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INFLUENCE OF TURBULENCE MODEL
ON EXACTNESS CALCULATION OF WING AERODYNAMICS
IN SUBSONIC STREAM

The analysis of some modern methods which provide the numerical simulation of the subsonic
turbulent viscous flow with the complicated geometrical configuration bodies according to the ""time-
exactness" criterion is conducted. The three-dimensional simulation of viscous incompressible flowing
around of wing with the profile of NACA-23012 by the finite elements method using six turbulence
models is executed. The models used are the model of Spalart-Allmaras, the standard k-¢ model,
Menter model of Shear Stress Transport, the models of Large Eddy Simulation and Detached Eddy
Simulation, the model of Scale Adaptive Simulation. Some of these turbulence models features,
advantages and disadvantages are mentioned. In the issue of numerical research the diagrams of drag,
lift and wing torque coefficients versus the angle of attack in the range of -8 + 26 degrees at the value of
Reynolds number 4.4-10° are got. The compared of the expected wing aerodynamic parameters to the
results of Central Aero- and Hydrodynamic Institute (TSAGI) experiment is executed. The table of the
calculating error values between the wing lift (numerical calculation) and similar data of aerodynamic
experiment at the critical angle of attack is put. For the considered class of three-dimensional problems
of flow with the complicated geometrical configuration objects by the viscous incompressible flow the
models of turbulence which provide the minimum of the calculation time and the maximum of the got
results exactness are recommended. Such advisable models are the model of Spalart-Alimaras and k-®
Menter model of Shear Stress Transport.

Key words: incompressible flow of the viscous liquid, finite elements method, turbulence model, flow
around the wing profile, boundary layer, three-dimensional simulating, drag, lift, torque, angle of attack.

IIpoBegen aHanuM3 N0 KPUTEPHI0 «BPEMSA-TOYHOCTbY» HEKOTOPBIX COBPEMEHHBIX METO/AOB,
o0ecrneyuBalOIIMX YHCJICHHOE MOJCIHPOBAHNE J03BYKOBOIO TYpPOYJICHTHOrO BSI3KOr0 O0TEKAHUS TeJ
CI0KHOI reoMeTpuyeckoil KoH$urypanuu. BpinoHeHO TpexmepHoe MOJeIHPOBAHHE OOTeKaHUS
KpbLIa ¢ npoduiiem NACA-23012 BA3Koii Hec:KHMaeMoi 'KUIKOCTHI0O METOI0M KOHEYHBIX 3JIEMEHTOB C
NpUMeHeHHeM IIeCcTH Mojeeil TypOyJjeHTHocTH: Moieau Cnanapra-AJuiMapaca, cTaHAapTHoi k-g
MOJieJIM, MOe/IM CABMIOBbIX HampsikeHuil MeHTepa, MoJesell KPYNHbIX M OTCOeJMHEHHBIX BHXpeW,
MoOJeJIH aIANTHBHBIX MacIITa00B. B nepeunciieHHbIX MOJeJISIX TYpOYJIEHTHOCTH OTMe4YeHbI HEKOTOpbIe
HX 0COOEHHOCTH, IPEUMYLIECTBA H HeJ0CTATKU. B pe3yjbTaTe YHCIeHHOT0 MOACJIMPOBAHHUS MOJIYYeHBI
rpajpuyeckne 3aBUCUMOCTH K03 (PUIMEHTOB a3POAMHAMHYECKOI0 CONPOTHBJICHHUS, ObEMHON CHJIbI
W MOMEHTa BpallleHHsi KpblJa OT yrja aTaku B AHana3oHe —8 + 26 rpaaycoB mpH 3HA4YeHHH YHCJIa
Peiinoabaca, pasHom 4.4-105. BbIno/iHEHO CpaBHEHHE PACCUMTAHHBLIX  AIPOAMHAMHYECKHX
XapaKTepPUCTHK KpbLIa ¢ pe3yJbTaTaMH a3pPOJUHAMHUYECKOro 3IKcnepuMmeHTa lleHTpajabHoOro
asporuapoauHammuyeckoro uHcerutyra (LHAT'M). IlpuBenena Ta0dJMua NOrpelIHOCTH OTKJIOHEHMIt
KO3QpUUMEeHTAa NOABEMHON CHJIbI KpblLIa (YUCAEGHHBIH pacyer) OT AHATOTMYHBIX JAaHHBIX
23POAMHAMHYECKOr0 JKCHepHMEHTAa NMPU KpUTHYecKOM yrie artaku. s paccMOTpeHHOro KJjacca
TpexXMepHBIX 33124 00TeKaAHUs TeJ CJI0KHOH reoMeTpHYecKoil KOH(pUIrypauuu BsI3KOH Hec:KMMaeMoii
JKHAKOCTBI0 PEKOMEHI0BAHbI MOJeJH TYPOYJEHTHOCTH, OfecleYHBaIMe MUHMMH3ALUI0 BpPeMEHH
NpPOBEICHUs] PacyeTOB M HAWOOJIBIIYI0 TOYHOCTH IOJYy4YaeMbIX Ppe3yabTaToB: Mojaeab Cnanapra-
AJuiMapaca u MojIeJib CABUTOBBIX Hanpsikenuit K- SST MenTepa.

Ki1roueBble ¢jI0Ba: HEC)KMMAaeMOE TEUEHUE BS3KON JKUAKOCTU, METOA KOHEUYHBIX 3JIEMEHTOB, MOJEIb
TypOyJNeHTHOCTH, oOOTeKaHHe NpPOGWIS KpbUla, IIOTPAHWYHBIN CIIOH, TpPeXMEpHOe MOJEINpOBaHUE,
a’pOIMHAMHUIECKOE CONPOTHBIIEHNE, MOABEMHAs CHJIa, MOMEHT BPAIICHHS, YTOJI aTaKu.

I[IpoBeneHo aHami3 3a KPUTEPIEM «YAC-TOUHICTH» JEAKHX CYYACHUX MeETOIIB, 110 320e3MevYyoTh
YyHceJdbHE MOJAEJIOBAHHS JI03BYKOBOr0 TYPOYJEHTHOr0 B’A3KOr0 OOTiKaHHSA Tidl CKJIAAHOL
reoMeTpu4HoOi KoH(irypauii. BukonaHo TpuBuMipHe MoAe/IOBaHHA OOTIKaHHA Kpuia 3 mnpodisem
NACA-23012 B’SI3K0I0 HECTHCJIMBOIO PiIMHOI0 METOAOM CKiHYEHHHX eJIeMeHTIiB i3 3acTocyBaHHSM
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mecTd Mojgeneil TypOyJjaeHTHOCcTi: Moneni Cnaaapra-Ajuimapaca, cranaaptHoi k-¢ mopeni, mogesni
3CYBHHUX Hampy:xeHb MeHTepa, Mojeneil BeJHKHX Ta Bil‘€IHAHUX BHXOpiB, MoJesli aJaNTHBHHX
MacmiTadis. B nepepaxoBaHux MojesX TypOy/J1eHTHOCTI Bii3HaueHO Aesiki iX oco0auBOCTi, mepeBaru
Ta HedoJiku. B pe3yabTaTi YHceIbHOr0 MOJe/TIOBAHHSI OTPHMAaHO rpagivHi 3ajae:xHocTi koediuieHTiB
aepoAMHAMIYHOI0 OIOPY, MiAHOMHOI CHJIM TA MOMEHTY 00epTaHHSl KPWJa BiJl KyTa aTaku B Aiana3oni
-8 + 26 rpanycie npm 3HadvenHi umcaa Peiinonbaca, mo gopiBuioc 4.4:10°. BuxoHano mopiBHsSHHS
PO3pPaxOBaHHX AaePOAMHAMIYHHMX XapPaKTePHCTHK KpHWJIa 3 pe3yJbTaTaMH aepoINHAMIYHOIO
exciepumenty IlenTpanbHoro aeporigpoaunamiunoro incruryty (LJAI'I). HaBeneno Ttalauimio
NoXUOKHU BiixuieHb KoedinieHTY MiniioMHOI cHiiM KpuJa (YMceIbHUN PO3PaxXyHOK) BiJ aHAJIOTiYHHX
JaHHUX AePOJAMHAMIYHOrO eKCIepHMMEHTY NpPH KPUTUYHOMY KYTi aTaku. LIl posrisHyToro kJjacy
TPUBMMIPHUX 3a1a4 OOTiKAHHSA Tl CKJIAAHOI reoMeTpuM4HOi KOH(irypauii B’A3K0I0 HeCTHCIMBOIO
PiAMHOI0 peKOMEHI0BAaHO MojeJi TypOy/J1eHTHOCTI, 10 3a0e3Mmeuy0Th MiHiMi3alilo yacy mpoBeaeHHs
PO3pPaxyHKiB Ta HalOlIbIIY TOYHICTH OTPUMAHHUX pe3yabTaTiB: Moaeab Cnanapra-AJuiMapaca Ta
MOJe/b 3CyBHHX Hampy:keHb k-0 SST Menrepa.

KnrouoBi cioBa: HecTmcnmBa Tedis B’S3KOI PIOWHHM, METOX CKIHUCHHHX €JIEMEHTIB, MOJENb
TypOyJleHTHOCTi, OOTikaHHS Tpo(pUII0 Kpwia, TOTPAaHWYHUHM [Iap, TPUBHMIpDHE MOJIEIIOBAHHS,
aepoAMHAMIYHMIT omip, MiAHOMHA cHla, MOMEHT 00epTaHHs, KyT aTaKH.

Introduction. Turbulence (from lat. turbulentus — stormy, disorderly) or turbulent
flow is a phenomenon consisting in the formation of numerous linear or nonlinear fractal
(self-similar) waves in a liquid or gas with an increase of the velocity higher than some
critical limit without the presence (and/or in a presence) of external, random, disturbing
environment forces [16].

The first systematic researches of laminar and turbulent flows were executed by
Osborn Reynolds [9], as a result of that Reynolds proposed a similarity law, later named
after him.

In the last decades, in spite of rapid development of computer technique it was not
succeeded to attain the reliable simulation of the real turbulent flows from chaotic nature
and three-dimensional character of appearing vortices. As marked in [10] for a turbulent
liquid are characteristic "shuttles of a velocity in all directions with the large number of
freedom degrees". For the account of such process use the turbulence models, that carry
semi-empiric character and based on average by Reynolds of Navier—Stokes equations
(Reynolds Average Navier—Stokes — RANS). Thus, the calculation of moving individual
vortices is substituted by the calculation of empiric values defining the averaged picture
of turbulence distribution [2].

Presently at the simulating of turbulence all greater distribution is got the methods of
direct numeral simulation (Direct Numerical Simulation — DNS), simulation of large
vortices (Large Eddy Simulation — LES) [1], and also methods of simulation of the
disconnected vortices (Detached-Eddy Simulation — DES) and simulation of adaptive scales
(Scale Adaptive Simulation — SAS). However, at the decision three-dimensional problems of
aerodynamics these methods require the considerable expenses of calculable resources [3,
12, 14]. Prognosis readiness of turbulence simulating is presented in Table 1 [11].

Formulation of the problem. In this paper, the possibilities of modern numerical
simulation by the finite element method of subsonic flow around a wing with a NACA-
23012 profile by incompressible viscous liquid are analyzed. A comparative analysis of the
wing integral characteristics (aerodynamic coefficients of drag, lift and torque) is performed
depending on the angle of attack using six models of turbulence: Spalart—Allmaras SA [12],
Menter's shear stresses k- SST (Shear Stress Transport) 7], the standard k-¢ model of
turbulence [6], the methods of modeling the adaptive scales SAS [8], the disconnected
vortices DES [13], large vortices LES [5]; as well as verification of the results of
calculations by comparison with the data of the aerodynamic experiment [4].
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Table 1

Calculable resources and prospects of practical application
of different methods to the simulating of turbulence [11]

Methods Nec(:;s:zmgggnsber N(;efcstf;s“;tnﬁmg:r Prognosis readiness®
3D Steady RANS 107 108 1985
3D Unsteady RANS 107 1035 1995
DES 108 104 2000
LES? 10115 1087 2045
DNS 106 1077 20803

1 Prognosis readiness — calculation of one variant during twenty-four hours on most powerful computer
from existent on the indicated period.
21t is LES with a near of wall RANS-simulating; in case of LES up to hard walls — expenses appear
comparable with expenses DNS.
30n a computer with the productivity in 1 teraflop the calculation time is 5000 years (FLOPS — from
the eng. — FLoating-point Operations Per Second — the off-system unit used for measuring of the computers
productivity and showing, how many operations with a floating point per a second execute this computer

system).

According to [4], the wing model had a rectangular shape in the plan with
dimensions of 1.8 m in span and 0.3 m in the chord. The ends of the wing model were
rounded according to the method adopted in TsSAGI: the radius of the fillet was equal to
half the thickness of the profile in the given section of the chord (Fig. 1).

The flow velocity was assumed to be 21.3 m/s, which corresponded to Re = 4.4-10°.
The angle of attack varied within o = —8 +26 degrees.

Fig. 1. Wing model with rounded end

Aerodynamic coefficients of drag, lift and torque were determined by formulas
(1-3), respectively:
3 X
pV2

FPl» g
5 OPL

Cx : 1)
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where X —drag; Y — lift; M - torque; C, — coefficient of drag; Cy — coefficient of
lift; m, - coefficient of torque; ¥V, - velocity at infinity; p — density of air;
Spr =Spr wing +Spr Frrr — Planed wing area without fillets (Sp; yyvg) and
with fillets (Sp; g777); L —wingspan.

Results. Using the finite element method and six turbulence models, the
aerodynamic coefficients of drag (C y ), lift (Cy ) and the torque (72 ) of the wing with

the NACA-23012 profile were obtained as a function of the angle of attack and compared
with the results of the TSAGI aerodynamic experiment [4] (fig. 2).

Comparative analysis of turbulence models. The Spalart-Allmaras turbulence
model SA was developed for the purpose of carrying out calculations in the space
industry and is a relatively new one-parameter model containing one equation for
turbulent viscosity transfer. The advantages of this model are the ease of implementation,
as well as good agreement of the parameters under study in the boundary layer of the
streamlined body with the results of the aerodynamic experiment. The coincidence of the
calculated aerodynamic coefficients of drag, lift and torque with the experimental values

is realized up to the angle of attack o.=22° (fig. 2, a).

During the calculations, a significant dependence of the obtained aerodynamic
characteristics on the degree of grinding of the calculated grid in the boundary layer of
the streamlined wing was found. More accurate results, this turbulence model can also be
obtained at low Reynolds numbers, which is its feature. It is noted in [15] that, due to
insufficient testing of this model, it is not recommended to use it for flows that drastically
change from a near-walled region to a free region with no tangential stresses, which is the
case in problems with separation of the boundary layer.

The standard k-¢ turbulence model contains two equations for determining the
transfer of the kinetic energy k and the dissipation rate €. The coefficients in the equations
are obtained by generalizing the experimental data, so the model is semi-empirical. In the
derivation of the model equations, the assumption of negligible molecular viscosity in the
flow was introduced, which indicates the applicability of the standard k-e turbulence
model only for fully developed turbulent flows far from the solid walls.

The aerodynamic coefficients of the wing obtained using this model are shown in
fig. 2, b. It can be seen from the graph that in the subcritical region, compared with the

experiment, the model is not workable: ACY¥"*=110% (a=11%), ACY*=17%
(a=12°), AmYAX = 21% (0=10°).
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Fig. 2. Aerodynamic characteristics Cx, Cy, m; of profile NACA-23012;
comparison of the TSAGI aerodynamic experiment [4] results

with numerical calculations using turbulence models: a — Spalart—Allmaras; b —standard k-¢;
¢ —k-o SST (Menter model); d —SAS; e -DES; f—-LES
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The shear stress model k-o SST is a version of the k-o model, which was created
by Wilcox [14] for the calculation of wall flows with boundary layer separation at low
Reynolds numbers. The k- SST model developed by Menter combines the best sides of
the k- and k-¢ models: the accuracy of calculating detached flows at low Reynolds
numbers in near-wall regions (the advantage of the k-o model), and also away from solid
walls (advantage k-¢ model). The results obtained using this model are shown in fig. 2, ¢
and have a higher accuracy than the results of the Spalart-Allmaras turbulence model
when calculating external flows to the critical angle of attack.

The model of large vortices LES is used to calculate turbulent flows with large-
scale vortex structures and is based on equations called "filtering" to exclude vortices that
are smaller than the size of the grid cell. The basic idea of this model is the local
averaging of the turbulent flow characteristics in bounded regions determined by the size
of the filter. Due to the high requirements imposed by this model on computing resources,
its practical applications are currently limited only to problems with a simple geometry of
the computational domain.

The method of adaptive scales SAS is an improvement of RANS averaging for
non-stationary flows. Like the LES method, the adaptive scaling method SAS adapts to the
structure of a non-stationary turbulent flow and allows localizing large vortices. Thus, in
the stationary case, the SAS method is similar to averaging RANS, otherwise it is LES.

The method of disconnected vortices DES combines the Reynolds simulation of
RANS with the LES large-scale vortex method. In this case, the Reynolds equations are
realized in the regions near the walls with the formation of the boundary layer, and in the
free flow with separation of the boundary layer and the dominance of large vortices, the
LES technique is used. The accuracy of the DES method increases with the Reynolds
number, so it is used mainly for high-speed external flows.

The aerodynamic coefficients of drag, lift and torque of the wing with the NACA-
23012 profile as a function of the attack angle for the turbulence models SAS, DES and
LES are shown in fig. 2, d-f, respectively. Comparison of the numerical results with
aerodynamic experiment data allows us to state that for the DES and LES models at

a <17° the deviation of the calculated aerodynamic coefficients of the wing from the
experimental data was not detected.

Table 2
The deviation of the lift coefficient of wing with NACA-23012 profile (numerical calculation)

in comparison with the analogous data of the aerodynamic experiment [4] at a = 17°
C
Turbulence Attack angle Y ‘ ‘ ‘ .
model « , degree . numerical AC)’ AC}’ %
experiment ;
calculation

SA 1.1243 0.03 2.61
k-¢ 1.0418 0.11 9.57
k-0 SST 1.1633 0.01 0.87
SAS 17 115 1.1563 0.01 0.87
DES 1.1518 ~0.00 ~0.00
LES 1.1533 ~0.00 ~0.00

In table 2, for the lift coefficient Cy , a deviation error is given when comparing the
turbulence models used in comparison with the aerodynamic experiment for the critical
attack angle . =17°.
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It can be seen from the table that the most accurate results in the boundary layer,
corresponding to the minimum error, allow obtaining modern methods for simulating large
(LES) and detached (DES) vortices, as well as hybrid non-stationary techniques (SAS), which
also take into account Reynolds averaging.

Conclusions. To carry out three-dimensional simulating of the external subsonic flow
by viscous incompressible flows around bodies of a complex geometric configuration, the
most optimal timing and accuracy of the obtained results can be adopted: the Spalart-
Allmaras model and the shear stress model k-o SST Menter.
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