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Abstract. During the past years the development of more accurate, efficient and robust turbulence models have been
significant. Different turbulence models in conjunction with Reynolds Averaged Navier Stokes (RANS) are available in
Computational Fluid Dynamics (CFD) codes to predict complex flow features. The evaluation of turbulence models
performance in simpler flows can provide important information for more complex problem. Free jet flow is a
fundamental fluid mechanical benchmark problem to validate turbulence models predictions. In this work the
turbulence model capability to predict the influence on the downstream flow caused by variations in the jet origin
conditions is assessed. The incompressible axysimmetric turbulent free jet was solved numerically using three RANS
based turbulence models: standard k-& realizable k- and v2-f. The numerical results have been compared with
experimental data available in current literature for two jets issuing from a nozzle with fully-developed and “top-hat”
velocity profile. Governing equations (mass conservation, momentum, energy and turbulence model) are discretized
employing the finite volume method with a segregated solver and second order discretization approach. Results
obtained using the two tested k- turbulence models presented good agreement with experimental ones with "top-hat”
jet inlet (origin) boundary condition and the Rans turbulence models tested can account for the effect of the source for the
downstream flow, however the models are not able to predict the correctly quantitative levels.
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1. INTRODUCTION

The flow structure of an incompressible free jet is given in Fig. 1. In this case there are three distinct regions in the
flow the potential core, the developed region and region in between, named transition region. In potential core region,
the centerline axial mean velocity is constant. As the shear layers meet, the jet undergoes a transition into the fully
developed regime. In the fully developed region, the jet is self-preservation. This means that profiles of a flow quantity,
such as axial mean velocity, taken at different downstream distances, will all collapse when properly scaled (Pope
2000).
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Figure 1. Schematic of an axisymmetric free jet. (White, 1991).
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Self-preservation, also called self-similarity, is a very interesting feature of flows in which the flow properties
depend on one variable only. The self similar regime is established a few nozzle diameters downstream the nozzle exit,
regardless of its initial conditions; though they will influence the location at which the self similar region starts.

Because of the large number of old experimental studies in self-similarity region, the hypothesis was established in
the past that a turbulence “forget its origins” in the case that the flow can be considered two-dimensional or
axysimmetric.

However, the analytical results of George (1989), and subsequently George and Davidson (2004), dispelled this
hypothesis by showing that the entire flow is influenced by the initial (or upstream) conditions, resulting in a variety of
initial-condition-dependent self-similar states in the far field. George and Davidson (2004) discuss that the single point
turbulence models (RANS) lack the necessary physics to be able to account for the asymptotic effect of the initial
conditions.

Among the RANS models, the standard k-£ of Launder et al (1976) is one of the most widely utilized turbulence for
various turbulence flows of engineering interest. This model presents the well-known round-jet anomaly (named based
on the finding that the spreading rate in planar jets is predicted reasonably well, but prediction of the spreading rate for
axisymmetric jets is unexpectedly poor), which is considered to be mainly due to the modeled dissipation equation.

Wilcox (1994) compared the spreading rate of plane jet and round free jet predicted by the standard k- turbulence
model. Only for the plane jet the standard k-& predicted spreading rate falls within the range of measured values.
However, its predicted spreading rate is 25% to 40% higher than that measured for the round jet. In order to improve the
ability of the standard k-£ to predict complex turbulent flows, Shih et al (1995) proposed a realizable k- that has a new
formulation for both the model dissipation rate equation (£€) and the eddy viscosity that can significantly improve the
performance of the standard k-£ model for round free jets.

An attractive alternative to the k-£ two-equation models is the v2-f turbulence model developed by Durbin (1995).
According to Durbin (1995), this model has the advantage of having fewer equations than the Reynolds Stress model
and yet it is numerically more robust. Another important feature is that the v2-f model considers the scale turbulence
limited by Kolmogorov scale (t/€) and (k/€) whilst the k-£ models consider only large scales (k/¢€).

In this work, the capability of the three RANS turbulence models (standard &-&, realizable k-£ and v2-f) to predict the
influence on the downstream flow caused by variations to the nozzle source flow in turbulence levels is assessed. The
numerical results are compared with experimental data available in current literature for two jets issuing from a long
pipe (developed velocity profile) and one from a smooth contraction (‘top hat’ velocity profile).

2. MATHEMATICAL FORMULATION
The system in the present study is the air jet emerging into an initially stagnant air surrounding. The flow field is
incompressible, stead steady, axisymmetric and turbulent. The governing Reynolds-averaged transport (RANS)

equations can be given in the following form:

Continuity equation:

V.-.U=0 1)
Momentum equation:

U-vU ==/ pyvp +V-|b+o fu] @

where p is the density, U is the Reynolds-averaged velocity vector, P is the Reynolds-averaged pressure, v is the
dynamic molecular viscosity, and v, is the turbulent viscosity.

In order that the mean flow equations can be closed, the turbulent viscosity v, was computed using the followings
RANS turbulence models: two equations standard k - £ of Launder e Spalding (1972), realizable k - £ of Shih et al.
(1995) and the four equations the v2-f model of Durbin (1995).

2.1 RANS Turbulence Models

In the k-¢ standard model, the eddy viscosity is computed using the relation:

k
v, =—=Cﬂp; 3)
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Where: C,, is a constant and the values of k and the dissipation, &, come from the solution of the transport equations. The
k-equation (Eq. 4) is derived by subtracting the instantaneous mechanical energy from its time averaged value, and the
e-equation (Eq. 5) is formed from physical reasoning.
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—=—| g+ |—+P, - 4
Pu; ox o (,U ij o |k PE 4)
de 0 MU, | de £
— = u+ | =+ +=(C, P -C
pu; ox, ox, (,U o-kjaxi X k( el gng) (5)

The turbulence production term, Pk, is modeled using:

P 6
k= ox; | ox;  ox; ©)

The values for the standard k-¢ equation constants used in this work are C.= 0.09, Co; = 1.45, Ce2 =1.9, o =1.0, and
o: =1.3.

In the realizable k-¢ model, the eddy viscosity is computed like the standard k-¢ model, but C. isn't constant. It is
computed from:

1
u= kU* ™)
+ A, ——
Ao T As
where
U'=S;8; +2,0; . Q;=92;-2e,0,, Q;=0,-¢,0, ®)
where “Q_u is the mean rate-of-rotation tensor viewed in a rotating reference frame with the angular velocity @ . The

model constants are A, =4.04, Ay = JE cos ¢ , where:

1 SiSuSk = 1 auj du,
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The k-equation for this turbulence model is the same of standard model. However the e-equation is different. Shih et
al. (1995) proposed a new model dissipation rate equation (Eq. 11) that is based on the dynamic equation of the mean-
square vorticity fluctuation at large turbulent Reynolds number.

de_ d oe e’ £
P === g(ﬂ +%)g+ PGS, = pCy mse ;(Cslpk ~C,ype) (10)
i i k i

The values for the realizable k— equation constants used in this work were C,, =1.44,C,, =1.9,0, =1.0 and
o, =12.

The v2-f turbulence model is based in another eddy viscosity equation
Sk
H=Cur> (11)

where Cyis usually 0.2.

The v2-f uses v’ as an additional velocity scale, elliptic relaxation, which accounts for non-viscous wall blockage
effects, and a switch of the scales from energy-containing to Kolmogorov, to account for viscosity effects very close to
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a wall. Therefore it solves two additional equations in comparison with the standard k— & model, i.e. a transport equation
for v’ and an elliptic equation for the elliptic relaxation parameter f. The v’ and f equations are the followings.

2 u, \ov? V2
Z -2 [t S e kf —
P ox; Ox; [(ﬂ-l-O'SJ ox; S k € (12)
P) 2/3-v2 1k P
f=0 aj; +(cl—1)%+c2f (13)

The values for the v2-f equation constants used in this work are C;, =1.44,C,, =1.9,0, =1.0 and o, =1.2.

2.2. Computational Domain and Boundary Conditions

The geometry used to model the free jet problem is shown in Figure 2. Five boundary conditions need to be
considered, including: unbounded air outlet (pressure outlet), symmetry axis, solid wall and inlet.
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Figure 2. The solution domain and boundary conditions (drawing without scale).

Outlet Conditions
It is considered that the flow extends over a sufficiently long domain so that the pressure boundary is satisfied. Thus
the pressure is the same as ambient.

Solid Wall
At a solid boundary the no-slip condition was applied so that both mean and fluctuating velocities are zero but the
dissipation rate is infinite.

Symmetry Axis
At a symmetry axis the radial derivatives for all mean variables, except the radial velocity was steed to zero.

Inlet Conditions

Two inlet velocity conditions were specified: ‘top-hat’ and developed velocity profile. We used the experimental data
from Frost and Jambunathan (1996) and Mi et al. (2001a). Table 1 summarizes the inlet conditions case name, author
that provides experimental data, velocity profile and the Reynolds Number based on nozzle exit conditions.

Table 1. Simulated Cases
Case Experimental Data Velocity Profile Rey
I Frost and Jambunathan (1996) ‘top-hat’ 22,500
II Frost and Jambunathan (1996) developed, n=6.5 22,500
III Mi et al. (2001a) developed, n =6.62 28,200




Proceedings of COBEM 2009 20th International Congress of Mechanical Engineering
Copyright © 2009 by ABCM November 15-20, 2009, Gramado, RS, Brazil

For Cases I and II, the velocity profiles may be approximated by the equation U/Uceper = (1-21/D)"", where n is given
in Table 1. The intensity turbulence for the three cases at the exit nozzle is given in Figure 3. The turbulence boundary
conditions for k and ¢ were calculated using the values in Fig. 3 and the Eq. 14 (a) and (b).

3( 2 314 K7
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where length scale [ represents the large scale turbulence, I is turbulence intensity, D is hydraulic diameter, and C, is
an empirical constant (typically 0.09).
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Figure 3. Turbulence characteristics of the fully developed and flat jet exit profiles.

Case I and Case II have the same Reynolds number (Rey) based on jet initial conditions. Mi et al. (2001b) showed if
(Reg)devetoped = (Re€p)iop-hat and the same jet fluid is used, the jet initial moment (J)geveiopea 18 Only slightly greater (1.2-
2.8%) than (J)iopna- In other words, the same Re, used for the two jets can lead to nearly identical momentum addition
rates, for Case I and II: (J)cager = 2.4% () caserr-

3. SOLUTION STRATEGIES

The axisymmetric turbulent flow field was calculated by solving the Reynolds Averaged Navier-Stokes
(RANS) and turbulence models equations available in a CFD package (FLUENT 6.3). The equations are discretized by
finite volume method and solved using the “uncoupled” solver and convective terms discretized using the spatial second
order scheme (Barth and Jespersen, 1989). The pressure-velocity coupling algorithm used was SIMPLEC
(Vandoormaal and Raithby, 1984). Solutions were considered converged when the maximum residual of all the
discretized equations was less than 1x10™ and when the total momentum in z direction remained constant and
independent of the distance z from the nozzle.

Structured and uniform grids were generated for the solution domain shown in Figure 2. Mesh independence
tests were performed using three computational grids with the following cell numbers 30,000 (coarse), 60,000
(medium), and 100,000 (fine). The maximum differences in the centerline velocity (along the z axis) between the coarse
and medium grids, and between the medium and the fine grids, were less than 0.5% and 0.05%, respectively (within
typical experimental error range). Based on these results, the medium grid was selected for all computations in the
present investigation.

4. RESULTS AND DISCUSSION

Numerical results were obtained from an air free discharge that had the same parameters as a jet that was
experimentally tested by Frost and Jambunathan (1996), Case I. The centerline dimensionless axial velocity decay
(V/V,, V, = centerline velocity at nozzle exit) is shown starting from the nozzle exit (corresponding to inlet in Fig. 2).
Figure 4 shows the centerline dimensionless velocity decay obtained from the standard and realizable k— ¢ models and
the v2-f turbulence model.
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Figure 4. Case I - Normalized mean axial velocity on symmetry axis vs. normalized distance from nozzle exit, calculation
results of three tested turbulence models.

Figure 4 shows that numerical solutions obtained with the k—e models were similar and a good agreement can be seen
between the profile measured by Frost and Jambunathan (1996) and the k- ¢ numerical results. However, the v2-f model
does not satisfactorily predict the behavior of the jet velocity axial decay. The v2-f model evaluated an unreal long
length for potential core region and high level of the velocity at the fully developed region. Thus, results indicate that
the mixture rate predicted using v2-f was lower than the k—¢ models; therefore, the jet momentum lost for the stagnant
fluid was underestimated.

Since Frost and Jambunathan’s (1996) work did not provide data for the radial velocity decay, the numerical results
were compared with Schilichting’s (1979) data in the development region where the self-preservation is established.
This can be seen in Fig. 5 and further information about the self-preservation profile can be obtained from George
(1989) and Pope (2005).
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Figure 5. Case I - Normalized mean axial velocity against dimensionless radial distance.

Results of the v2-f and the realizable k—e models agreed well with the self-preservation profile, whilst the standard k—e
provides good results only when r/b;, < 1.2. This behavior of the standard k-¢ was expected due to its well known
inability to predict the jet spreading rate as mentioned by Pope (1978).

Results shown in Figs. 4 and 5_indicated that to validate a turbulence model only by checking its solution against_the
self-preservation profile can lead to wrong conclusions about the performance of the studied model. In the present work,
this is evidenced by the results obtained from the standard and the v2-f models. The first one presented good results for
the axial velocity decay, and the second one provided good results when compared with the self-preservation profile.

Numerical results were also obtained from a free air jet with similar conditions experimentally tested by Frost and
Jambunathan (1996) and Mi et al. (2001a), Case II and Case III, respectively. Figure 6 shows the centerline
dimensionless axial velocity decay predicted by the standard and realizable k— ¢ models and the v2-f turbulence model.
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Figure 6. Case II and Case III - Normalized mean axial velocity on symmetry axis vs. normalized distance from nozzle
exit results of the three tested turbulence models.

Note that experimental axial velocity profile decays immediately after the nozzle exit, so the potential core length is
too small. With the exception of the v2-f model (which predicted a long unreal potential length), the k-¢ turbulence
models predicted higher decay velocity than the experimental data. The two k-£ turbulence models evaluated a more
intense loss momentum than the experimental free jet behavior.

Additionally, results about the prediction of the turbulence model for turbulent kinetic energy (k) are given in Fig. 7.
The intensity of turbulence immediately after the nozzle increases due to the shear layer of the neighboring fluid. This
layer grows at the center line of the jet further increasing the intensity of turbulence. The three models predicted this
behavior, but neither quantitatively agreed well with experimental data.

In the beginning, approximately when z/D =4, the effect of the turbulent mixing layer is small and the three
turbulence models have the same profile of turbulence intensity, though lower than the experimental data. After
z /D =4, the three profiles and experimental results disagree. The v2-f model predicted a low intensity of turbulence
that explains the slow velocity decay provided by this model. The two k-¢ models agreed better with experimental
results. The standard k-¢ predicted the maximum turbulence intensity off-set and it presented lower values than the
experimental data, whilst the realizable k-¢ correctly predicted the position of maximum intensity.
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Figure 7. Case II — Intensity turbulence on symmetry axis vs. normalized distance from nozzle exit results of the three
tested turbulence models.

Figure 8 shows turbulence intensity contour for the v2-f and the standard k-¢ model. It can be verified that, in the jet
border and close to symmetry axis, the turbulence intensity has almost the same values. However, in the region between
border jet and symmetry axis there is a maximum value of turbulence intensity that is larger for the k-¢ model than for
the v2-f one. Based on these results, a preliminary analysis of an unknown problem can be performed where the
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standard k-¢ and the v2-f turbulence models can supply an insight about maximum and minimum turbulence intensity
values.
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Figure 8. Case II - Predicted evolution of turbulent kinetic energy (m* s™).

Summarizing, unlike the results of jet simulation with the ‘top-hat’ profile (Case I), both the realizable and the
standard k-¢ models didn’t show good agreement with experimental data for the jet with the parabolic profile (Case II
and IIT), which indicates that the models cannot properly account for the jet origin conditions. This feature, according
to George and Davidson (2004) conclusions, shows that RANS models cannot correctly account for dependency on
initial conditions, due to lack of required physics phenomena.

Many authors suggest the use of “problem function” or new values for the turbulence models constants, but this
procedure unfortunately reduces even more the predictability of a turbulence model due to dependence on the problem.
Some “problem functions” approaches for turbulent jets are given in Launder et al. (1972), McGuirk and Rodi (1977),
and Morse (1977).

Figure 9 shows the numerical results obtained from the turbulence models with modified constants. In the standard
k-¢ the constant C;; = 1.44 was changed to 1.60, as suggested by Pope for round jets simulation. Calculations performed
with this value of C,; provided a potential core length, which is in good agreement with experimental value (Senesh and
Babu, 2005).

For the v2-f model, C,; = 1.3 instead of C,; = 1.4 was used as suggested by Durbin (1995) in the problem of plane
mixing layers spreading rate. For the realizable k-¢, C;; = 1.8 instead of C,, = 1.9 was used.
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Figure 9. Case III - Normalized mean axial velocity on symmetry axis vs. normalized distance from nozzle exit results
of the three tested turbulence models with modified and standard constants.

Figure 9 shows that the turbulence models constants can be ‘calibrated’ to improve the turbulence models agreement
with results of previously known problems. However, these modified models become more and more constrained to
predict a new problem behavior. For the standard k- €, results suggest that the best value for C, is between 1.44 and
1.60. Senesh and Babu (2005), using C;; = 1.56 in the standard k- ¢, obtained good results for subsonic free jet
simulation (Mach =0.6). The numerical data obtained from the modified realizable k-¢ model gave the closest
agreement to experimental data, whilst the modified v2-f model didn’t agree with the data.
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Results of this work provide additional evidence that the turbulence models coefficients are not absolute and that its
constants are not universal. None coefficients set will provide the best estimation of all free jet regimes. As George
(1989) argues, it is worse than simply needing different constants for axisymmetric and plane jets flows since each of
these flows will require a multiplicity of constants to account for different starting conditions.

5. CONCLUSIONS

In the present study, the turbulent free jet problem with two different origin boundary conditions was numerically
solved. Results obtained using the two tested k-¢ turbulence models presented good agreement with experimental ones
with “top-hat” jet origin boundary condition, while this behavior does not occur using the developed inlet profile. As
mentioned in the literature, the model of constants adjustment improves results agreement for a specific problem.
However, this procedure leads to a reduced predictive capability.
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