A comparative study of turbulence models
for predicting the aerodynamic drag of a
spin-stabilized projectile

Quang Tuan Nguyen

Le Quy Don Technical University, Faculty of Special Equipment,
Hanoi, Socialist Republic of Vietnam,

e-mail: tuannguyenmta28@gmail.com,

ORCID iD: =https://orcid.org/0000-0002-7741-8232

doi https://doi.org/10.5937/vojtehg73-54634

FIELD: mechanical engineering, fluid dynamics, exterior ballistics
ARTICLE TYPE: original scientific paper

Abstract:

Introduction/purpose: In this research, the influence of different turbulence
models on the aerodynamic drag prediction of a generic spin-stabilized
projectile was analyzed. The turbulence models chosen for investigation
were one-equation Spalart-Allmaras, two-equation models Standard k-e,
Realizable k-¢, Standard k-w and SST k-w. The special sniper projectile
M118 was selected for the study.

Methods: The flows around the projectile were numerically simulated using
RANS equations intergrated into ANSYS Fluent software with different
turbulence models. The numerical simulation was carried out at various
Mach numbers to study the effect of turbulence models on the projectile
aerodynamic drag prediction. The computational results were compared to
the available experimental data to evaluate the ability of the turbulence
models.

Results: The research results have shown that the turbulence models
significantly affect the numerical simulation results. The Spalart-Allmaras
turbulence model performs better than other models in the subsonic flow
regime. The Standard k-, Realizable k-¢ and SST k-w models perform
better than other models in the supersonic flow regime.

Conclusion: Computational Fluid Dynamics is a powerful tool to analyze the
aerodynamics of flying bodies. By appropriately selecting turbulence
models, the flow around flying bodies can be accurately investigated. In the
case of generic ogive-cylinder-boattail projectiles, on the one hand, the
Spalart-Allmaras model is suitable for subsonic flow, and the Standard k-¢,
Realizable k-¢€ and SST k-w models are recommended for the supersonic
flight regime, on the other hand.

Key words: turbulence models, Ansys Fluent, spin-stabilized projectiles,
subsonic flow, supersonic flight regime.
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Introduction

RANS equations have been widely used in aerospace and defense
industry for years. They are solved together with a turbulence model
describing the turbulence behavior of the flow. Selecting an appropriate
turbulence model is crucial in aerodynamic analysis of flying bodies.

Generally speaking, aerodynamics has provided various models to
describe the turbulent behavior of the flow around a body. Each model has
its own strengths and shortcomings and has been proven to be effective
in different applications. No turbulence model is universally suitable for all
turbulent flows. Researchers have selected turbulence models based on
their own knowledge and experience.

In the field of weapon design, various turbulence models have been
successfully used so far to analyze flows around projectiles. Xu et al.
(2022) adopted the Spalart-Alimaras turbulence model to investigate the
aerodynamic characteristics of a 57mm projectile with a drag controlling
device. Demir et al. (2024 ) analyzed the drag reduction of modified bullets
using the Spalart-Allmaras turbulence model. The Standard k-¢ turbulence
model was applied by Silton at the Army Research Laboratory to conduct
Navier-Stokes computations for a 0.50 cal. projectile (Silton, 2002). Many
other authors have also implemented the Standard k-¢ turbulence model
to study flows around various flying bodies (Muthukumaran et al, 2013;
Gholap et al, 2022; Bui et al, 2024; Nguyen et al, 2024). Hao et al. (2024)
used the Realizable k-¢ turbulence model to carry out the aerodynamic
characterization of bullet heads with different arcuate curves. Ferfouri et
al. (2023) adopted the Realizable k-¢ turbulence model for predicting the
aerodynamic drag coefficient of the M107 155mm projectile. The
Realizable k-¢ turbulence model was also applied by Silton to perform
numerical computation for spinning projectiles from subsonic to supersonic
speeds (Silton, 2005, 2011). Meanwhile, Hamel & Gagnon (2011)
implemented the Standard k-w turbulence model for a parametric study
on a 155mm artillery shell equipped with a roll-decoupled course
correction fuze. The SST k-w model has also been used in multiple
research studies. Luo et al. (2024) adopted the SST k-w model to study
the aerodynamic characteristics of a tail-stabilized projectile with the
asymmetrical diversion groove. The SST k-w turbulence model was
applied by Jiajan et al. (2015) to investigate the effect of boattail junction
shaping on the aerodynamic drag and stability of supersonic spin-
stabilized rounds. Sertkaya et al. (2022) used the SST k-w turbulence
model for computing the aerodynamic coefficients of 155 mm ammunition.
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In order to select an appropriate turbulence model for a specific flow,
one has to know the performance characteristics of each model. A
comparative study on the prediction of the aerodynamic characteristics of
four aircraft with different turbulence models performed by Jang et al.
(2018) has shown that the skin friction drag predicted with the SST k-¢ is
the smallest, while the k- € model predicts the largest skin friction drag for
all configurations. Somashekar & Immanuel Selwyn Raj investigated the
effect of six turbulence models, namely, the Spalart-Allmaras, the
Standard k-¢, the k-e RNG, the Realizable k-¢, the Standard k-w, and the
SST k-w, on the prediction of the aerodynamic characteristics of a mini-
unmanned aerial vehicle. They have drawn a conclusion that these six
turbulence models have the same general behavior with some differences
in the coefficients of lift and drag, and the Spalart-Allmaras model is the
most efficient model to describe the turbulence of the subsonic flow around
a mini-UAV in terms of the deviation of the coefficients of lift and drag
values and the calculation time (Somashekar & Immanuel Selwyn Raj,
2021). Julian et al. (2023) carried out a study on the effect of the Spalart -
Allmaras, the Standard k-¢ and the Standard k-w turbulence models on
the aerodynamic performance of the NACA 4415 airfoil. However, in the
field of projectile design, to the best of the author's knowledge, there is still
no published work dedicated to the comparative analysis of the
performance of different turbulence models in studying flows around a
spin-stabilized projectile.

Therefore, inspired by the above literature review conclusion, the
main objective of this research is to study the comparative performance of
five widely used turbulence models, namely, the Spalart-Allmaras, the
Standard k-¢, the Realizable k-¢, the Standard k-w and Menter's SST k-w
turbulence models, in prediction of the aerodynamic drag coefficient of a
spin-stabilized projectile for better understanding the turbulence models'
ability to predict the drag acting on a generic projectile stabilized by
spinning. The M118 projectile is chosen for the present study because its
aerodynamic data obtained experimentally has been published in the open
literature and can be used for validating the simulation results.

Mathematical model

Governing equations

The continuous flow around a projectile is described by the 3D Navier-
Stokes conservation equations as follows:
The conservation of the mass:
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where p is the air density, u; is the i-th component of the velocity vector,
x; is the i-th component of the position vector, p is the air pressure, e is
the specific internal energy, and h is the specific enthalpy, g, is the j-th
component of the heat flux vector, and o is the stress tensor.

The Navier-Stokes equations are resolved using the RANS method
coupled with one of the following turbulence models.

Spalart-Allmaras model

The one-equation Spalart-Allmaras turbulence model was originally
presented in 1992 and has been widely used in aerospace and defence
industry (Spalart & Allmaras, 1992). Its transport equation is as follows:
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where v is the eddy viscosity, 4, is the turbulent viscosity coefficient, C,,
is a constant, G, is the production term, Y is the destruction term, and
S, is the user-defined source term.

The turbulent viscosity coefficient y, is determined as follows:
3

~ v
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The production term G, is given by:

118



X
1+ xf,

where C,, and Kk are constants, d is the distance from the wall, f,, and
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/., are damping functions, and S is a scalar measure of the deformation
tensor and is determined as follows:
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The destruction term is calculated as follows:
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C,. C,, and C , are constants. The values of the model constants were
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prowded by Spalart and Allmaras (Spalart & Allmaras, 1992).

Standard k- model

The k-¢ turbulence model was proposed by Launder & Spalding
(1974). It enables to take into account turbulent eddy viscosity using kinetic
energy k and dissipation rate €. These parameters are defined by:
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where the function Py is defined as:
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where k is the kinetic energy, ¢ is the dissipation rate, Ej; represents the
component of the rate of deformation, and p; represents the eddy viscosity.
Cy., C2, 0k and o. are constant numbers: Cs.= 1.44, Co.= 1.92, 0x =1.00
and o.= 1.30.
The turbulent viscosity coefficient y; is calculated using the equation

below:

2 (13)
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where the parameter C, is a constant number, C, = 0.0845.

Realizable k-€ model

The Realizable k-¢ is a modification to the Standard k-¢ turbulence
model to enhance its performance. It was first presented by Shih et al.
(1994). The transport equations for k and ¢ of this model are given as
follows:
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kinetic energy due to the mean velocity gradients; G, is the turbulence
kinetic energy due to the buoyancy; Y,, is the contribution of the fluctuating
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dilatation on compressible turbulence to the overall dissipation rate; S,

and S, are the user-defined source terms; and C,, C,
constants of the model (Shih et al, 1994).

Standard k-w model

The Standard k-w model is a two-equation turbulence model
developed by Wilcox and first introduced in 1998 (Wilcox, 1998). It is based
on the turbulent kinetic energy k and the specific dissipation rate w. The
transport equations for k and w are as follows:

and C;, are
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where G, is the turbulence kinetic energy due to the mean velocity

gradients; G, is the generation of w; I', and I'  are respectively the
effective diffusivity of k and w; Y, and Y,, are respectively the dissipations
of k and w due to the turbulence; and §, and S, are the user-defined
source terms.

I', and I' | are defined as follows:

To=p+te r =ps e (18)
o, o

«

where o, and o, are respectively the turbulent Prandtl numbers for k and

w, and the turbulent viscosity is determined through the following
expression:

« pk
w=a = (19)
0]
The turbulence kinetic energy G, is calculated as:
—— Ou,
G, =—puu, — (20)
T ox

The quantity G, is defined as:
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where a and a* are the closure coefficients of the model (Wilcox, 1998).
The dissipations Y, and Y,, are determined as follows:

Yo =pB [ ko, Y, =pB f o (22)
The values of the model constants are: 0,1=1.176, 0w,1= 2.0, Ok,2
=1.0, 0w,2=1.168, fi1=0.075, $i2=0.0828, B*=0.09, k = 0.41.

Shear Stress Transport (SST) k-w model

The SST k-w turbulence model was introduced by Menter (1994). It
is a two-equation eddy-viscosity model which has been used for a wide
variety of aerodynamic applications. This turbulence model blends the k-¢
and the k-w models to combine their advantages. The two transport
equations are defined as follows:

0 0 0 ok

—(pk)+—(pku,)=—| T, — |+ G, =Y +S 23
0 0 0 ow
< 2 (pou)=-21 %+G ~-v,+D, +S 24
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Here D, is the the cross-diffusion term.
The turbulent viscosity coefficient u; is computed as follows:

pka,

My = (25)
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where a; is a constant of the turbulence model, S is the strain rate
magnitude, and F2 is a blending function.
In the SST k-w model, the turbulent Prandtl numbers ox and o, are
defined as:
B 1 B 1 (26)
TR _1-F %R 1-FR
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Oir1 O o

w1

O-w,Z

where F; is a blending function and o,,, o,,, 0

ol?
constants.
The parameters G, and G, are defined as:

and o, ,are
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G, = min(G,.10pf ko), G, =G, 27)
U[

where ﬂ* is a constant the value of which is 0.09, v, =k / .

The cross-diffusion term D, is determined as follows:
D, =2(1-F,)po,,~ 252 (28)
“w éxj 8xj
The values of the constants in the SST k-w model are as the same
as of the constants in the Standard k-w model.

Projectile geometry

The 7.62mm M118 sniper projectile has been widely used and its
aerodynamics has been studied experimentally (McCoy, 1988). Therefore,
this projectile will be used for the evaluation of the turbulence models. The
M118 projectile configuration reproduced from published work (McCoy,
1988) is presented in Figure 1 (all measurements are in mm). The total
length of the bullet is 32.76mm. The bullet bearing cylinder diameter is
7.82mm. The bullet secant ogive nose is 16.89mm in length with a 55mm
radius. Additionally, the 9.30-degree filleted boattail is 5.78mm of length
and the meplat diameter is 1.40mm. The projectile 3D model created using
Inventor 2021 software (Figure 2) is imported into Ansys Fluent for the
subsequent numerical simulation.

18.76 N
) \_\\

= Ay -1

sl -l ] - %

— 3

_’-""J_Fd—x- ;;;
7
16.89 578

32.76

Figure 1 — M118 projectile dimensions (in mm)
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Figure 2 — 3D geometry model of the M118 projectile

Computational approach

Computational domain

The numerical simulation of the flow around the projectile was
performed using the Ansys Fluent package (Matsson, 2023). A
rectangular computational domain is adopted in this research as
illustrated in Figure 3. The computational domain has to be large
enough to capture the complex features of the flow around the
projectile. Hence, in this study, the dimensions of the computational
domain are set to a length of 50L, a height of 10L, and a width of 10L.
Here L is the total length of the projectile (L = 32.76mm).

Solver setup and boundary conditions

The simulation employed the pressure-based solver and the finite
volume method with the second order of accuracy for pressure, density,
momentum, and turbulent kinetic energy. The Coupled algorithm was
adopted in this study. The air is considered the ideal gas. The air
viscosity model is the three component Sutherland model. The
computational domain was set with the following boundary conditions:
inlet, outlet, and wall. For the inlet flow, static pressure, static
temperature and velocity were defined. The static pressure was set for
the outlet flow. The wall was established as non-slip. The atmosphere
parameters were set as follows: pp= 101325Pa and T, = 288,16K. The
convergence criterion was set to 103 to the residuals of the solution.
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Figure 3 — Computational domain

Results and discussion

The numerical determination of the aerodynamic drag coefficient of
the M118 projectile was performed at subsonic and supersonic speeds
using five different turbulence models, namely, the Spalart-Allmaras, the
Standard k-g, the Realizable k-g¢, the Standard k-w and the SST k-w
turbulence models to investigate their ability to describe the flows around
a generic spin-stabilized projectile.

Comparative performance of the turbulence models at
subsonic flow

To evaluate the performance of different turbulence models at the
subsonic flow, the aerodynamic zero-yaw drag coefficient was computed
at the Mach number of 0.8 using the five abovementioned turbulence
models. First, a mesh independence study was conducted to ensure that
the simulation result is not affected by the mesh size. In the process of
mesh generation, the dimensionless distance y+ was set below 1 for the
Spalart-Allmaras, the Standard k-w, and the SST k-w turbulence models
to better resolve the turbulent boudary layer. In the case of the Standard
k-¢ and the Realizable k-¢ models, the y+ value was maintained at around
30 for better wall treatment with wall functions. The mesh size was then
gradually increased by adjusting the size of elements on the projectile
surface and in the computation domain to get better resolution. The
computation results of the zero-yaw aerodynamic drag coefficient (Cy) of
the M118 projectile for different turbulence models and mesh sizes are
presented in Table 1.
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Table 1 — Computational drag coefficients obtained with different turbulence models
and mesh sizes at Mach 0.8

Turbulence models Mesh size C
(Million elements) d
0.326 0.168
2.514 0.131
Spalart-Allmaras
3.653 0.128
5.273 0.128
0.326 0.175
2.514 0.127
Standard k-w
3.653 0.113
5.273 0.113
0.326 0.158
2.514 0.119
SST k-w
3.653 0.114
5.273 0.114
0.309 0.167
2.392 0.125
Standard k-¢
3.266 0.118
4.886 0.118
0.309 0.163
2.392 0.116
Realizable k-¢
3.266 0.110
4.886 0.110

It can be seen from Table 1 that for the Spalart-Alimaras, the Standard
k-w and the SST k-w turbulence models, from the mesh size of 3.653
million elements, the drag coefficients remain unchanged with the
subsequent increase of the mesh size. Meanwhile, for the Standard k-¢
and the Realizable k-¢ models, from the mesh size of 3.266 million
elements, the drag coefficients also remain unchanged with the
subsequent increase of the mesh size. Consequently, the drag coefficients
with the mesh sizes of 3.653 and 3.266 million elements can be taken as
computational drag coefficients for the respective investigated turbulence
models. The drag coefficient of the M118 projectile obtained
experimentally is 0.132 (McCoy, 1988). The comparison of the drag
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coefficients obtained computationally against the experimental data is
presented in Table 2.

Table 2 — Comparison of the computational drag coefficients with different turbulence
models against the experimental data at Mach 0.8

Computational Experimental .
Turbulence models Difference
Cd Cd

Spalart-Allmaras 0.128 3.0%
Standard k-w 0.113 14.4%
SST k-w 0.114 0.132 13.6%
Standard k-€ 0.118 10.6%
Realizable k-¢ 0.110 16.6%

Obviously, the drag coefficient obtained with the Spalart-Allmaras
model is the closest to the experimental value (the discrepancy is only
3.0%), while the differences between the drag coefficients obtained with
four remaining turbulence models and the experimental value are greater
than 10%. Additionally, the Realizable k-¢ has shown the lowest prediction
of the drag coefficient. The Standard k-w and the SST k-w turbulence
models have given similar values of aerodynamic drag coefficients. Except
the Spalart-Allmaras model, the remaining models have a significantly
underpredicted aerodynamic drag coefficient. Overall, it can be concluded
that the Spalart-Allmaras is the most adequate turbulence model to predict
the aerodynamic drag of a spin-stabilized projectile at subsonic speed.

Comparative performance of the turbulence models at
supersonic flow

In this section, the aerodynamic zero-yaw drag coefficient of the M118
projectile was obtained using CFD simulation at the Mach number of 1.8
with five turbulence models of interest and compared against experimental
data to assess the capability of each turbulence model at the supersonic
flow regime. The research strategy used previously for the subsonic flow
is also adopted for the supersonic flow here. In the end, the simulation
results of the aerodynamic drag coefficients with different turbulence
models and mesh sizes are presented in Table 3.

Clearly, the mesh independence study has indicated that from the
mesh sizes of 3.653 million elements for the Spalart-Allmaras, the
Standard k-w and the SST k-w models and of 3.344 million elements for
the Standard k-€ and the Realizable k-&¢ models, the subsequent additional

127

Nguyen, Q. T., A comparative study of turbulence models for predicting the aerodynamic drag of a spin-stabilized projectile, pp.115-135



EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 1

mesh refinements will not change the simulation results. Therefore, the
aerodynamic drag coefficients obtained with these mesh sizes can be
accepted as the computational drag coefficients for the respective
turbulence models.

Table 3 — Computational drag coefficients obtained with different turbulence models
and mesh sizes at Mach 1.8

Turbulence models Mesh size C
urbu
(Million elements) d
0.326 0.389
2.522 0.377
Spalart-Allmaras
3.653 0.374
5.273 0.374
0.326 0.370
2.522 0.345
Standard k-w
3.653 0.328
5.273 0.328
0.326 0.369
2.522 0.351
SST k-w
3.653 0.348
5.273 0.348
0.311 0.382
2.436 0.352
Standard k-¢
3.344 0.348
4,963 0.348
0.311 0.380
2.436 0.338
Realizable k-¢
3.344 0.335
4.963 0.335

To assess the performance of the turbulence models, the
computational aerodynamic drag coefficients are compared to the
experimental data (McCoy, 1988) as presented in Table 4.

It is evident that the drag coefficients obtained using the SST k-w, the
Standard k-¢ and the Realizable k-¢ models are the closest to the
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experimental value with the discrepancies of 2.0%, 2.0% and 1.8%,
respectively. The Spalart-Allmaras model has significantly overpredicted
the aerodynamic drag with the discrepancy of nearly 10%, meanwhile the
Standard k-w has slightly underpredicted the aerodynamic drag with the
discrepancy of 3.8%. Therefore, these observations lead to the conclusion
that it is appropriate to apply the SST k-w, the Standard k-¢ or the
Realizable k-¢ turbulence model in predicting the aerodynamic drag of a
spin-stabilized projectile flying at supersonic speed.

Table 4 — Comparison of the computational drag coefficients with different turbulence
models against the experimental data at Mach 1.8

Turbulence models Computational Experimental Difference
Cd Cd
Spalart-Allmaras 0.374 9.7%
Standard k-w 0.328 3.8%
SST k-w 0.348 0.341 2.0%
Standard k-¢ 0.348 2.0%
Realizable k-¢ 0.335 1.8%

Conclusion

In this study, the comparative performance of five distinct turbulence
models in predicting the aerodynamic drag coefficient of the M118
projectile at subsonic and supersonic flows was numerically investigated.
In summary, the following conclusions can be drawn from the study:

Firstly, CFD is a powerful numerical tool to study the flow around
projectiles as well as to predict their aerodynamic characteristics. The
obtained simulation results have shown a good agreement with the
experimental data measured from spark range firings.

Secondly, the turbulence models perform differently at different flow
regimes. In general, the Spalart-Allmaras is the most suitable turbulence
model for the subsonic flow, meanwhile the Standard k-g, the Realizable
k-¢ and the SST k-w turbulence models are recommended for the
supersonic flow regime.

The findings in this study provide necessary guidance for the selection
of an appropriate turbulence model to predict and analyze the
aerodynamic characteristics of a spin-stabilized projectile. The
comparative result obtained in the present research is a significant
contribution to the field of computational aerodynamics for better
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understanding the capability of the available turbulence models in the
RANS approach.

Future work

Although the presented study has shed light on some questions
regarding the performance of five most widely used turbulence models on
the aerodynamic drag coefficient prediction, further work needs to be done
to establish whether each of the turbulence models is suitable for
predicting dynamic aerodynamic coefficients, such as roll-damping
moment coefficient, pitch-damping moment coefficient, Magnus force and
moment coefficients of a spin-stabilized projectile. Therefore, further
analysis of dynamic aerodynamic coefficients would be recommended for
a deeper understanding of the ability of the existing turbulence models.
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Un estudio comparativo de modelos de turbulencia para predecir la
resistencia aerodinamica de un proyectil estabilizado por giro
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Universidad Técnica Le Quy Don, Facultad de Equipos Especiales,
Hanai, Republica Socialista de Vietnam

CAMPO: inger]ierl'a mecanica, dinamica de fluidos, balistica exterior
TIPO DE ARTICULO: articulo cientifico original

Resumen:

Introduccidén/objetivo: En esta investigacion, se analizé la influencia de
diferentes modelos de turbulencia en la predicciéon de la resistencia
aerodinamica de un proyectil genérico estabilizado por giro. Los modelos
de turbulencia elegidos para la investigacion fueron Spalart-Allmaras de
una ecuacion, los modelos de dos ecuaciones Standard k-¢, Realizable k-
&, Standard k-w y SST k-w. El proyectil especial de francotirador M118 se
selecciond para el estudio.

Métodos: Los flujos alrededor del proyectil se simularon numéricamente
utilizando ecuaciones RANS integradas en el software ANSYS Fluent con
diferentes modelos de turbulencia. La simulacién numérica se llevé a cabo
a varios numeros de Mach para estudiar el efecto de los modelos de
turbulencia en la prediccion de la resistencia aerodinamica del proyectil.
Los resultados computacionales se compararon con los datos
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experimentales disponibles para evaluar la capacidad de los modelos de
turbulencia.

Resultados: Los resultados de la investigacion han demostrado que los
modelos de turbulencia afectan significativamente los resultados de la
simulacién numérica. ElI modelo de turbulencia de Spalart-Allmaras
funciona mejor que otros modelos en el régimen de flujo subsoénico. Los
modelos Standard k-¢, Realizable k-€ y SST k-w funcionan mejor que otros
modelos en el régimen de flujo supersonico.

Conclusién: La dinamica computacional de fluidos es una herramienta
poderosa para analizar la aerodinamica de cuerpos voladores. Al
seleccionar adecuadamente los modelos de turbulencia, se puede
investigar con precision el flujo alrededor de los cuerpos voladores. En el
caso de proyectiles genéricos de ojiva-cilindro-cola de barco, por un lado,
el modelo de Spalart-Allmaras es adecuado para el flujo subsoénico, y por
otro lado, se recomiendan los modelos Standard k-¢, Realizable k- y SST
k-w para el régimen de vuelo supersoénico.

Palabras claves: modelos de turbulencia, Ansys Fluent, proyectiles
estabilizados por giro, flujo subsénico, régimen de vuelo supersénico.

CpaBHMTeanoe uccrnegosaHne  mMoaenen Typ6y1'IeHTHOCTVI anda
NPOrHO3npoBaHnA aspogunHaMU4eCKoro CconpoTumeIiieHNA CHapaga
CTa6VIJ'II/I3I/IpyeMOFO BpaLlleHnem

KyaHe TyaH HryeH

[ocypapcTBeHHbIN TexHUYeckuit yHusepcuteT uMm. Jle Ky [loHa,
hakynbTeT cneumnanbHOro MalMHOCTPOEHHS,
r. XaHon, Counanuctnyeckasi Pecnybnuvka BeeTHam

PYBPUKA 'PHTW: 30.17.33 Na3oBas AnHamuka,
30.17.53 MNMpuknagHas aspoguHammka
B[O CTATbW: opurmHanbHasa HayyYHas ctaTbsl

Peswome:

BeedeHue/uenb: B daHHOU cmambe uccriedo8aHo 8rusiHUe passuyHbIX
modernel mypbyneHmHocmu Ha MpO2HOo3Upo8aHuUEe
aspoduUHaMU4YecKoz20 cornpomusesieHuss cHapsida, cmabunuaupyemoao
gpaujeHuem 80Kpye npodosibHoU ocu. [ns nposedeHus uccriedogaHusi
6binu  8blbparbl  criedyrouwue modenu mypbyneHmHocmu: mModersib
Cnanapma-Annmapaca ¢ 00HUM ypasHeHuemMm, modesnb Standard k- ¢
dsymsi ypasHeHusimu, Realizable k-¢, Standard k-w u SST k-w. B
Kkadecmee cHapsida bbi1 8bibpaH crieyuarnbHbIl cHalinepcKul nampoH
M118.

Memodei: lMomoku 80OKpye2 cHapsidos bbiu YUCIIEHHO
npoaHanu3uposaHbl €  uUcrosib3ogaHueM  ypasHeHuli  RANS,
UHMeepuposaHHbIX 8 rnpozpammHoe obecrnieyeHue ANSYS Fluent ¢
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pasnuyYyHbIMU modensamu mypb6yneHmHocmu. YucrneHHoe
modenuposaHue bbirio npogedeHO npu pasuyHbix 4qucnax Maxa ¢
uenblo  u3yyeHus  enusiHuUs  modenel  mypbyneHmHocmu  Ha
npoeHo3uposaHUe aspoOUHaMUYECKO20 COornpomueneHuss cHapsoos.
Ana nposepku modenupogaHusi pes3ynbmambl 6bl4UC/IeHul bbiiu
CpasHeHbI C UMEOUUMUCS 3KCepuMeHmarsbHbIMU OaHHbIMU.

Pe3ynbmamei: Pe3ynbmamsi uccnedoeaHull nokasasnu, 4mo modesu
mypbyneHmHocmu  OKasblealom  CyU,eCMEEHHOEe  8/lUsSHUe  Ha
pesynbmama! YucreHHo20 MOOesnupoBaHUs. Modenb
mypbyneHmHocmu Cnanapma-Annmapaca pabomaem sydwe Opyaux
modenel ripu 0038yKosoM pexxume medeHus. Modenu Realizable k- u
SST k-w rokasanu nyqwue pe3ynbmambl rpu C8epX38YKOBOM peXXUMe
me4yeHus.

Bbi800kbI: BbiqucniumernbHas eudpoduHamuka sensemcsi
ahpekmusHbIM  UHCMpPYMeHmoM O aHanu3za as3poOuHaMUKU
nemsawux men. [lymem coomeemcmsyrouwezo ebibopa modenel
mypbyneHmHocmu Ha pa3HbIX CKOPOCMSX MOXHO C MOYHOCMbIO
ucnbimame MOMOK 80Kpye nemsawux mesn. C odHoU cmopoHbl, Ons
Clly4aes8 murosbix CHapsi008, Makux Kak 0XueasibHO-YUMUHOPUYeCKO-
KoHu4veckul (boat tail), modens Cnanapma-Annmapaca nodxodum Ons
0038yK08020 pexxuma medyeHusi. C Opyeol cmopoHbl, Modenu Standard
k-w, Realizable k-¢ u SST k-w pekomeHOytomcs O c8epx38yKO8020
pexuma meyeHus.

Knwouesbie cnoea: modenu mypbyneHmHocmu, Ansys Fluent,

cmaburnu3upyembie 8pauweHueMm CcHapsiObli, 0038yKO8OU  MOMOK,
c8epx38yK080U pexxum rnosema.

KomnapatuBHa cTyavja mogena TypbyneHuuje 3a npegsuhare
aepoanHaMuUYKor 0Trnopa KoA npojekTuna ctabunm3oBaHor potaunjom
OKO y3ayXHe oce

KeaH TyaH HyweH

[p>XaBHU TeXHWYKN yHUBEP3nTET ,Jle Kyn [JoH”,
dakynTeT cneuujanHor MalVHCTBA,
XaHoj, Coumnjanuctnyka Penybnuka BujeTHam

OBJIACT: mMalmHCcTBO, AMHaMKKa drynaa, cnorbHa banuctuka
KATETOPWJA (TWUM) YITAHKA: opurnHanHu Hay4Hu paj

Caxemak:

Yeod/yurb: Y 080M ucmpaxkusarby aHanusupaH je ymuuaj pasnudumux
molena mypbyneHyuje Ha npedsufarbe aepoduHamuykoe omriopa
2eHepuyKoe npojekmurna cmabunu3oeaHoa pomayujom oKo y30yXHe oce.
Modenu mypbyneHuuje Koju cy odabpaHu 3a ucmpaxusare bunu cy
Spalart-Allmaras-oe modern ca jeOHoM jeOHa4yuHoOM, Kao u Modesnu ca dge
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jedHauuHe: Standard k-€, Realizable k-¢, Standard k-w u SST k-w. 3a
cmydujy je odabpaH crieyujanHu cHajriepcku memak M118.

Memode: YpaheHa je Hymepudka cumynayuja cmpyjarka oOKo rnpojekmurna
nomohy RANS jeGHa4uHa uHmezpucaHux y cogpmeepy ANSYS Fluent ca
pasnuyumum Modenuma mypbyneHuuje. Hymepudka cumynauuja je
ussedeHa 3a pasnudume 6pojese Maxa padu npoydyasara ymuuaja
molena mypbyneHyuje Ha npedsuhare aepoduHamuykoe omropa
npojekmuna. Pe3ynmamu rnpopadyHa yriopefieHu cy ca OocmyrnHUM
ekcriepuMeHmarnHumM rnodauuma padu rnpoueHe moderna mypbyrneHyuje.

Pesynmamu: [lokaszaHo je 0a modenu mypbyrneHuuje umajy 3HadajaH
ymuuaj Ha pe3ynmame Hymepudke cumynauuje. Spalart-Allmaras-os
molen mypbyrneHuuje roka3ao ce 6orbu 00 Opyaux mModena y pexumy
rnodseyyHoe cmpyjawa, 0ok cy Mmoldenu Realizable k-€ u SST K-w
egbukacHujuod dpyaux modena y pexumy CyrnepCoHUYHO:2 cmpyjarba.

Sakrbyyak: PadyyHapcka OuHamuka cbriyuda je mohaH anam 3a aHanusy
aepoduHamuke merna y siemy. Cmpyjarbe OKO merna y Jiemy Moxe ce
npeyusHo ucrnumamu nomohy odzosapajyhez usbopa Mmodena
mypbyneHyuje. Kod murosa aeHepuyKkux rpojekmurna, ca OXueaslHO-
UUNMUHOPUYHUM U OefTUMUYHO KOHYCHUM 3adHum Oeriom (boat tail), moden
Spalart-Allmaras je nozo0aH 3a 0d38y4YHU PEXUM cmpyjarsa, OOK Cy, C
Opyae cmpaHe, modenu Standard k-w, Realizable k- u SST K-w no2odHuju
3a pexxum Hadsgy4yHoe cmpyjarba.

KmbyuHe peyu: modenu mypbyneHuyuje, Ansys Fluent, npojekmurnu
cmabunusogaHu pomauyujom oko y30yxHe oce, Nod3syyHO cmpyjare,
pexum Had3gyyHoe fiema.
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