivity of numerical results to the initial conditions of the turbulent
kinetic energy and the dissipation rate at the entry of the jet. We test different conditions, in particular
those proposed by Chen and al. (1979). The second question concerns the analysis of the Rodi and al.
(1980) adjustment of the standard (k,€) constants for its appropriate application to the circular jet flow.
We compare the standard (k,e) mode and the adjusted (k,e) model that we have implemented in the
PHOENICS code. The numerical results are confronted to the experimental results of Hu and al. (2000)
associated to the near flow field. The comparison between simulated and experimental results show that
the mean v ocity, turbulence intensity and concentration are improved by Chen and Rodi Adjustments.
However the simulated concentration profiles remain different from the experimental results.

1- INTRODUCTION

During the last decades, an important progress in the field of Computational Fluid Dynamic has
been achieved. The application of the CFD code made it possible to apprehend significant
difficultieswhich persist in the optimisation and the control of transport processes. Also evident
is the ambition to use CFD for more and more challenging problems covering different flow
features. However, it is advantageous to review simple cases for the validity of the numerical
results.

Thejet flow isasimple case which was widely studied. Fischer and al. (1979) were interested to
the zone of established flow where self similar behaviour was proved. Turbulent round jets have
also received significant attention in the literature, including Wygnanski (1969) and List (1982).

More recently, the optical techniques advances such as PIV (Particle Image Velocimetry) and
PLIF (Planar Induced Laser Fuorescence) have provided new opportunities for the
non-intrusive simultaneous acquisition of multiple flow variables (Hu and al. (2000)).

To describe turbulence in jet flows, we generally use in CFD code the two equations (k-€)
closure model for the prediction of mean and turbulent fields. Despite of its frequent use for the
prediction of the hydrodynamics of the jet, much of authors showed that the standard version of
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the (k-€) modél isinsufficient. Infact, Chen and al. (1979) showed that it is necessary to adjust
turbulence conditions at the entry with Gaussian profiles. Then, Rodi and al. (1980) showed that
the constants of the model are not applicable directly to the circular jet flow and that they could
depend on the deceleration velocity on the jet axis. They have, for this purpose, suggested
adjustments for the determination of the constants of the (k-¢) model for the circular jet. These
adjustments is introduced in the PHOENICS code and numerical results is compared to the
experimental results of Hu and al. (2000) associated to the near field of the jet flow.

2- PASSIVE SCALAR TRANSPORT EQUATIONSIN A JET FLOW

2-1 Jet flow characteristics

Inthiswork, we study a single phase jet transporting a passive scaar : a concentration. The flow
field hasasymmetry of revolution and hence the flow is bidimensionnel. The figure (1) showsthe
studied case:
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Figurel : Geometry of the jet flow domain

The geometry of the problemisdefined by : thewidth | = 10*D and thelength L =30*D where
D isthe diameter of the nozzle : D = 30 mm. Theinlet velocity is Uy = 0.20 nVs corresponding to
a Reynolds number of 6000. To describe the transport of the concentration we take the Prandtl
number equal to 0.7.

2-2 M athematical M odel

For a stationary single-phase flow and with negligible buoyancy force, the averaged equations
describing turbulent flow can be written in cylindrical coordinates (r: radial direction and z
longitudinal direction) as the following general form :
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Where: r isthefluid density; ® isagenera dependant variable; W and V are the mean velocities
and I'y, is a diffusive exchange coefficient.

The left hand term represent convection transport; the first term in the right hand represent
diffusonand S, isa source terme.



The turbulence model closure isthe(k - €) model where the turbulent dynamic viscosity is:
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Table1: Summary of transport equations
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m: Dynamic viscosity; Sk, Se and scare turbulent Prandtl numbers respectively of k, € and C
givenby:s,=1.00, s, =1.30,s.=0.7 . Theempirical constantsof (k - €) standard turbulence

mode! aregivenby: C,=0.09; C,, =1.44 and C,, =1.92

2-3 Boundary conditions

a) Inlet

Chenand a. (1979) proposed to change the inlet boundary condition relative to velocity profiles
asaflat profile or as atriangular profile following the jet entry characteristics. For the turbulent
kinetic energy and the dissipation rate, they adopted a Gaussian profiles at the inlet :

. N D
k=k, expgl.7r? O<r<— 3
n XPEL7IY > 3)
. N D
=e, expgl7r? 0<r<— 4
n XPEL7TY > (4)
k,, and e, arerespectively thekinetic energy and the dissipation rate at theinlet. They are given
by the relations :
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Where Wi, istheinlet axial velocity.
The coefficients a, and a, are adjusted numerically in order to reproduce the experimental

data

(6)

b) Boundary conditions on the axis of the jet

Boundary conditions on the axis of the jet are Neumann type with negligible normal gradientsfor
the longitudinal component of the W velocity, the turbulent kinetic energy k, the dissipation rate
and the concentration C :
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2-4 The (k-e) adjustments for near field jet flow

The standard (k - €) model, previously described, has been applied with success in a different

flow configurations but its constants is not universal. The application field of this model can be
extended if its constants are substituted by functions of the flow parameters. In this context, Rodi
and al. (1980) proposed to replace the (k-e) constants by the following equations:

C,=0.09- 0.04 f (8)
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With:
DW,_,, : Maximal velocity
d=r, - r :(c: center and e: ambient fluid)

S0, equation (13) can be written as :

0.2

é v s
C,=009- 0,04+ g W, O 1Ve O (12)
SW. & 12 5 | 9z |

With W, the longitudinal mean velocity on the axis of the jet and r,,, the width of the jet where
W isegual to 1%W., .
In this expression the gradient of velocity termis approximated by the difference method :
Twe » W- W, (12
z  z-z,
Source term, in the transport equation of the dissipation rate is linearized by the
Newton-Raphson method :

S, =C,(V.-e)+C, e nt% (13)



E isthe strain rate defined by :
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Thus, we can modify directly the source term of the dissipation rate by introducing a new
constant formulation :
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These formulations is introduced in the PHOENICS code by "PLANT" technique which is an

attachment to the PHOENICS-SATELLITE that allows to smplify the integration of the user
coding through the Q1 file.

Figures (2 and 3) present respectively the longitudinal evolution of the coefficients C_ and C,,
following the Rodi adjustments. The value of C_ coefficient isalways lower to 0,09. In the zone
closeto thejet entry (z < 8D), C,, decreasetoward aminimal value of 0,0866. The value of C,,
remain lower to 1,92.

3- RESULTS AND DISCUSSIONS

We compare the mean velocity, turbulence intensity and concentration profilesat 2D, 3D and 4D
on the near flow field with experimental measurements of Hu and al. (2000).

Preliminary numerical tests show that the following values of the turbulence levels improve the
hydrodynamic field of the jet flow : a, =0.01 and a, =0.006.

3-1 Mean velocity profiles

Figures (4-a), (4-b) and (4-c) present the simulated and experimental profiles of mean velocity
respectively at three sections near the jet entry. The jet expansion is well reproduced by the
standard (k-e) model and the adjusted (k-e) model for the three sections considered. However,
the standard (k-e) model does not predict correctly the velocity attenuation with different levels
of kinetic energy and dissipation rate at the jet entry (constant levels). The numerical smulations
with the adjusted (k-e) model and with Chen profiles at the jet entry indicates a good
concordance with the experimental results of Hu and al. (2000) at sectionsZ = 3D and Z =4D.
At section Z = 2D, the difference between the experimenta and numerical results can be assigned
to the anisotropy of velocity fluctuations in vicinity of the jet entry.

3-2 Turbulence intensity profiles

Figures (5-a), (5-b) and (5-c) show the velocity fluctuations profiles which represent the
5



turbulence intensity respectively at the three sections considered. With the adjusted (k-€) model,
the turbulence intensity is better reproduced onthe jet axisat sectionsZ=3Dand Z=4D. The
two turbulence models reproduce the same value of the maximal turbulence intensity
corresponding to the maximal production.

3-3 Concentration profiles

Figures (6-a), (6-b) and (6-c) show the smulated concentration profiles with the two (k-€)
turbulence models and the experimental results respectively at the three sections considered.
The Rodi and Chen adjustments has the tendency to better predict the concentration on the jet
axis and the expansion of the concentration for the three sections. However, the smulated
concentration profiles with Rodi and Chen adjustments remain different from the experimental
results.

4- Conclusion

It is clear that the modifications of the constants of the standard (k-€)model proposed by Rodi
with the Chen profiles at the entry of a circular jet implies a significant improvements of the
predictions of the average turbulence fields and turbulence intensity essentially at sections Z =
3D and Z = 4D. At section Z = 2D, the difference between the experimental and numerical
results can be assigned to the anisotropy of velocity fluctuations in vicinity of the jet entry. The
confrontation of the experimental and numerical results shows that these adjustments suggested
by Chen and Rodi improves the concentration profiles near the jet entry at three sections.
However the smulated concentration profiles remain different from the experimental results.

The scalar transport model based on a direct proportionality between diffusivities of momentum
and the passive scalar appears insufficient. In fact, many authors such us Feath and al. (1995)
showed that the Schmidt number is variable through the cross-section of the jet flow. To better
improve the hydrodynamic in vicinity of the jet entry (at Z = 2D), we can use a Reynolds Stress
Model which can reproduce the anisotropy of velocity fluctuations.
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(1) Evolution of the(k-e) turbulence model constants:
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Fig.(2) : Longitudinal evolution of C_..
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Fig.(4-b) : Mean velocity Profileat : Z = 3D.
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(3) Turbulenceintensity profiles:
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Fig.(5-c) : Velocity fluctuations profilesat Z = 4D.

(4) Concentration profiles:
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