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Abstract. This article explores an axisymmetric subsonic jet using modern turbulence models. Despite its simplicity, this
problem is quite challenging for turbulence modeling. Therefore, many current RANS models are unable to even
qualitatively describe such problems. A comparative analysis of the vt-92, Menter’s k-® (SST), and two-fluid turbulence
models is performed for a submerged axisymmetric subsonic jet. An implicit scheme was used for the numerical
implementation of the problem. The comparative analysis was performed for axial velocity, longitudinal velocities at
different cross sections from the nozzle, transverse velocity, and turbulent stress. The obtained numerical results are
compared with NASA experimental data. It is shown that the two-fluid turbulence model more accurately describes
turbulent flow than other turbulence models.

INTRODUCTION

The problem under research holds significant relevance for both aviation and aerospace engineering, which has
motivated extensive research on jet flows over the past century, beginning with the pioneering studies of Prandtl [1,2].
Nevertheless, despite the considerable progress made, the issue cannot be regarded as fully resolved, largely due to
the persistent challenges associated with turbulence modeling. Advanced approaches such as Direct Numerical
Simulation (DNS) [3,4] and Large Eddy Simulation (LES) [5,6] offer valuable insights into turbulent flows but remain
computationally demanding. Their application to complex engineering problems in aerodynamics requires access to
high-performance computing resources, and thus, widespread adoption is likely to depend on further advances in
computational technologies, potentially becoming feasible only toward the end of the century. Consequently, for the
foreseeable future, semi-empirical methods will continue to serve as the primary practical tools for addressing applied
aerodynamic problems.

Although more than one hundred turbulence models have been proposed to date, a universally applicable model
has yet to be established. This limitation arises from the fact that a model capable of adequately capturing one class
of flows may yield inaccurate, or even qualitatively incorrect, results when applied to another. In many fluids dynamic
problems involving liquids and gases, tangential discontinuity surfaces frequently occur, giving rise to jet flows in
their vicinity. Depending on the relative flow directions, jets can be classified as either co-flowing or counter-flowing.
Among these, the most extensively investigated configuration is the jet discharging into a quiescent ambient medium,
commonly referred to as a submerged jet [7]. In the present study, a comparative assessment is conducted between
the Secundov vt-92 [8], Menter’s k—» (SST) [9,10] and two-fluid turbulence models for an axisymmetric subsonic jet
[11-23]. This configuration is particularly advantageous for analysis, as it closely approximates realistic subsonic jet



conditions encountered in aircraft engine turbines, while also being supported by comprehensive experimental datasets
[24].

TURBULENCE MODELS
Two-fluid model

The governing equations for an incompressible turbulent jet, formulated within the framework of the two-fluid
model and expressed in cylindrical coordinates, can be written as follows [12]:
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In expression (1), U, V' — are the averaged axial and radial components of the flow velocity vector, respectively, u,
9 — are the relative axial and radial velocities, respectively, vy, vir and vy — are the effective molar viscosities, Kr — is
the friction coefficient, and d — is the closest distance to the wall.

k-o (SST) model

The k- model (SST) is a two-equation eddy-viscosity model developed by Menter (1994) to improve the accuracy
of turbulence predictions in flows with adverse pressure gradients, separation, and near-wall effects. It blends the
strengths of the standard k—w and k—e models using a blending function [9,10].

ok ok 6k 0 ok

+U—+V—=— +P—f wk,

o 0z ar ror [(y TRk S or J 2

ow ow ow , Ow Ok
+U—+V—=— @Y p +2(1-F)—=~——

o Oz or ror [(ﬂ Tkl )r or } v, /)’a) ( ) ® or or’

In this expression

2



k
P r(aan =y, (28), S=+ [wﬁw}n=“‘—),¢=E¢1+<1—E)¢2,

r or oz (a0, QF,
4
F, :tanh(argf), arg, = min| max JE , 5?0 , G“’zkz ,
pod deo) CD,d

1 0k 0w
a)ar 8r

CD,, = max(Za IO'ZOJ F, = tanh (argi ), arg, = max (2

Jk 500
Lod do)

Q=2W*Ww, W=— (aU 6Vj7wwa//:10%a

or Oz 1(Ad)
,Bl O, K2 ﬁZ_O-mZKZ

k-ll=9 1 .
wa 0 = ﬁ \/_* \/ﬂ_*

In addition to the auxiliary functions, the Minter turbulence model has the following empirical constants
o, =0.850, =05, 5 =0.075, 0, =1,0,, =0.856, 8, =0.0828, B =0.09,K =0.41,a, = 0.31.

vi-92 model

v-92 is a one-equation eddy-viscosity turbulence model.
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This model is based on the assumption that the vortex structure of the flow is transferred by convection and
diffusion. Therefore, this model uses the substance transport equation to find the turbulent kinematic viscosity.
Numerous studies of this model have shown that it is a low-Reynolds number model, meaning that it is capable of
describing the entire flow region, including the near-wall layers. The first version of the Secundov vt-92 model was
proposed in 1992 and has been improved over the years [8]. The model in cylindrical coordinates is written as (3).
Here
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v, v¢ — are the molecular and turbulent viscosity respectively; a — is the speed of sound; angle brackets represent

the values averaged over time. Turbulent eddy viscosity is determined by the formula £ = PV;.
Other quantities occurring in the above equations are defined as:
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A1=—0.5, Ay=4.0, Co=0.8, C1=1.6, Co=0.1, C3=4.0, C4=0.35,
Cs =35, Cg =29, C, =315, Cg =0.1.

NUMERICAL METHOD

In most cases, two-dimensional methods were used to numerically study the system of equations (1), (2) and (3).
Furthermore, to achieve the required accuracy near the wall, the computational grid was refined in the transverse
direction. This resulted in increased memory requirements for the required program and a slower calculation speed.
Therefore, developing a numerical algorithm that does not require extensive computational resources is a pressing
task. For the numerical study of this problem, a system of equations, the Reynolds-averaged Navier-Stokes equations
in a cylindrical coordinate system, is used [25]. For numerical implementation, the system of equations (1)-(3) was
reduced to a dimensionless form by correlating all velocities to the average jet velocity at the nozzle outlet Ui, and
linear dimensions to the nozzle radius R. The study was conducted for a jet with a Reynolds number 5600.

For this problem, we introduce a generalized stream function, for which the following relations hold:
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Here x and r are the dimensionless longitudinal and radial coordinates. The initial and boundary conditions for the
system of equations (1) - (3) are set in the standard manner [7].

We write the all system of equations in von Mises variables (x,7) by (&,77), where & =x/L . In the new
variables, the derivatives are determined by known formulas as:
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RESULTS AND DISCUSSION

Figure 1 shows a comparison of the results of turbulent models with experimental data from the dimensionless
axial velocity as a function of the distance to the nozzle. From this figure it is evident that the closest results to the
experimental data are given by the two-fluid model.



1 v
- .- —Exp
U ‘.
- r . - 1
L;ﬂ .
N P
0.8
-3
0.6
~
-
- - - -
=
0.4 g —
...
0.2
0
0 5 10 15 20
X/T%m

FIGURE 1. Comparison of turbulent model results with experimental data for dimensionless axial velocity as a function of
distance to the nozzle. 1-two-fluid model, 2- k-w (SST) model, 3- vt-92 model.

Figure 2 illustrates the results of turbulent models and experimental data for dimensionless longitudinal velocity
profiles at different distances from the nozzle.
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Figure 3 shows the results of turbulent models and experimental data for dimensionless transverse velocity profiles
at different distances from the nozzle.
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FIGURE 3. Comparison of the results of transverse
velocity profiles for different sections from the nozzle. 1-

two-fluid model, 2- k-o (SST) model, 3- vt-92 model.
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Figure 4 illustrates the results of turbulent models and experimental data for turbulent stress profiles at different
distances from the nozzle. From all the figures it is clear that the results obtained by the two-fluid model are very close

to the experimental data, although the other two models also give satisfactory results. In particular, the results of vt-
92 model in some cases are same with the two-fluid model.
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FIGURE 4. Comparison of the results of turbulent
stress profiles for different sections from the nozzle. 1-two-
fluid model, 2- k-® (SST) model, 3- vt-92 model.
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CONCLUSION

A comparative test of the model vt-92, k- (SST) turbulence model, and the two-fluid model was conducted using
experimental results from the NASA database. It was shown that the two-fluid model adequately describes the
turbulent jet in all flow regions. Furthermore, the two-fluid model and the vt-92 model do not exhibit the round jet
anomaly, compared to the Minter k- turbulence model. Unsatisfactory results were observed for the k- model in
the terminal regions. Therefore, the two-fluid model can be recommended for calculating jet flows.
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