Bicnuk Hayionansnozo mexuiunozo yuisepcumemy Yxpainu «Kuigcokuii nonimexuiynuii incmumymy
Cepisn «Ximiuna inxcenepis, ekonoezis ma pecypcosbepedicennsi». 2015. X [ (14)

XIMIYHA THXEHEPISA

YK 531/534:519.6

KAPBAIIBKMI A. 4., 1.1.1., ipod.
Hanionansnuii Texniuanii yHiepcenrer Yrkpainn «KnuiBchkmii mostitexHivHmii iHCTHTYT»

CYUACHUI CTAH TEOPETUYHHNX AOCIIKEHb
HA/IBBYKOBOI'O OBTIKAHHA TIJI PI3HOI KOH®IT'YPAIILIL

IHpoananizogano memoou OOCHONCEHHS GIOpUSHUX MYPOYIeHMHUX MeYill ma 63aeMoo0ii cmpubKie YujilibHeHHs 3
NOZPAHUYHUM WAPOM NPU HAO38YKOGOMY OOMIKAHHI JIMATbHUX anapamie 3a O0NOMOo2010 Memodie YUCIo8020 Mo-
0e08aHHA. PO32NIaHYMO OCHOGHI MameMamuyHi GopMymoeants 300ay HAO38VK08020 OOMIKAHHA JIMANbHUX ana-
pamie ma noKa3aHo, AKi 3 HUX OOYLTbHO GUKOPUCHIOBYBAMU Ol OOCTIONCeHHA inmepghepenyili Kougizypayiil.

Knwouosi cnosa: cmpubox yuineHenns, mypoyienmuuil nocpanuynuti uiap, inmepgepenyii xoupizypayiil, wucioge
MOOIIO8AHHS.

© Kapsaupkwmii A. 5., 2015.

Mocranorka nipodsremu. CydacHUH PiBCHb PO3BUTKY CYCHIIBCTBA HCMOKIIHBO VABHTH 0¢3 KOCMIYHUX CHCTCM
HABKOJIO3CMHOTO 0a3yBaHHA, MO MPH3HAYCHI I 3a0C3MCUCHHS MOTPEO 3B A3KY, HABIramii, MpoOrHO3y MOTOAH, KOC-
MIYHHX JOCIT/KCHD TOIO. 3a0C3MeUCHH MOTPEO CYCHMIIbCTBA ¥ TAKHX CHCTEMAX mepeadavae po3poOiCHHA HOBHX,
OlIbIn HATIHHUX, CHEProc()EKTUBHHUX PAKSTHHX HOCIB (JTiTambHEX amapariB — JIA) mi BUBEACHHS HAYKOEMHOTO
oOJamHAHHS HA HABKOJIO3EMHI OpOiTH. 32 JOTIOMOTOIO TIIbKH CKCIICPUMEHTANBHUX JOCII/HKCHDb B ACPOIHHAMITHHX
TpyOax, MmO € HAI3BHYAWHO CHCPTOEMHHMH, IICH HANPSAM PO3POO0OK 3a0C3MCUHTH HEMOKIHBO. TOoMy I po3po0d-
JeHHS HOBUX JIA IMMPOKO 3aCTOCOBYIOTH TCOPETHYHI METOIM HAYKOEMHOTO KOMIT FOTCPHOTO IHKHHIPHHTY 3 BHKO-
PHUCTaHHIM MPOTPAMHUX HMPOJYKTIB OOUHCIIIOBAIBHOI TIAPOIMHAMIKHY, IO 3a0e3Meyye MiHIMI3AIIIO TPHBAJIOCTI PO-
0iT i 3HAYHY €KOHOMIIO0 MaTEePIAILHUX Ta JEOACBKUX pecypcis [1, 2]. [lpu mpoMy maHI eKCHIEPUMEHTANBHUX JOCII-
JUKEHb BUKOPHCTOBYIOTh NEPEBAKHO A Bepu(iKkamii YHCIOBUX MOJCICH HAA3BYKOBHX TYPOYJICHTHUX BiJPHBHHUX
TIOTOKIB, [0 BUHUKAIOTH B OKOJI €JIeMEHTIB (KOH(irypamiit) JIA, Xo4 BOHH # MalOTh HAA3BHYAMHO BAKIIHBE CAMOC-
TIHHC 3HAYCHHA /I BUBUCHH Li€l mpoOIeMu.

3aranpbHOI0 HAYKOBOIO MPOOJIEMOI0 € HEJOCTATHIH PiBEHb JOCTIIKCHb PI3HOMAHITTS CTPHOKIB YIIUILHCHHS Ta
iXHBOI B3aEMOZII 3 TYPOYJICHTHUM MOTPAHUYHUM INAPOM HA MOBEPXHIX KAHOHIYHUX KOH(Irypauii ememeHTis JIA
(puc. 1). Jlani mpo BumMB OKpeMHUX KOH(QIirypamniii Ha GopMyBaHHSI TypOYJICHTHHX BIJPHBHHUX IOTOKIB € BATOMHM
MATPYHTSIM 11 PO3YMIHHS MOBEAIHKH HA/I3BYKOBHX MOTOKIB HABKOJO JIA B minomy. Y O1IbINOCTI BHIIAIKIB BiIpH-
BHI TYPOYJICHTHI MOTOKH MPHU3BOIATH 0 HCTATHBHUX HACHIAKIB, BHHHUKHCHHS MKOBHX CTATHYHHUX, TUHAMITHHUX H
TCIIOBHX HABAHTAKCHB, 3POCTAHHS CHCPTCTHIHHX BTPAT, 3MCHIICHHA ¢()CKTHBHOCTI OPTaHIB YIIPABIIHHS TOMIQ.

HeBupimeHOIO YaCTHHOK) HAYKOBOI MPOOICMH € HCAOCTATHICTh YHCIOBHX JOCHIKCHD TCIIOBHX C(CKTIB Big
iHTepepeHIid TypOyJICHTHHX IOTOKIB TakuX KoH(irypamid JIA sk Kopmyc-acpoAMHAMIYHHH pPyJb, KOPIyC-
TIEPICHANKY JLIPHAHA TAMIHAP, KOPIYC-Ta30BHH CTPYMiHb, IO BUXOJWUTH MEPICHANKYILIPHO ab0 Mg KyTOM /10 HbO-
T0, KOPIYC-KIMHOBHIHA HATO0YA0BA TOMIO.

MeTo10 1i€i cTATTI € aHATI3 TCOPETHIHUX JOCIIKCHB BILTUBY CJICMEHTIB KOH(Irypariif HaA3ByKOBUX JiTAIb-
HUX anapaTis HA (GOPMYyBaHHI CTPHOKIB YIIIIbHEHHA (YAAPHUX XBHJb), BIAPUBHUX TYPOYJICHTHUX TCUill Ta iXHIO
B33a€MOJIIIO0 3 TYPOYICHTHHM IOTPAHUYHHUM IIAPOM Ta MIX COOOIO0.

AHaJi3 MeTOAIiB YHCI0BOr0 MO/IETIOBAHHSI HA/3BYKOBHX BiAPHBHHX Tedill mix vYac B3aeMoaii yaapHMx
XBIJIb i3 TYPOYJCHTHHM TOTPAHHYHIM mapoM Ta intepdepenniii kondirypaniii. OCHOBHIMH HpoOIeMaMu
YHCTIOBOTO MOJICIIOBAHHS NIMPOKOTO CIIEKTPY ABO- 1 TPUBUMIPHUX iHTep(depeHuin kordirypanii (IK) 3a mHan3Byko-
BOoTO 00TiKaHHA JIA € CKIamHICTh TOMOMOTI] Tewil, HeBU3HAYCHICTD (DI3MYHMUX BIACTHBOCTEH 1 BIACYTHICTH CTPOTOI
Teopii TypOyneHTHHX moTokis [1]. ToMmy mporpecy B TOCTIIKEHHIX 1 pO3yMiHHI B3aeMOii TYPOYICHTHHX MOTOKIB,
30kpema 1K mix yac Haa3BYKOBOTO OOTIKAHHS JIA, MOKHA JOCATHYTH TLTBKH 32 TMOETHAHHSA JCTANBHUX (Pi3HIHUX
CKCIICPHMCHTIB 1 YHCIIOBOTO AHANI3Y iXHBOI Ta30AWHAMIKH HA MPOCTHX KOH(ITypanisax i3 HACTYMHHM TICPEX0A0M HA
ckmanHi 00’ extH [1, 4, 5].

VY mpakTHIi YHUCIOBOTO MOJCIIOBAHHS B3a€MOil TYpOYJICHTHHX IOTOKIB 32 HAA3BYKOBOTO oOTikaHHA JIA mo-
PpAA 13 MOIMIYKOM pamioOHATPHUX MOJCICH TypOyIeHTHOCTI Ha 0asi ocepemueHuX 3a Reynolds abo Favre piBHAHB
Har’e-Croxca (Reynolds averaged Navier-Stokes equations, RANS) Bce 6impImoro monmmpeHHS HA0YBAKOTh MCTOIH
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Jie p — TYCTHHA, Kr/MC; £ —vac, ¢, V — omeparop [amimeToHa, M; v — BEKTOP MBHIKOCTI, M/C; p — CTATHIHUH THCK,
2 .
IMa; = u{Vv +VV—§(V-V)I } — TEH30p 3CYBHHX HANpPY KCHb APyroro pasry, [1a; p — B’s3kicTs, [1a - ¢; [ — ogm-

HUMHHH TEH30p APYroro paury; e =c, T +v-v/2 — noBHa macosa eHepris, JHK/KT, ¢, — MacoBa i30XOPHA TEILIOEM-
HicTb, Jx/(xr - K); 7 — abcomorHa Temmepatypa, K; ¢ = —AVT — BEeKTOp TYCTHHH TEIIOBOTO IIOTOKY, Br/™M*; ) —
TemIonpoBiaHiCTh, BT/(M - K); R — yHiBepCcanpHa razosa crana, [/ (xr - K).

Cucrema pieasHb (1) omucye sk mamiHapHi, Tak 1 TypOyxeHTHI MoTOoKH [1]. 3a HasBHOCTI TYypOYICHTHOCTI
po3B’ 130k (1) BuxoauTh HA piBcHb DNS, KMt BXKC € HCMPAKTHYHAM B 00UHCIIFOBATEHOMY CCHCI BEIHKOTO MACIITA-
Oy imkeHepHUX KOH(irypamii yepe3 Bemuki Re. Tum He MeHII, 3acTocyBaHHa DNS Mae CCHC 3a MOPIBHAHO HHU3b-
KuX Re 11 xpamoro po3yMiHHS (Pi3HYHHX TPOIECIB TYPOYJICHTHUX BIAPUBHHX Te4id. ToMy AT MOJETFOBAHHA
BEJIMKOTO MacIITady IHKEHEpHHUX KOH(Irypamii y cucremi piBHAHD (1) BUKOHYIOTH 3aMiHY MHTTEBHX 3HAUCHb BE-
JHYHH CTATUCTHIHO-CepeaHIMHU (puc. 2). ToOTO, TAKUM YHHOM OTPHUMYFOTH CHCTeMY pPiBHAHb RANS. Jna mporo
MO’KHA BHKOPHCTATH, HATIPHKJIAA, OCCpeaHCHHS 3a Favre [0] Ta oTprMaTH CCPESIHBORBAKCHI

N - of ~

f=<lim> (/). f==. f=/+]" @)

p n—>0 =1 p

Je [/ — MHTT€BA BEIMYUHA; 17 — CcepeHA CKIaa0Ba; [ — CKIAA0Ba KOJHBAHHSA, 77 — KUIBKICTh TOUOK OCEPCIHCHHSL.
I3 Buropucrannsm (2) cucrema piBasaHb (1) HaOyBae BUTTLIAY

p .
&Py =0
P (pv)=0:

.
(p7) +(pP-V) =-Vp+ VT,
ot 3)
o(p?)
——=+V.|V(pe+p)|=-V-O+W:T,
p=pRT,
AC TCH30P MOBHHUX HAIIPYKCHDB i BCKTOP MOBHOT'O TCINIOBOTO MOTOKY BH3HAYAKOTHCA Cl'[iBBiI[HOH.IGHH}IMI/IZ
T=—pv'V' + 7,
“

QO=c,pl'V" +7.

VY piBHAHHAX (4) 4ICHH ( ) € payxryanmismu mBuAKoCTi. Jng 3amukaHHS cucteMu PiBHIHD RANS (3) HeoO-

XiZTHO 3AIMUCATH JOJATKOBI PIBHAHHA J/I1 BU3HAYCHHS TyPOYICHTHUX HANIPYKCHb — pv'v" abo HanpyxkeHb Re 1 TypOy-
JICHTHOTO TEIIOBOTO TOTOKY ¢,p7™V" . 3a aHATOTI€r0 3 TCH30POM 3CY BHUX HANPYIKCHb JULL CTHCKHOTO CEPEAOBUIIA i

3akoHOM Dyp’e:
— 2 2
—-pv"V" =p, [Vv+vV——(V-v)[}——pk[;
3 3 &)
c,pTV" =%, VT.

Je |, — TypOyneHTHA B sA3KIiCTh, I1a - ¢, k= (v"-v”) /2 — KIHETHYHA TypOyJeHTHa eHepris, JUK/KT; ¢, — Macosa

1300apHa remnoeMHicTs, J/(kr - K); &, =p,c, /Pr, — TypOynenTHa Temmonposianicts, B1/(M - K); Pr, — TypOynenTHe
t Cp [T Typoy

yucao [Ipasaris.

Jns 3amukanss cucteM (3) 1 (5) HEOOXITHO OLIHUTH TYPOYJICHTHY B SI3KICTH L. [T IIBOTO iCHY€ TPH KJIacwd-
Hux migxoaw [11]: anrebpaiunmii Bupa3 (Moxens Prandtl), mo HE moTpeOye J0JATKOBOTO PiBHAHHA OATAHCY, OTHC
(mozenp Spalart-Allmaras) i 7Ba CKaISIPHUX PIBHIHHSL.

J1s 3a0a4 YUCTI0BOTO MOJCTIOBAHHS B3a€MOI MDK CTPHOKOM YIIUIBHEHHSI 1 MOTPAHIYHIM IIAPOM 33 HAI3BY-
KOBOTO 0OTiKaHHA JIA HaMOIMBIIOTO 3aCTOCYBAaHHA IicTamu Momeni TypOyieHTHOCTI k¥ — € Launder [9] i £ — @
Wilcox [10] Ta ixmi Bapiamii.
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JpyrnM HAOIWKEHHAM Yy YHCIOBOMY aHAIi31 Haa3BykoBoro oOTikaHHS JIA € LES (puc. 2), cucrema piBHSIHB
SIKOT OTPHMYTOTH 32 JOMIOMOTOK) CEPEAHBOI 32 MPOCTOPOM (PYHKIII, o BiAMOBiAae cepeanii 3a Favre 1 :

J==|amar. j=2. ©)

e G — QyHKIIA-PLIBTP.

VY LES Benwmki TypOyICHINI BU3HAYAFOTHCS SIBHO, TO1 SIK €(PEKT MEHIIMX MOJACIIOIOTH 3a JOTMOMOTOIO MiCITKO-
BHX TIPABWJI 3aMHUKAHHA. PiBHAHHA OamaHCy 19 MOJCTIOBAHHS BCIHKHX BHXOPIB OTPHMYIOTH HIITIXOM (PimbTpartii
MHTTEBHX PiBHAHB Oanancy. LES BU3HAUAE MHTTEBE MOIOKCHHS «BCITMKOTO» MACINTA0y BHPIMICHOTO (DPOHTY TCUii,
ajic miICITKOBA MOJACTH BCE MIC HCOOXiHA, MO0 B3ATH A0 yBArd e()eKTH ManuxX TypOyacHTHUX MacmTadis. Y LES
cucrema piBHsaHb Haw’e-Ctokca 3 ypaxyBanesaM (6) mae puripig (3). BiqMiHHICTS MK 3aIHCAMH MOJIITAE ¥ BH3HA-
YCHHI TEH30Pa MOBHUX HATPY KEHb 1 BEKTOPA MIOBHOTO TEILIOBOTO MOTOKY:

T= —5(&—@*}@;
- (7
O=pc, (Tv—f\?j+§.

ae—ﬁ(w— \7\7} i pe, (Tv—f\?j — MIACITKOBI MacmTabM HANPYXEHb 1 TEIUIOBOTO MOTOKy. Mg iXHBOTO

BH3HAYUCHHS 3aMPOIIOHOBAHO /1BA HAOMKCHHS: IEPIIEC BUKOPUCTOBYE ABHY MOJCTb A SGS Hampy>KeHHS H TEII0-
BOTO TOTOKY [12]; Apyre — HesIBHUE METOX i3 BHKOPHUCTAHHAM MOHOTOHHOTO iHTETpyBaHHS [13].

INoere Maremarmane (HOPMYIIIOBAHHS 3a71a4l HAM3BYKOBOTO OOTiKaHHA JIA HA mpuKIagl craHAapTHOI MoAem
TypOYICHTHOCTI kK — ® 1714 B s13K0T0 cepenonmuma [10, 14], B axifi Bpax0BaHO BILTHB MATUX YHCET Re 1 CTHCHBICTD
PLAMHHA, Ma€ BUTJIA;

p _
€P.y. -0
o (pv)=0:
a(6"tv)+(pv V)i =-Vp+V-T,5;
6(pk)+v (EW):V‘{[HJF—Z Vk}er T+
ot S
®)
a(pm)+V-(50)\7)=V‘|:[H+hJV(D:|+Gm_Ym+Sco;
ot %y
0 (= (= Mt o 5oz
5(pE)+Vv(pE+p):V|:[)\,+]§—I}ZJVT:|+VVTeﬁr‘“l‘qv
P=pRT,

e k — TypOyacHTHA KiHeTHYHA eHEpris, [DK/KT; o — BITHOCHA MIBHAKICTh JHCHIALII KIHCTHIHOT CHEPTii TypOy IcH-
.1 * pk 5 . " ..
THOCTL, C"; |l, =0 — — TypOyJEHTHA B A3KICTb, I1a - ¢; o — Koe(illieHT ocaabIeHHA |, (KOPEKLil) A1 MaTHx
®

Re: o —d {aoJrRe,/RkJ, Re, =Pk g B,

w ook . pk .
- —, oy =—, a11 Bemukux Re a =op =1, Tomi =— gk y D. Wilcox;
1+Re, /R, o’ 03 ' e Y

G, =, S % _ mKepeno TypOyICHTHOI KIHSTHUHOI CHEprii 32 PAXYHOK CEPEIHBOrO TPAMiEHTA MBHAKOCT, SKE BH3HA-
4aroTh 3a TinmoTesoro Boussinesq, Br/m’; S =255 - MOJIYJb TCH30PA CCPEAHBbOI MBHAKOCTI Aeopmarii, ¢ ';

S= (VV + VV) / 2 — TCH30p MBHAKOCTI Ac(opmanii, cl G, = (X%Gk — IKEPEJIbHUHN YJICH IS O , kr/(v° - &%) (s

=]
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maaux Re, q:a;'o M
1+Re,/ R,

= J , At Bemakux Re av=a, =1); ¥, = pp’ fB «k® — AUCHTMATHBHUN “WICH A K,
o

! X <0t 4/15+(Re, /R,
3 2 1 " " " # # +( ¢ B)
BIAC (f- =1 1+680y; 0.7 L= =5 Vk-Vo. B =p; [1+§ F(Mt)],[s,:[sw 1, 3 Be-
1+40052 “F7 7 1+(Re,/ Ry )

mukux Re Bf :B:, J71 HECTHCKHOTO CEpEeAOBHINA B* :Bf )Y, =prBmZ— JTUCHIATHBHEE uneH, Kr/(M° - ¢°)

1+70y,, ‘(Q-Q):S‘
1+80y, ‘ (B*m)3

0 M, <M,;

Q=(VW-Iv)/2¢ ,B—B{l Bl_iiF(Mz)}LF(M') {Mf—Mfo M, >M,4;

(fy =

o0

(DYHKITiSI CTHCITMBOCTI CEPEIOBHINA, SIKY BHKOPHCTOBYIOTH A KOPEKIIi CTHCIMBOCTI (Mt2 = Zk/ a* — TypOycHTHE

yucao Mach, a = ,MRT — IMBHAKICTH 3BYKY, M/C; Y — IOKA3HHK aaiadarw; S;, S, — IKCPCIbHI WICHH A1 PIBHIHD K
R .
i o, BigmosimHo, FE =h—-<++—— MmacoBa moBHA cHeprisa, Jw/kr, &= _[cpdT — MAacoBa cHTalbIis, JIK/KT,

p 2 %
- e 2, . 2_ .
T =(n+ u,){Vv +VV - 3 (V-9)I } -3 pkl — TeH30p NEBIATOPHUX HAMPYKEHb, [1a; ¢, — TYCTHHA 06 €EMHOTO JIKE-
pena TermoTH, B/,
KoediuierTn cranmaptHoi & — 0 Moaem TypOyacHTHOCTI (8):
o= 1 a,=0,52; ay=1/9: B, =0.09; B,;=0.072; Rg= 8 {'= 1.5; Ry = 6; R, = 2.95; Myu = 0.25; 6, = 2.0; 6,= 2.0.
[NTouarkoBi ymoBH:
T(X)=Ty: v(X)=vy: P(X)=py: k(X)=ky: &(X)=¢,. )
xe X (x,y.z) € Q — IeKapToBi KOOPAMHATH, M; Q — PO3PaxXyHKOBA 00IACTb.

Me:koBi YMOBH:
HA BXOJI Ta30BOTO MOTOKY

n-v= Vintet> ﬁ = Pinter> I= Tinlet; k= kinlet; € =Eplets (10)
Jie 1 — BEKTOP HOPMAJII 10 IOBEPXHI,
HA BUXOI TA30BOTO TMOTOKY
ﬁoutlet = 0> T= Toutlet; k= koutlet; € =E0uttet> (1 1)
Ha TIOBEPXHI mpodimro JIA
n-Vp=0; n-VIi =0, v=0; k=0, o=0. (12)

. . ” L k
V pasi suxopuctanna DES mogemi Y, =pB koFppg, e Fppe =max [—’,lj; L, =—— — JOBXHHA
DESAmaX B ®

LIIAXY IepeMilly BaHHA TYpOYJICHTHUX HMOTOKIB, IO BU3HAaYa4aroTh 3a RANS mozemmo, M; C, ., =0,61 — koHcTa-
HTa kamiOpyBanusa DES mogendi; A, =max (Ax, Ay, Az) — MAKCHMAJIBHAH JIOKATBHUH KPOK CiTKH, M [15].

Jns uncnoBoi peamizauii po3ristHy THX MareMarnaaux Mozaenel 1K 3a Haazsykosoro ooOrikanust JIA MoXxHA 3a-
CTOCOBYBATH SIK KOMEpIIiiHI mporpamui mpoaykry, Hanpukiax ANSYS (Fluent, CFX) [16], Tak i BixkpuTHI IIpO-
rpamani ko OpenFOAM (Open Field Operation and Manipulation) [17].

Pe3yabTarn 4uc/IOBOro aHami3y Ta iXHE MOPIBHSIHHS 3 €KCHEPHUMEHTOM. 3 BUKOPHUCTAHHSAM ITPOTPAMHOTO
rozxy OpenFOAM po3po0eHO MOACTH IS YHCIOBOTO aHAMI3Y HAA3BYKOBOTO OOTIKAHHS HAXHICHOI CXOAWHKH, IO
peanizye CTaHAAPTHY kK — O MOACITs TypOyaeHTHOCTI (8)—(12). PesympraTn TECTOBHX PO3PAXYHKIB, iXHBOTO TOPIB-
HSHHS 3 CKCIICPUMEHTOM 1 JAHHMH YHCIOBOTO EKCIIEPUMEHTY 3 BUKopucTaHHsIM LES mozeni HaBeneHo Ha puc. 3.

AHaTi3 JaHUX CBIAYUTH, MO kK — O MOJCTH TYPOYICHTHOCTI (PHC. 3, 8) Y 3aralbHHUX PHCAX BiATBOPIOE KAPTHHY
TPAaHUYHOTO INAPY, CTPHOKIB YINUIBHEHHS, 30HY BIAPUBY TYPOYJICHTHOTO IMOTOKY, OTPUMAHHUX B CKCIICPHMEHTI (pHC.
3, @), ane 11 JOCTIHKCHHS O TOHKHX C(DCKTIB, OB A3aHMUX 13 B3AEMOIIEI0 CTPHOKIB YIMIbHCHHA, HATIPHKIIA
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Karvatskii A. Ya.

THE CURRENT STATE OF THEORETICAL RESEARCH ON THE SUPERSONIC BODY FLOW
WITH DIFFERENT CONFIGURATIONS

Meeting permanently increasing needs of society in aerospace systems of circumterrestrial location includes the
development of new and more reliable energetic efficient aircrafts in order to enable scientific equipment to reach
Earth's orbit. It is impossible to do this direction of investigation only with the help of experimental research in aer-
odynamic pipes, what is extremely energy consuming. That is the reason why theoretical methods of calculation
hydrodynamics came into usage in the aircraft development. This provides the minimization of designing time and
significant material and human resources savings. Moreover, data of experimental research are more and more
used for verifications of numerical models of supersonic turbulence flows, which occur close to aircraft elements
(configurations), though they have their own scientific value in the study of the issue.

The basic problems of numerical modeling of wide range 2- and 3-dimensional interferences of configuration while
supersonic aircraft flow are the difficulty of the flow typology, indefinite physical properties and the absence of the
accurate theory of turbulence flows. Consequently, the progress in the investigation and understanding of the inter-
action between turbulence flows and, in particular, interferences of configuration while supersonic aircraft flow
can be achieved only on condition of closely combining of detailed physical experiments and numerical analysis of
their gas dynamics on simple configurations. Only after this it is necessary to shift to the complex objects.

In the practice of numerical modeling of interaction between turbulence flows while supersonic aircraft flow be-
sides the search of rational models of turbulence based on Reynolds averaged Navier-Stokes equations (RANS), the
methods of Large Eddy Simulation (LES) and Direct Numerical Simulation (DNS) are gaining more and more pop-
ularity. In order to expand the range of opportunities of frequently used RANS models alternative hybrid models
LES/RANS or DES (Detached Eddy Simulation) became more popular because of their cost effectiveness and the
adequacy level.

Mathematical formulations of supersonic aircraft flow are considered, including such calculation levels as DNS,
LES, RANS and hybrid LES/RANS, which are called DES. It is shown on the example of compared results, received
with the help of numerical model of the ramp, which is built on the basis of RANS turbulence model, that it is neces-
sary to use more complex LES or DES models while investigating interferences of configuration.

Keywords: shock wave, turbulent boundary-layer, interference of configurations, numerical simulation.
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MATEMATHUYHE MOJAEJIOBAHHA EKCTPY1YBAHHA
EJEKTPOJHUX 3AT'OTOBOK

Po3pobneno mamemamuyny i Yuciogy Mooeni npecogoeo IHCMpPYMeHmMa 0N eKCMpPYOV8aHHs eNeKmpPOOHUX 3a20Mo-
BOK I3 GUKOPUCTHAHHAM HabnuxcenHs piounu Bingham-Papanastasiou 0N onucanua nogeoiHKU KOKCONeKogol cy-
Miwi, wo npecyemvca. IIpogedeHo eepudbixayiro po3pobreHol Yuciogol Mooeni 30 OAHUMY eKChepUMEHMATbHUX
00CiOHCeHb MA BCIMAHOBNEHO, WO GIOMIHHICIb MidIC POSPAXYHKOGUMY MA eKCHEPUMEHMATLHUMY 3HAYEHHAMY me-
mMnepamyp MyHOuLmyKa ve nepesumye 4 %.

Kmrouosi cnosa: kokconexosa cymiut, enexmpooni 3a20MoeKi, eKCmpy3is, Yucio6e MoOeII08aHHsL.
© Kapsaupxwmit A. 51, Jlazapes T. B., Tumenko O. C., 2015.

MocranoBka npodiaemn. OTHEM 13 BOKIMBHX CTANIB TEXHOJOTIYHOTO LMKy BHUTOTOBJICHHS BYIJICIEBO-
rpadiToBOi €IEKTPOIHOI MPOAYKIi, HA SIKOMY 3aKJIAJAI0Th (DI3MUHI BIACTHBOCTI MAWOYTHIX BHPOOIB, € ixHE (op-
MYBaHHS CKCTPYAYBAHHAM €JICKTPOJHOI MacH Kpi3h MyHIIITYK IpecoBoro iHcTpyMmeHTa [1]. Po3poOnerHs pamio-
HAJTBHUX PETJIAMCHTIB MPSCOBOTO THCTPYMCHTA, IO 3a0€3MCUYIOTh BUXIA AKICHOI MPOXYKLIi, €, OC3YMOBHO, aKTya-
JBHOIO 33JaUCHO.

ErexTpoana ab0 KOKCOIEKOBA Maca € KOMIIO3HTHHM MAaTepiajioM, IO CKJIANAETHCS 3 TBEPAOTO BYTJICIICBOTO
HATIOBHIOBAYA 1 KaM SHOBYT1TbHOTO a00 Ha(TOBOTO TMEKY [2] Ta Mae (hi3H4HI BIACTHBOCTI HCHBEOTOHIBCHKO1 PiAMHH.
ToMmy 3araapHOI0 HAYKOBOIO IMPOOJIEMOI0 € MPABIIIbHICTh BUOOPY MOJCI AMHAMIYHOL B SI3KOCTI PIAMHE 11 MOJE-
JFOBAHHS TEYil €IEKTPOIHOI MACH, IO MPECYEThCS. AHANI3 JTEPATYPHUX JPKEPEIN CBITYUTD, IO KOKCOIIEKOBA CY-
MIII BIATIOBiAA€ BracTuBOCTSM piguau Bingham [3, 4], To0T0 3anexH0 BiA Qi3HMIHEX YMOB MO>KE BHABILITH CeOE SIK
TBEpAC TLIO # Ay»e B s3Ka piamHa. HeBUPIMEHOO YaCTHHOO MPOOJIEMH € BIACYTHICTH IEKBATHOI YHUCIOBOI MOJC-
7 excTpy3ii, fKka O AaBana 3MOTY B YMOBaX BUPOOHHMIITBA BiNPANbOBYBATH PALIOHANBHI PETJIAMEHTH MPECYBAHHSI
€JIEKTPOHHX 3aT0TOBOK 32 YMOBH 3MIHH CKJIAJy KOKCOIICKOBOI CYMillli f THIIOPO3MipiB BUPOOIB.

MeTo10 CTATTi € CTBOPSHHS MATEMATHYHOI Ta YMCIOBOI MOACICH CKCTPY Ay BAHHS CICKTPOIHUX 3aTOTOBOK IS
PO3pOOICHHS paIliOHATBHAX PETIAMCHTIB IPECOBOTO IHCTPYMCHTA, IO 3a0€3MCUYIOTh BUXIT AKICHOT MPOIYKITi.
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