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Abstract

Thermodynamic state of the atmosphere is being defined by the spatial distributions of such parameters as
temperature, pressure, density, humidity, air turbulence etc. As a rule, the aircraft aerodynamic characteristics
computing conditions are being set in accordance with the standard atmosphere, in which data for the dry air is
presented. In reality, atmospheric air consists typically of dry air and water vapor mixture. The humid air parameters
frequently differ from the standard values, which should be accounted for when the aerodynamic force acting
on an aircraft computing, since this fact may under certain conditions affect drastically the final result and, as a
consequence, the flight safety.

It is quite clear that in real conditions weather conditions affect the aircraft low-around. Flight safety has
enhanced, and the number of aviation accidents associated with the adverse weather conditions has reduced due
to the aviation technology development, as well as airfield, aircraft and meteorological equipment improvement.
Nevertheless, not all meteorological issues of the aircraft flight safety ensuring have been completely resolved. As of
today, a real possibility of studying the environmental properties effect on the aircraft aerodynamic characteristics
become real with the CFD methods development.

The article presents the results of parametric numerical studies of the water vapor percentage composition in
the air impact on the aerodynamic characteristics and a wing mechanized profile flow-around specifics in both
cruising and takeoff and landing configurations.

Computations were performed in dry and wet air, which represents the mixture of dry air with water vapor.
With the volume content of water vapor increase, the air mixture density, its viscosity, and the Reynolds number
of air mixture decrease.

Computations demonstrated the lift force increase, the drag reduction and aecrodynamic quality enhancing at
the humidity increase. It was found that the basic humidity impact on the takeoff-and-landing characteristics was
associated with the development of flow-separation phenomenon on the flap.

The article demonstrates that the larger the separation zone, the stronger the relative effect of the air humidity
on the aerodynamic characteristics of the mechanized wing profile. The presence of the water vapor in the air affects
the separation zone so that when humidity in the air increases, the separation point position of the boundary layer
on the flap shifts to its trailing edge. This phenomenon is explained by the fact that with the air humidity increase,
the tangential stress on the flap surface increases as well. Consequently, the separation zone size decreases and,
as a result, the lift force increases.

It should be noted herewith that the percentage composition of water vapor in the air affects most significantly
on the drag.

The air humidity increase affects the separation zone and reduces its size. The larger the size of the separated
backflow area, the stronger the relative effect of the humidity.
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Bgenenue

TepMoauHamMuyeckKoe COCTOSIHUE aTMOChepbl
orpezessieTcss MTPOCTPAHCTBEHHBIMU pacIipeae/ieH -
SIMM TaKUX MTApAMETPOB, KaK TeMIleparypa, 1aBjieHue,
IUIOTHOCTD, BJIaXXHOCTb, TypOYJEHTHOCTb BO31yXa
u ap. [1]. OObIYHO yCIOBUS pacyeTa adpoaruHaMUyue-
CKMX XapaKTepHCTHK JIETaTeIbHbBIX arapaToB (JIA) 3a-
JIaI0TCSI B COOTBETCTBUM CO CTAaHIAPTHOI aTMOC(depoi,
B KOTOPOI1 MpeAcTaBAeHbl JaHHbIE ISl CyXOro BO3AyXa
[2]. B peanbHOCTH aTMOC(hDEPHBII BO3IYX, KaK IIPaBUIIO,
MPeACTaBIISIET COOOI CMeCh CyXOro BO3ayXa 1 BOASIHOTO
napa. [TapaMeTpbl BIaXKHOTO BO31yxa OTJIMYAIOTCS OT
CTaHIApTHBIX 3HAUYEHU I, YTO cienyeT yYUThIBaTh MpU
BBIYMCJICHUU a2pOJIMHAMMUYECKON CUJIbI, JE€HCTBYIO-
et Ha JIA, mOCKOJIbKY TP OMpeaeeHHBIX YCIOBUSIX

JTAaHHOE OOCTOSITEIbCTBO MOXET 3aMETHBIM 00pa3oM
MOBJIUSATH HA OKOHYATEIbHbIN pe3ysbTar U, KaK cliei-
CTBME, — Ha O6e30MmacHOCTh noJjera [3, 4].

[ToHsiTHO, yTO Ha 0OTekaHue JIA B peaJibHbIX YCI0-
BUSIX JOJDKHBI BIIMSITh ITOTOAHBIC YCJIOBUS: TEMITEpaTypa
BO3lyXxa, aTMocepHoe naBjieHue, HalpaBjieHue 1
CKOpPOCTb HaberarwlIiero moToka u npyrue ¢hakTopsbl.
bnaronapst pa3BuTHIO aBUALIMOHHOM TeXHUKHU [5—7],
COBEPILIEHCTBOBAHUIO adpOAPOMHOIO, CaMOJIETHOTO
U METEOPOJIOTUYECKOTO 000pyI0BaHUSI TTOBBICUIACH
0€30MacHOCTb IOJETOB M CHU3UJIOCH KOJTUYECTBO
aBUALIMOHHBIX MPOMCIIECTBUM, CBSI3aHHBIX C HEOJIaro-
MPUSITHBIMU METEOYCIOBUSIMU. TeM He MeHee He Bce
METEOopOoJIoThUecKUe MpoodieMbl obecreuyeHus: 6e3-
onacHoCTH noJjeToB JIA pelleHbl OKOHYATEJIbHO. 3a-
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METUM, UTO MCTOJIb30BaHUE 000PYI0BaHUS, KOTOPOE B
HACTosI11Iee BpeMsl TPUMEHSIETCS C LIe/IbIo 00eCIeueHMST
0€301acHOCTU TIOJIETOB B CJIOXHBIX METEOYCIOBMSIX,
HEe MCKJII0YaeT MOJHOCThIO 3aBUCUMOCTh aBHAIlUU
oT norogHbix yciaoBuii [8§—10]. B mocinennee Bpems
¢ pa3BuTheM uyucieHHbIX MeTogoB CFD mosBuiach
peajibHasi BO3MOXHOCTb M3YYeHMUSI BJIMSIHUSI CBOMCTB
OKpY>Kalollleil cpeabl Ha adpoaIruHaAMMUECcKKe XapakK-
tepuctuku JIA [11—14].

B Hacrosieit pabote mpenctaBiaeHbl pe3yabTaThl
YUCJIEHHOTO MCCJIEOBAaHUS BJIUSHUS BJIAXHOCTU
BO3[yXa Ha a’pOJUHAMUYECKUE XapaKTePUCTUKU U
XapakTep 00TeKaHMSI MEXaHU3UPOBAHHOTO PO
KpblJIa B KPEUCEPCKON U BO B3JIETHO-IOCAAOYHON
KOH(UTYpalUN.

2. MeTonuka u ycJOBHS pacyeTa

PacueTsl MpoBeaeHbI B CTAHIAPTHBIX YCIOBUSIX Cpe-
IIbl (CyXOM BO3IyXe) U B OCOOBIX METEOPOJIOTMUECKMX
ycIoBusIX (TyMane). JIJIst YMCcIeHHOTO UCCIIeIOBaHus B
KavyecTBe ncxonHoro B34t npodwib CLARC Y+ ¢ or-
HOCUTELHOM TONIUHON ¢ = 12%, xopnoit b = 0,64 M
(puc. 1,a) [15] 1 nocTpoeHs! ero B3neTHast (O, = 20°)
u nocagoyHasi (0,,, = 40°) koHpurypauuu (puc. 1,0
" 1,6 COOTBETCTBEHHO).

s yuciaeHHbIX MCCIeA0BaHU B MporpaMMe
ANSYS ICEM 0bl1a MocTpoeHa CTpYKTYpHUpOBaHHasI
pacueTHasi ceTka, cojepxaliiasi okojo 1 MJIH siueek,
13 KOoTophix 150 pacmoioxkeHbl BAOJIb XOPAbI ITPOGUIIS
kpbuia (puc. 2). C 1enbio pa3pelieHus TorpaHuYHOro
cjios OblJIa co3maHa crielyaibHasl ceTKa TUIla 0-grid,
MOCTPOEHHAsI MO HOPMaJu K TOBEPXHOCTU U COAep-

6

Puc. 1. O6mmii Bun mpodueii:
a — kpeiicepckas koHburypauus, 9,,, = 0;
0 — B3JIETHOE MOJIOKEHUE 3aKpbLIKa, O.,, = 20°;
6 —I0CalouHOE MOJIOXKEHUE 3aKPbLIKa, O,,, = 40°

Puc. 2. PacuetHas ceTka BOJIM3U TIPOQGIIIS:

a—09,,=0;0—09,,=20°%¢e—09,, =40°

Kamas 1mo BeicoTe 20 siueek. Ipu MomenupoBaHUN
00J1aCTH MOTPAHUYHOTO CJI0ST BEICOTA MEPBOM STYCHKM,
BOJIM3M MOBEPXHOCTU Kphija, BHIOMpanach TaKoi,
YTOOBI TMMOTPAHUYHBINA CIIOM BMECTUJI JOCTAaTOYHOE
KOJIMYECTBO s1ueeK JIJ1s1 KOPPEKTHOTO pacyeTa IMpucTe-
HOYHOM (pyHKIMK. 3HaYeHWEe TTapaMeTpa y' B IIEPBOM
NIPUCTEHOUHOM y31e 66110 ¥+ < 0,365. B pacuere unc-
MoJIb30BaHa MOJIeJb TYpOyJIeHTHOCTU k—e-realizable
C YUYETOM BJUSHUS rpaJueHTa JaBJEHUS U YIyd-
LIEHHBIM MOJEIUpPOBAaHUEM MapaMeTpOB TypOy-
JIEHTHOCTH BOJIM3U cTeHKH [16]. B mpucrenouHoit
00J1aCTH UCTTIOIb30BajIach OHOIIapaMeTpUIecKast MO-
JieJb TypOyJIeHTHOCTH, alanTUPOBaHHAs K TEYEHUSIM
B ITorpaHu4yHoM cioe [17].

Pacuern BeimonHeHbl o nporpamme ANSYS
FLUENT, ocHOBaHHOIi Ha peIIEeHUW OCPETHEHHBIX 1O
Peiinonbacy ypaBuenuii HaBbe—Ctokca. JI1s1 pacyeTa
CTallMOHAPHOTO 00TEKaHUS TTPOMUIISI C 3aKPBUIKOM T0-
TOKOM BJIZXXHOTO BO3/1yXa MPUMEHSsLJIach YIpoIlleHHas
Moaenb cpenbl “Mixture” [18]. B aToit monmenu uc-
TOJIb3YETCs ypaBHEHNE HEPa3PbIBHOCTH \Y (pme ) =0,

Z o PV
k=1 — CpeaHsIsI MaccoBasi CKOPOCTb
Pm MOTOKa;

ey, =

n
Pm = Z Oy Py — IJIOTHOCTh CMECH;
k=1
1 — KOJIMYECTBO KOMITOHEHTOB CMECH, B paccMa-

TpUBaeMoOM ciiyyae n = 2.
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YpaBHEeHME UMITYJIbCOB IJISI JAaHHOM MOIEIN CPEeIbl
MOJIyYEHO ITyTEM CYMMMUPOBAHMUS COOTBETCTBYIOLINX
YpaBHEHMI [IJIsT KAXKI0TO KOMIIOHEHTA:

V(PuVV) = V2 + V|1, (WY, + V1) |-

n
-V Z“kPkar,kar,k >
k=1

n
e w, = Z ol 1, — BA3KOCTb CMECH,
k=1
Virk = Vi — V,, — OTHOCHTEIBHAS CKOPOCTH KOM-
TTOHEHTOB CMECH.
VYpaBHeHUe SHEPTUHU TSl pacCMaTpUBaeMOit MoAen
CMeCH Ta30B UMEET CICTYIOIINIT BUI:

n
VY (o, Vi (pu By + p)) = V (kg VT),
k=1
e Koy — KoahduumeHT 3¢ HEKTUBHON TETIONPO-
BOJHOCTH,

kyy = Zak (ke + Kk, );
=

ki — K03(DOULIMEHT MOJIEKYISPHON TEIIONPOBO-
THOCTH k-TO KOMITOHEHTa CMECH,

k;— K03 GULMEHT TYypOYIEHTHO TETIONPOBOIHO-
CTH, OTIpeNeNSIeMbIi B COOTBETCTBUM C UCTIONH3YeMOU
MOJENbIO TYPOYJIEHTHOCTH;

2
h=p +—% e h; — SHTANTBIMS k-TO KOM-
P nmoHeHTa cMmecu [18].

E

[T10THOCTH BO3Myxa 3aBUCUT OT €ro TeMrepaTypbl
U BiaxXHOCTU. OOBIYHO CTAaHAAPTHOM MJIOTHOCTBIO
cumMTaercs 3HaueHue p = 1,225 kr/M*?, KoTopoe cooT-
BETCTBYET IUIOTHOCTHU Cyxoro Bozayxa Ipu 15°C Ha
ypoBHe Mopsi. Hainuue BoasSIHBIX MapoOB MPUBOIUT K
YMEHBIIEHUIO TIJIOTHOCTH BO3MlyXa, YTO OOBSCHSETCS
Oosiee HU3KOIM MoOJISIpHOM Maccoil Boabl (18 1/MoJb)
M0 CPAaBHEHMIO C MOJISIPHOM MacCoii CyXOoro BO3myxa
(29 r/mounb).

PacyeTbl mpoBeaeHbI B CyXOM U BO BJIXKHOM BO3-
JIyxe, KOTOPHbIii MpeACTaBIsieT coO00i CMECh CyXOTo BO3-
nyxa ¢ BoasiHbIM napom. CortacHo 3aKoHy JlajabToHa,
JlaBJIeHe CMECH ra30B, 3aHUMAIOILIUX OINpeaeeHHbII
00BbeM, paBHO CyMMe TapliMajbHbIX JaBJIEHUN BCeEX
€€ KOMITOHEHTOB. BiiaxkHbIli BO31yX MOXHO paccMa-
TPUBATbh KaK CMECh COBEPIIIEHHBIX I'A30B, B KAXKJIOM U3

KOTOPbIX KOMOMHAIIMS TUIOTHOCTEN MO3BOJISIET MOJTYy-
YUTh TpeOyeMoe 3HaYeHUe TUIOTHOCTU cMecu [19]. B
HacTosIIIel paboTe TaHHBIN MOIX0N NCIOIb3yeTCs 1T
MOEIUPOBAaHUS TyMaHa, B KOTOPOM OTHOCUTEIbHAS
BJIAXKHOCTb BO3/lyXa 0OBIYHO JOBOJIBHO BbICOKA. YCII0-
BUSI POBEJCHMSI PACUETOB B CPEJIE, COCTOSIIIEH U3 BO3-
Jlyxa 1 BOISIHOTO Mapa B pa3jIMYHbIX UX MPOTOPLHUSIX,
MoKa3aHkI B Ta0J1. 1, U3 KOTOPOI BUIHO, UTO TIPU YBe-
JIMYEHUU 0OBEMHOTO COAIEP>KaHM S Mapa YMEHbIIAETCs
IUIOTHOCTh BO3AYIIHOM CMeCH, €€ BSI3KOCTb, a TaAKXKe
yuciio PeitHonbaca cmecu Re = pVb/u.

YucneHHoe ucciienoBaHe 00TeKaHWS MEXaHU3UPO-
BaHHOTO TTpodwts ¢ Xopaoit b = 0,64 M rpoBeneHo Ha
yIjie aTaky o = 12° pu CKOPOCTU Haberaromiero noToka
V=80 m/c, armocepHom nasinenuu p = 101325 Ila,
TeMIiepaType okpyxxatolei cpenbl 1= 15°C KaK B CyXoM,
TaK ¥ BO BJIaXHOM BO3/IyX€ C pa3MEPOM YacTUUEK Mapa
10 MKM.

3. Pe3yabraTnbl pacueta

YucneHHOe nccaenoBaHne 00TeKaHUST MEXaHU3UPO-
BaHHOTO MPOMUIISI Kpbla MOKa3ajo, YTO B 3aBUCUMOCTHU
OT BJIAXKHOCTH BO3MTyXa NU3MEHSIOTCS €TO a3pOIMHAMIYE-
CKHUe XapaKTepUCTUKU. Pe3ynsTaThl pacueToB a3poau-
HaMHUYECKUX XapaKTePUCTUK TPOMIIIST ¢ OTKIIOHEHHBIM
3aKPbIJIKOM TIpeACTaBieHbI B Ta0n. 2—4. 3aMeTHM, 4TO
TIPY YBEJTMIEHNHY BIIAXKHOCTHU YBEIIMIMBACTCS ITOIbeMHAsT
cuJjia, yMEHbIIIACTCS COMTPOTUBJICHME U BO3pAcTaeT a3po-
TMHAMIIECKOE KauyeCTBO.

®dusnueckasi KapTuHa 00TeKaHUs npoduieit Ha
yrjae ataku o = 12° moka3zaHa Ha puc. 3. Hanuuue
MapoB BOAbI B BO3AYXe BO3AEHCTBYET Ha OTPHIBHYIO
30HY TaKMM 00pa30oM, YTO IPU YBEITMYEHUHN BIAXKHO-
CTU TIOJIOKE€HWE TOYKU OTpbhIBA MOTPAaHUYHOTO CJIOST
Ha 3aKpbLJIKe CMENIAeTCsl K €ro 3ajHell KpoMKe. DTO
sIBJIEHUE OOBSICHSIETCSI TEM, UTO TTPY YBETUYEHUH BIaXK-
HOCTH BO3IyXa KacaTeIbHOE HAIIPSIKEHUE Ha TTIOBEPX-
HOCTH 3aKpblika Bo3pacTaeT [20]. BeiencTBue atoro
YMEHBIIIAeTCs pa3Mep OTPBIBHOIT 30HBI M BO3pacTaeT
MoAbEMHAsI CUJIA.

CrenyeT OTMETUTD BaXKHOE 00CTOSATENhCTBO. OKa-
3bIBAETCS, YTO YeM OOJIbILIUIA pa3Mep UMeeT OTPhIBHAS
30Ha, TeM CHJIbHEE OTHOCUTEBHOE BIMSHUE BIAXKHO-
CTU BO3Iyxa Ha a’poAMHaMUUeCKUe XapaKTepUCTUKU
MeXaHU3UPOBAHHOTO Mpoduasd Kpbuia. OTMeTUM
TakxXe, 4TO HamboJiee CyIIeCTBEHHOE BIMSIHUE MPO-
LIEHTHOE CoIepXXaHWe TTapa B BO3MyXe OKa3bIBaeT Ha

Tabauya 1
YcioBus npoBeieHus pacyeToB
IIpouent oobema mapa | [lnoTHocTh cMecu | IuHammdeckas Bsa3kocTh | Yucno Peitnonbaca
B BO31yXe 1), % o, kr/™M° emecu p - 10°, Ia - ¢ Re-107°
0 1,2250 1,79 3,46
25 1,0573 1,68 3,23
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Tabauya 2
Pe3ynsraThl pacueToB MeXaHM3MPOBAHHOTO Mpodus, 8, = 0, o = 12°
IIponent oobema | Koadpuuuent | Koaddumuent | Koadduumment | Asporunamuueckoe
napa B BO3/1yxe ﬂOll’beMl-[Oﬁ CHJIbl | CONPOTUBJICHUA TaHraxka KayeCcTBO
n, % <y cx m, K
0 1,4907 0,0440 —0,4296 33,9188
25 1,4958 0,0433 —0,4313 34,5282
Tabauya 3
Pe3ynsraThl pacueToB MeXaHM3MPOBAHHOTO npodmis, d,,, = 20, o = 12°
IIponent oobema | Koadpduument | Koaddumuent | Koaddumment | AspommHamuueckoe
napa B BO3J1yxe ﬂO,Il’beMl-[Oﬁ CWIbI | CONPOTUBJICHUA TAHraxa Ka4eCTBO
1, % ¢y Cx m; K
0 1,7920 0,2610 —0,7005 6,8656
25 1,9341 0,2225 —0,7147 8,6922
Tabauuya 4
Pe3ynsraThl pacyeToB MEXaHM3MPOBAHHOTO Npoduis, §,,, = 40, o = 12°
IIpouent oobema | Koaddumuent | Koaddumuent | Koaddumment | Aspoaunammaeckoe
napa B BO31yXxe l'[OZl’beMl-[Oﬁ CIJIbI | CONPOTUBJICHUA TaHraxa Ka4yeCcTBO
n, % Cy Cyx m; K
0 2,3822 0,2038 —0,8572 11,6866
25 2,4641 0,1642 —0,8574 15,0067
" n=0% n=25%

le}

Puc. 3. [1one ckopocreit npu o6rekaHnu nNpoduist Kpbuia ¢ 3aKkpbuikoM: a — d,,, = 0; 6 — d,,, = 20°; 6 — d,,, = 20
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K03 GpuLreHT conpotunieHus. [IpoBeneHHbIe pacye-
ThI TTIOKA3aJIM, YTO AJIs1 POt Kpblia B KpelicepcKoit
KOH(MUTYpaIuu, KOTrma OTphIBHAS 30HA CPAaBHUTEIHLHO
HeBelINKa, MPU YBETUICHUH BIAXKHOCTH 10 1 = 25%
KO3 (PUILIMEHT COMPOTUBIECHUSI YMEHbBIIIAETCS BCETO
Ha 1,6%, B To BpeMs KaK BO B3JICTHOI KOH(UTypa-
uuu 1pu 0,,, = 20° oH yMeHbIIaeTcs yxe Ha 14,7%,
a B [M0CaJ0YHOM KOH(GUTypaluu npu 0,,, = 40°, Korna
pa3Mep OTPBIBHOI 30HBI HAUOOJIBIINIA, KO3 (HULIMEHT
COIPOTUBJIEHNS CHIKaeTcs Ha 19,4% 1o cpaBHEHUIO
C €T0 3HAYCHUEM B CYXOM BO3IyXe.

BoiBoapl

YucneHHble UCCIEI0BAHUS BIUSIHUS BJIaXXHOCTU
BO3MyXa Ha a’poAuMHaMMYeCKHe XapaKTePUCTUKU
MEXaHU3UPOBAHHOTIO MPOUS KpblIa BO B3JIETHO-
IMOCagovYHO KOHMUrypaluu IoKa3ajlu, YTO IpU
YBEJIMYEHUHU BJIAXKHOCTU YBEIUYMBACTCS MOAbEMHAS
cuja npoduIIsi, CHUKAETCSI COIPOTUBJICHUE W BO3-
pacTaeT aspoaMHaMMuuecKoe KauecTBO. [loBbllIeHUE
BJIAXKHOCTH BO3/IyXa BO3[IEHCTBYET HAa OTPLIBHYIO 30HY,
yMEHbIIAeT ee pa3Mepbl, OTOABUTACT TOUKY OTPbIBA
IMOTPAHUYHOTO CJIOSI BHU3 I10 TIOTOKY.

YcTaHOBJIEHO, YTO OCHOBHOE BJIUSIHUE BJIAXHOCTU
BO3IyXa Ha a’poauMHaMMYeCKNe XapaKTePUCTUKU
MEXaHU3UPOBAHHOIO MPOGUIIS KpblUla CBSI3aHO C Te-
YyeHUEM B OTPBIBHOI 30He. OTHOCUTEIbHOE BIMSHIE
BJIQXKHOCTHU TEM CUJIbHEE, YeM 00JIblile pa3Mep 001acTu
OTPBLIBHOTO BO3BPATHOI'O TEUEHUSI.
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