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BeiBoabl. B pesynpraTte npeacTaBIeHHBIX HCCIEI0BaHUM MOTyYEeHbl COOTHOIIEHHUS,
MIO3BOJISIONIHE 10 KOA((GHUIMEHTY MOIIHOCTH (hru3ruecKoi MamomaciTabHoi Moaenn H-
poTopa IIOOBIX Pa3MepPOB, ONPEACTICHHOMY TIPH HCITBITAHUU MOJICTH B a3POITUHAMHYECKOM
Tpybe nmpm HHM3KMX 4Hciax Re, mporHo3mpoBaTh KO3()QUIMEHT MOLIHOCTH
TIOJTHOPA3MEPHOTO POTOpa, paboTarolIero MpH yuciax Re, npespmraromux 1-10°.
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DEPENDENCE OF THE PROFILE AERODYNAMIC
CHARACTERISTICS ON THE SURFACE HEATING
AT SUBSONIC VELOCITY OF FLOWING AROUND

IToka3zana aKTyaldbHOCTH 3aJa4H 10 COBEPIICHCTBOBAHMIO COBPEMEHHOI0 BO3AYIIHOIO
Tpancnopta. IIpoBeseH KpaTkmii 0030p HEKOTOPLIX padoT, NOCBAIIEHHBIX TeOPeTHYECKUM,
JKCMEePUMEHTAIbHBIM U YHCICHHBIM HCCJIeOBAHUAM BJIMSHHS TemJoo0OMeHa Ha a’poAMHAMHYECKHE
XapaKTepUCTHKH mNpoduisi kpplia npu ero odrekanuu. IlpuBeseHa MmaTeMaTH4yecKasi MoJelb
CONPSIKEHHOH 3a1a4d THAPOJMHAMUKHM M Temaioo0MeHa ¢ yderoM k-¢ mopmesn TypOy/a1eHTHOCTH.
BbinosiHeHO ABYMepHOe MOJEJHPOBAHUE A03BYKOBOro o0rexanust npopuiass NACA-23012 Bsaskoii
HeC:KMMAaeMOil JKHIKOCTBI0O MEeTOA0M KOHEYHBIX 3JIeMEHTOB ¢ IPUMEHeHHeM cTaHIapTHo# Kk-& Moxenau
TYpOYJIEHTHOCTH B HM30TepMHYeCKON NOCTAHOBKe, a TaK:Ke IPU Harpepe (OXJIaXKIeCHUM) HHKHeH
(BepxHeil) moBepxHocTeli mnpoduasi. B pe3yabTaTe 4YHCIEHHOT0 MOAEJHPOBAHUS TOJYYeHbI
rpaduyeckue 3aBHCMMOCTH KO3(ppuuMeHTa NOAbEeMHOM cH/Ibl 0T 4ucen Peiinoubaca B auamnasone
Re =10%+ 107 1as1 cayuyaeB M30TEPMHYECKOro 00TeKAHHsI, 2 TAK/KE NPH I0CJe10BATE]LHOM HArpeBe
BepXHeil 1 HIKHel moBepXHocTeil, cOoTBeTCTBYIOMIMX pasHocTu Temneparyp 100 K. s Re = 10* + 10°
NpUBEIECHbI KPHBbIE 23POAMHAMHYECKHX K03(¢HUUeHTOB npoduis HNpPH OJHOBPEMEHHOM Harpese
BePXHel M 0XJ1aXKICHUH HUKHEH MOBepXHOCTelH Npoduis o 0THOLICHUIO K TeMIepaType NOTOKAa «HA
0eCKOHEYHOCTH» JUISl Pa3HOCTH TeMIEpPaTyp MHoOBepXHocTell mnpoduias, Jexamux B AHANA30He
AT =0+100 K.
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Biausinue yBeqnueHusi KodPpuUIMEHTA NOABLEMHON CHIbI NPOoQuU/si oleHeHO 10 TPUBEIEeHHON
sapucumoctn ACy = ACy(AT) npu Re = 10%; 105, PexoMenI0BaH ONTUMAJILHBIN TENJIOBOH PEKAM TI0
KPUTEPHI0 KMUHUMAJIbHOE A3POIHHAMUYECKOE CONPOTHBIEHHE — MAKCUMAJIbHAS MOIbeMHAsl CUJIa» —
OHOBPeMeHHbIIf HAarpeB HUKHEH MOBEPXHOCTH MPO(HIISA U 0XJIaXkK/IeHHE ero BepXHeil 0BepXHOCTH.

KaioueBsble cioBa: HeC)KIMaeMOe TEUECHHE BSI3KOH JKUAKOCTH, METOJl KOHEYHBIX 3JIEMEHTOB, MOJIENb
TypOyleHTHOCTH, OoOTekaHne MpodWIs, TEIUIOOOMEH, TEMIIepaTypa, a’dpOoJMHAMHYECKOE CONPOTHBIICHHE,
MoIbEMHAsI CHJIa.

Iloxa3zana akTyajabHicTh 3a4a4yi 3 YAOCKOHAJIEHHI0O CYYACHOIO0 MOBITPSHOTO TPAHCHOPTY.
IIpoBeneHo KOPOTKHi OIrJIsIA AeSIKHX POOIT, MPHCBAYEHHX TEOPETHYHUM, eKCIepHMEHTAJbHHM Ta
YuCceJTbHUM JTOCTI/IZKEHHSIM BILTUBY TeNJIOOOMiHY HA aepoJAMHAMIYHI XapaKTepUCTHKH NPOoQiIio Kpuia
npu ioro odtikanHi. HaBegeno MmaTeMaTH4Hy MoieJb 3B'13aH0i 3a/1a4i rigpoaMHaAMiKK Ta Ten1000Miny
3 ypaxyBaHHsiM K-¢ Mogesi TypOyJeHTHocTi. BHkoHaHO ABOBHMipHe MO/Je/IIOBaHHS /03BYKOBOIO
odTikanHs npodino NACA 23012 B'13K010 HECTHCJIMBOIO PiIMHOI0 MeTOA0M CKiHYEHHHX eJIeMeHTIB i3
3aCTOCYBAHHSAM CTaHIApPTHOI K -¢ Mozesi TypOy/aeHTHOCTI B i30TepMiuHiii mocTaHOBIi, a TaKOXK NP
HarpiBi (o0Xo/10/:KeHHi) HMKHBOI (BepXHbOI) NOBepXOHb Mmpo¢ino. B pesyabTaTi YHCETBHOrO
MO/e/1I0BAaHHA 0TPUMAaHO rpadiyni 3amesxnocTi koedinienra migiiomuoi cuimm Bin uncea Peiinoabaca B
nianasoni Re = 10* = 107 quist BunajKiB i30TepMiuHOro 06TiKAHHS, 2 TAKOXK NPHU MOCIII0BHOMY HArpiBi
BEPXHLOI T2 HHKHLOI MOBEPXOHDL, IO BiANOBiAa0TL pisuuui Temneparyp 100 K. Jas Re = 10*+10°
HaBe/JleHO KpHuBi aepoaumHaMiuHux koediuieHTiB npodiio npu oxHoyacHoMy HarpiBi BepXHbOI Ta
0X0JIO’KeHHi HUKHBOI MIOBEPXOHb NMPOodi0 BiAHOCHO TeMIepaTypH MOTOKY «HA HeCKIHYEHHOCTD 11
Pi3HuLI TeMIepaTyp NOBEePXOHb NPogiio, o JexaThb B Aiana3zoni AT = 0 +~ 100 K. Bnuius 36iab1menns
KkoedinienTa miniiomuoi cumiam npodinio ouiHeHo 3a HaBedeHow 3ajexHicTio ACy = ACy (AT) npu
Re =10% 10°. PexoMeHI0BAHO ONTHMAJILHMI TEIVIOBMI peXMM 32 KpHTepiemM "MiniManbuuii
aepoJUHAMIYHHUII omip - MaKCUMAJIBHA MiflioMHA cuila" — e 0JHOYACHHMII HAIPiB HUKHBOI NMOBEpPXHi
npodiaie Ta 0X0J101:KeHHs HOro BepXHbOi 0BEePXHi.

KorouoBi cioBa: HectucnmBa Tedis B’SI3KOT PIJMHHM, METOJ CKIHUCHHHX €JIEMEHTIB, MOJIElb
TypOyIIEHTHOCTI, 00TIKaHHS MPOQIII0, TEINIO0OMIH, TEMIIepaTypa, aepoJHHAMIYHUN OIip, i fOMHa CHIIa.

Actuality of task on perfection of modern air transport is shown. The brief review of some works
sanctified to theoretical, experimental and numeral researches of heat exchange on aerodynamic
descriptions of wing profile at his flowing around is conducted. The mathematical model of the
conjugated task about hydrodynamics and heat exchange transfer taking into account k-¢ models of
turbulence is brought. The two-dimensional simulation of the subsonic flowing around of NACA-23012
profile by viscous incompressible liquid by the finite elements method with the use of standard k-¢
turbulence models in the isothermal raising, and also at heating (cooling) bottom (top) profile surfaces is
executed. As a result of numeral simulation graphic dependences of lift coefficient on the Reynolds
numbers in the range of Re = 10* = 107 for the cases of the isothermal flowing around, and also at the
successive heating top and bottom surfaces corresponding to the difference of temperatures 100 K are
got. For Re = 10* =+ 105 curves of aerodynamic coefficients at the simultaneous heating of top and cooling
bottom surfaces of profile in relation to the temperature of the stream «at infinity» for the difference of
surfaces temperatures lying in the range AT = 0 + 100 K are brought. Influence of increase of profile lift
coefficient on the brought dependence ACy = ACy(AT) at Re = 10%; 105 is rated. The optimal thermal
mode on a criterion "minimum drag - maximal lift" — simultaneous heating of bottom profile surface
and cooling of his topside is recommended.

Key words: incompressible flow of the viscous liquid, finite elements method, turbulence model,
flowing around the profile, heat exchange, temperature, drag, lift.

Introduction. In the modern world an air transport occupies a leading role in civil,
trade and economic and soldiery aims. There is a growing need to improve the energy
efficiency of air transport, which, in turn, is achieved by improving the aerodynamic
characteristics of aircraft and their elements.

There are two basic directions of perfection the acrodynamic quality of aircrafts [3].

The first method consists in the improvement of geometry: in particular — profiles of
wings; in general — all aircraft by exceptionally geometrical methods. Presently this
direction did not yet exhaust itself; however, every winning of aerodynamic quality is given
with constantly increasing complication of calculations.
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Other method is based on the use of active power facilities the management of
flowing around. This direction is most perspective, because allows to overcome the
theoretical barrier of increase the aerodynamic descriptions of profile.

One of methods by the management of flowing around, as authors of work mark [3—
6], there is influence of heat transfer on flowing around — one of possible power methods
of increase of aerodynamic quality of subsonic aircrafts. Unlike other power methods, for
example, such as admission of energy in a supersonic zone with the purpose of reduction
of impedance, this method being based on heating/cooling of the streamlined surfaces has
a greater practical and theoretical value.

In accordance with the theory of influence of weak heat transfer on the lift of flat
surfaces [9], heating of bottom surface increases lift, and heating of top surface — decreases
it. A most effect will be realized at the simultaneous heating of bottom and cooling top
surfaces of body. The author notes that areas of energy supply and removal are the sources
of new turbulences formation. Circulations on the top side of profile at removal of energy
form additional velocity AV >0, that, in turn, results in the additional decompressing on
this surface and, as a result, to the increase of lift. Circulation at supply of energy to the
bottom surface of profile initiates appearance of additional velocity AV <0, which also
results in the increase of pressure and lift.

However, if to heat up not surface of a profile, and jet, flowing around a profile, then
the improvement of aerodynamic characteristics of profile is not observed. According to
the authors of [2], the heating of the jet, directed perpendicularly to the stream flowing
around the wing, does not affect its lift. The paper presents the results of an experimental
research of influence the stream temperature simulating jet stream of an aircraft engine on
the magnitude of the lift of an isolated triangular wing at undisturbed flow near the screen.
The tests were carried out in a wind tunnel with an open working part using the installation
that provides heating of the jet. It is shown that the lift of wing does not change at heating
of stream to the temperatures in a range 25-600°C.

Formulation of the problem. Flowing around of aerodynamic profile of NACA-
23012 by viscous incompressible liquid for the numbers of Reynolds, changing from 10*
to 107, in the isothermal formulation, and also at heating (cooling) bottom (top) profile
surfaces is consider. Influence on a profile lift and drag from difference of temperatures top
and bottom surfaces, equal 30, 60 and 100°C was investigated. The got results of problem
with heating were compared to the results of analogical isothermal problem.

In the case of a laminar isothermal incompressible flow the system of equations
included the equation of motion in the form Navier-Stokes and the continuity equation [8]:

0ui Jéul— 1P v i =1 2; (1)
ot OX | p OX;
an .
—J_o, j=12. )
an

The system of motion equations in the form of Reynolds and the continuity equation
were used to describe the turbulent isothermal flow [8]:

aui +—16u F _1 ap
ot OX | p OX;

+(v+vt)V ul, i,j=12; 3)
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ou; _
—=0, j=L2, “4)
0 Xj

where x; — Cartesian coordinates; t — time (problem parameter); u; — Cartesian velocity

vector components; u; — averaged velocity vector components; u; — pulsating velocity

vector components; p — pressure; p — density; v and v; — molecular and turbulent

kinematic viscosity coefficients.
The system (3—4) was supplemented by a «k-e»-model of turbulence, according to
which the turbulent viscosity

k2
pe=Cup=—, Cy =009, (5)

determined from the system solution [8]

d(pu .k
ok , b2 (& ak}*utcb—ps, (6)

ot OX 0x; | o, 0OX;
d(pu. 2
ope OPug) _ 0 [ 02| o Ep_c ot ™)
ot OX ox;| o, 0X; k k
Cy =144; C,p=1.92; o, =1.0; o, =13. (8)

For the coupled problems of hydrodynamics and heat transfer, the energy equation
is added to the equations listed [1, 7]:

a_T_;_uj@_T:i (a+at)a—T s j=1,2, (9)
ot aXJ aXJ 6XJ

where T — fluid temperature; a — coefficient of conductivity; a, =p/(p Pr;), where
Pri =0.9 - turbulent analogue of the Prandtl number.
The boundary conditions were set as follows.

In the entrance section — plane-parallel flow with velocity V, ; on the top and bottom
boundaries of the computational domain — simulation of flow past “at infinity”:
u=V,, v=0. (10)
In the output section — zero pressure:

p=0. (11)

On the surface of profile is a condition of adhesion:
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u=0;, v=0. (12)

The temperature T was set on the profile surface, which differed from the ambient
flow temperature:

T=T,. (13)

Aerodynamic drag and lift coefficients were determined by formulas (14,15),
respectively [10]:

Cx =g (14)
) PL
Cy=———, (15)
Vs g
2 PL

where X —drag force; Y —lift force; Cy — drag coefficient; Cy — lift coefficient; V, —
flow velocity at infinity; Sp; =h * L —wing area in plan; L =1 — wing span (equal to one
for two-dimensional setting); h — profile chord.

Results. The Figure 1 shows the curves for the lift coefficient of the profile Cy on
the Reynolds number Re for three variants of heating the profile surface: curves 1 and 3
correspond to the heating of the bottom and top surfaces, respectively; curve 2 is
constructed for isothermal flow at a temperature difference of the surface AT = 0.

From the curves in Fig. 1 it follows that heating the bottom profile surface increases
the lift coefficient, and heating the top surface reduces it, which fully coincides with the
theoretical conclusions of the work [9].

The values of the lift coefficient for an isothermal flow (curve 2, Fig. 1) were
compared with the corresponding results of [10] at Re = Re = 4.4-10°. The difference did
not exceed 3.6%, which suggests a satisfactory accuracy of calculations.

Ve, T, —=— Line 1
—— C} T, = ']_"2

1<
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Fig. 1. Lift coefficient Cy depending on the Reynolds number Re
for three variants of heating the profile surface
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Analysis of the curves in Fig. 1 also shows that the effect of increasing/decreasing
the lift coefficient during heating of the lower/upper surface of the profile practically ceases
to appear at high flow velocities corresponding to Reynolds numbers Re > 10°. In this flow
region, all three curves coincide with each other, which corresponds to the isothermal
regime of flow around of the profile.

Fig. 2 shows the groups of curves of the aerodynamic coefficients Cx and Cy of the
profile for the Reynolds numbers Re = 10* + 10° with the simultaneous action of heating
the bottom and cooling the top surfaces of the profile — the most optimal heating mode, as
indicated in [9].

Curves in Fig. 2 obtained at the temperature difference between the top and bottom
surfaces equal 0, 30, 60 and 100 °C.

Analysis of fig. 2 shows that at flowing around of profile with Reynolds numbers
Re=10*+10°, corresponding to the area of the thermal effect action, with the
simultaneous action of heating the bottom and cooling the top surfaces relative to the free-
stream temperature, a decrease in the drag coefficient and an increase in the lift coefficient
of the profile is obtained, right proportional to the temperature difference between the
heated and cooled surfaces.

C. cy
‘ cooting ‘ —%— AT=10K }3’/—
top ' I 1 Q 0.115 ] -
T,-T, T —B— AT= 60K
0.06 v, 1 0113 4 ]
J& —_— T : —&— AT= MK
1 T, 01111 —e— AT= 0K
0.05 4 heating —/ﬁ/
Dottom Q 0.109 L ——4
| R cooling
—o— AT= 0K 0.107 | top ' l 'Q
0.04 -\ A AT = 30K . T1 < TZ,
\ —— AT= 60 K 0.105 v, T
\ —+— AT=100K o103 // — e
0.03 . ‘ 103 / T,
heating
0.101 2
\%\ bottom 1 I 1 Q
0.02 ‘ . | 0.099 4 ‘ : : :
10000 30 000 50 000 70 000 90 000 Re 10000 30000 50000 70 000 90 000 Re

a) b)
Fig. 2. Aerodynamic coefficients of the profile depending on the Reynolds number
while simultaneously heating the bottom and cooling the top surfaces:
a — drag coefficient Cx; b — lift coefficient Cy

For the most complete analysis of the results in Fig. 3 shows a quantitative estimate
of the increase in the lift coefficient from the temperature difference of the profile surface
with the simultaneous effect of heating the top and cooling its bottom surfaces.

Curves in fig. 3 show an increase in the lift coefficient Cy (values as a percentage)
for Re = 10* (left scale of the y-axis) and Re = 10° (right scale of the y-axis).

The behavior of the curves in Fig. 3 confirms the effect of heating/cooling of the
profile surfaces when it flows around for Re = 10* and 10° to increase the lift coefficient,
which shows up itself to a greater degree at the value Re = 10*.
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Fig. 3. The dependence of the profile lift coefficient
on the temperature difference between its surfaces
while heating the bottom and cooling top surfaces for Re = 10* and 10°

Thus, the effect of heating/cooling of the bottom/top profile surfaces, respectively,
increases its lift, the greater the magnitude of the temperature difference between the
bottom and top profile surfaces.

Conclusions. Undertaken investigations and analysis of the got results in solution of
the problem about the influence of heating/cooling the profile surface on its acrodynamic
drag and lift coefficients in a flow around profile at subsonic velocity allowed formulating
the following conclusions:

1) heating/cooling the profile surface influences on a change of its aerodynamic
characteristics;

2) the highest aerodynamic characteristics of the profile according to the criterion
“minimum coefficient of drag — maximum coefficient of lift” were achieved while
simultaneously heating the bottom surface and cooling the top surface of the profile
compared to the isothermal problem;

3) the effect indicated in point 2 of the conclusions increases with increasing
temperature difference on the top and bottom surfaces of the profile;

4) influence of heating/cooling of the profile surface on its aerodynamic
characteristics at flowed around subsonic flow decreases with increasing Reynolds number.
When Re > 10° heat transfer already has almost no effect on the change in lift and drag of
the profile.
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O.T.Toman, T. M. Hukyauna

Jnenposckuil HayuonanbHolil yHusepcumem umenu Onecs I onuapa

VJIAPHOE B3AUMO/JIEVICTBHE TEJIA B BUJE KPYTOBOI'O
CEI'MEHTA C KUJKOCTbIO C ObPA3OBAHUEM 30HbI OTPBIBA

B paGoTe B mi10cKoii MOCTAaHOBKE paccMaTpUBaeTcs 3aJa4ya 00 yaape rJajKkoro KpuBoJIHHeHOro
TeJIa, NPeJIBAPUTEILHO NOTPYKEHHOI0 B KHIKOCThb, 3AaHHMAIOIIYI0 0e3rpaHHYHOe NMOJIYNPOCTPAHCTBO.
KuakocTb CUUTACTCS HECXKMMAEMOii, 2 MOTPYKeHHAS B *KMIKOCTb YacTh TeJa HMeeT (POpMy KPyroBoro
cermenTa. Ilpeamonaraercs, 4T0 B HEKOTOPBI MOMEHT BpeMeHHU NPOMCXOANT HELEHTPAJIBHBIN yaap, B
pe3yJbTaTe KOTOPOT0 TeJI0 MTHOBEHHO MOJIy4aeT ropu3oHTANLHYI0 U M BepTHKaAbHYI0 V CKOpPOCTH
JABMKEHHs, a TaK/Ke YIJIOBYI0 CKOPOCTh BPAaIleHHsl ( BOKPYTI OCH, NMepleHANKY./IsPHOIi MJI0OCKOCTH, B
KOTOPOii paccMaTpuBaeTcsl TeueHue.
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