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Hecramionapauit TpuBuMipHuii TypOyJIeHTHUN HECTUCIUBOI PIIMHU HAJ TPAMOKYTHOIO
JIBOXBUMIDHOIO TI€PEIIKO/IO0 (3 BiIICMOKTYBAHHSIM 33 HEIO) B IIPUMEXKOBOMY Iapi du-
CeJIbHO JIOCIIKY€EThCs, BUKopucToBytoun riopumamnit LES/URANS-niaxin, npucrinni
MOJIeJI Ta KiHIleBo-pizHunesuii Merol. CIiBBiIHOIIEHHS] BUCOTH J0 JOBXKUHH IT€PEIIKO-
1 CTaHOBUTH 4, umcio Peftnonbaca mist nmeperkoan Re = 10500 Ta uncio PeitHonsaca
Ha «Bxodi» Res = 10500 mjst TypOyJIeHTHOIO IPUMEXKOBOIO Iapy. 3a IEPEIIKOI0I0 B
3ol 17.25 < x < 79.25 Ha ropm30HTAJbHIN CTiHII PO3MileHa MHOKHHA OTBODIB (B
KOXKHOMY BY3Jii PO3paxyHKOBOI ciTku € oTBip B ¢dopmi kosa d = 0.042). Edexkrusna
HMIBUJIKICTH BIJICMOKTYBaHHsi 3 oTBOpY € craja Beiamduna (Vsr, = —0.03) Ha BigTun-
Ky 4acy t={0;96}. Yuciao Bukopucrannx cirkoBux BysiuiB € 5434455 ({961;65;87}).
KorepenTHi cTpyKkTypH 11eHTUDIKYIOTHCS 38 JI0IOMOT0K0 Q-KpuTepito (psiji oporoBux
BesnanH {Qg; } 1u1st Beiel obsacTi pospaxyHKy ). HuceabHe MOJIETIOBAHHS 0YJI0 BUKOHAHO
JUIST TOCTIIPKeHHST (Q-1301I0BEPXOHB, IHTErpaJbHUX XapaKTePUCTUK €HEPTil Ta IO 10~
[IEPEYHUX IIEPETUHIB OPraHi30BaAHUX YTBOPEHb I1iJi BIIMBOM BiJICMOKTYBaHHs. SHANIEH]
KOTEePEeHTHI CTPYKTYPH pi3Hux koHdirypariiii B Beiukiii po3paxyHkosiit 3oui. BusiBieno
CUIBHIIT BIIUB TOCTiiiHOTO BigcMokTyBamus B daci ({0;96}) ma xomdirypamnito oprami-
30BAHUX BUXPOBUX CTPYKTYP. 3 INIMHOM YacCy PO3PaXyHKY 3MEHIIYIOThCS [TOCJIIOBHO Ta
HeYXUJIHHO PO3MipH KOT€PEHTHUX CTPYKTYP, IX IHTerpaJbHNX XapaKTEPUCTHK €HepTil Ta
ILIOII TIOTIEPeYHUX MepeTrHiB. id BIACMOKTYBaHHSA B Yaci TPU3BOIUTE JO MOTYZKHOTO
3MEHIIeHHsT TYPOyJIeHTHOI eHepTril OpraHizoBaHuX BUXPOBUX CTPYKTYP HE TLILKU B 30HI
BigcMokTyBanns (17.25 < x < 79.25), ane rtakox Oinst nepemkoau (9 < z < 12). Ha
Bigruaky 20 < x < 60 3a npomixkok wacy t={0;48} Besuunna TypOYJIEHTHOI eHEpPril
3MEHINIIACh B YOTUPU Pa3y B MOPIBHAHHI 3 BapianToMm 6e3 BimecMokTyBanHs (¢ = 0).

KJIFOYOBI CJIOBA: typbyseHTHU HPUMEXKOBHIT MAp, MEPEeIKoAa, THCEJTbHUH Me-
TOJ, KOTEPEHTHI CTPYKTYPH, KpUTEPIH 1eHTH(IKAI], €BOJIIONI, BIICMOKTYBAHHST
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1. BCTVYII

B mamr vac BuUK/IMKae BeJIUKUN MPAKTUYIHUIN iHTEpEC BUBYEHHs HECTAIlIOHAPHOI TYpOy-
JIEHTHOI Tedil IpU HagBHOCTI IIEPEIIKOIU Ha IJIACTUHI 3 BpaXyBaHHAM BILIUBY IIPOIECIB BiJI-
CMOKTYBAHHS PIJIMHU 3 OCHOBHOI Tedil, CIIOCO0IB KEPyBaHHs XapaKTEPUCTUKAMK Tevil y BCiil
TPUBUMIipHiit 00J1acTi Ta B 1T OKpEMUX 30HAX Ha OCHOBI JIOC/IIZKECHHS €BOJIIONIT KONePEHTHUX
BUXPOBHX CTPYKTYp B Hectucaubiil piauni. CydacHa rizpomexanika BuBuae BUXpPOBI (KO-
POTKOTEPMIHOBI Ta KOTE€PEHTHi) YTBOPEHHS PI3HUX MAaciiTabiB B TYpPOYIEHTHUX TEUisdAX IIij
pi3HIME KyTamu 30py: 1) B IpucTinHiit TypOyienTHOCTI; ii) pu o6rikanHi neperkor; iii) B He-
CTAIiOHAPHUX TPUBUMIDHUX TEUisiX 3 BILAPUBOM Ta MPUEJIHAHHIM [IOTOKY; 1V) BCTAHOBJICHHSI
3B’s3KIB MK KPYITHUME Ta MaJUMUA MAcCIITabaMy BUXODIB; V) B3A€MO/Iisi MiXK BHUIIAIKOBIMI
Ta KOTePEHTHUMH yTBOPEHHSIMHI PI3HIX MacrITadiB.

JlocJTiI?KeHHIO €BOJTIONIT KOT€PEHTHIX BUXPOBUX CTPYKTYP B IPOCTOPI Ta Yaci IPUCBAIEHA
BU3HAUEHA KiMbKicTh npars [1-17]. KorepeHTHi yTBOpEeHHS PO3/IAIOTHCA HA TPU KJIACH:

1) AMHAMIYHI 9 3aJIUITKOBI yTBOPEHHSI iCHYIOTH B TYPOYJIEHTHOCTI, IO 3apOK/YEThCS
Ta € NPAMHUMU ITOCJIIOBHUKAMU BIIOPSIKOBAHUX (DOPM JIOKPUTUIHUX CTAIlIOHAPHUX U1
KBa3IMepIoNIHNX TeYiii;

ii) KBa3ipiBHOBAXKHI CTPYKTYPHU € B XAOTHUYHUX TEUisIX, HE JyKe JAJEeKUX BiJl TePMOIMHA-
MIYHOI piBHOBAry;

iii) mepiBHOBaxKHI CTPYKTYpHU ICHYIOTH B PO3BHHEHIi, ajie Jajekiil BiJ TepMoamHaMidHOT
piBHOBAru, TypOyJI€HTHOCTI.

B npucrinniii Ta 30BHINIHIN 30HaX TPUMEZKOBOT'O Mapy 3HaIEHI OpraHi30BaHi BUXPOBI CTPY-
KTYPH, SKi MalOTh CBOI XapaKTepHi MacimTadbu, popMu Ta Jac KUTTA. KorepeHTHI yTBOPEHHS
iCHYIOTH BiKe IpH HaiiMeHmux Macmrabax [3—11].

g BUBYEHHSI OPTaHi30BAHMX BUXPOBUX CTPYKTYP BUKOPUCTOBYIOTH CTATHUCTUYHI METO-
Il B €KCIIePUMEHTAIbHIX JOoCTpKeHHsX [3,7-11,18-20]. IIpami uncensui meroau 12,14, 21|
posB’si3ky piBastHb Hab’e-Crokca (DNS) BusHauaoTh HPUCYTHICTH KOM€PEHTHUX YTBOPEHb
BCix maciiTabiB, ajie BoHU Jjiyxke BuTpaThi. Bukopucranus LES (MojeoBatHst KDYIHUX BU-
XOpiB) BEMarae OLIBIN yBazKHOI'O TiIXO/Ly. BaK/imBo Harajaru, mo po3paxyHKoBa CiTKa JJis
DNS nabararo gpibuimia, wixk jgua LES. Tomy, MiniMaabamit po3Mip KOr€pEHTHUX CTPYKTYP,
ki Mozke BusHaunTu LES [13,15,18,21-35|, obmexkenuii po3aMipoM po3paxyHKOBOI KOMIPKI
Ta IMUPUHOIO (PLIBTPY s TiIciTKOBOI Mojiesti. [Ipu BuaiieHHI OCHOBHUX KPUTEPITB i1eHTI(DI-
Kallil OpraHizoBaHNX BUXPOBUX CTPYKTYP 3aCTOCOBYIOTH PO3UJIEHYBaHHS TEH30PY I'DAJIIEHTIB
MIBUJIKOCTI Ha CUMETpUdHy S Ta antucuMerpudny €2 sactunu. B npangx [7-11] naseeni na-
CTYIHI KPUTEPIT: 1) Ay — JApyre BJAcHE 3HAYEHHS XapaKTEPUCTUIHOIO PIBHAHHS JIJIsi TEH30DY
S? + Q2 BUKOpUCTOBY€EThCA KpuTepiit Ay < 0; ii) Q — apyruil iHBapiaHT XapaKTepPUCTHIHOTO
PIBHSIHHS TE€H30DY I'PAJIIEHTIB MIBUJIKOCTI, /e KpuTepiit () > 0 o3Havae, M0 3aBUXPEHICTH ITe-
peBazkae Jecdopmartiio; iii) A = (Q/3)3+(R/2)?, kpurepiit A > 0 BUMarae Jiuiie IpUCY THICTE
JIOKAJILHOTO obepTanusd; iv) cruipaiabaicTs (KpyTinns) H = -, kpurepiit inenrudikanii mpu
H > 0.

[opiBHsibHAI aHami3 cydacHuX Mero/iB imentudikarii [7—11, 15| BbigBUB IX HeojHO-
3HAYHICTD Ta CYIEePedIUBICTb NpH BizyaJizallil pisHOMaHITHUX BUXOpiB. Bubip moporosoro
3HAUYEHHS JJI KOXKHOT'O 3 KPUTEPIIB PU3BOJNTE JI0 BU3HAYEHHS BIJIITOBITHOI TITBKH ITHOMY
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KpUTEpito TpuBUMIpHOI (DOpME Ta PO3MipiB KOrepeHTHOI cTpyKTypu. Ha cyuacumit MmomeHnt
Jacy He CTBODEHWIl €IMHMI 3arajlbHOBU3HAHUI KPUTEpIil i/leHTudikallii KorepeHTHOI BUXPO-
BOI CTPYKTYPH, 11 30BHIIIHKOI 000JIOHKH, TapiB Ta sjapa. MaJjo BUBYEHE MUTAHHSA ITPO CIIOCIO
BU3HAYECHHS KOHKPETHOI €/IMHOT BEJIMIUHE TOPOIOBOTO 3HAYEHHS N JIeKiIbKoX. OTpuMaHi Ha
OCHOBI Pi3HUX KPUTEPIIB Ta BEJIMUNH ITOPOIOBUX 3HAUYEHD, Bi3ya/i30BaHl KOT€PEHTHI CTPYKTY-
pu MOXKYTBH IpuiimMaTu pizui kKoudirypariii ta po3mipu. B HaykoBiit jiTeparypi He BUBYEHO
BILIMB [TOPOT'OBUX 3HAYEHD /I HAROLIBII BXKUBAHOTO TTapaMeTpy () Ha po3Mip Ta popMy KO-
FEePEHTHUX CTPYKTYP, AKi YTBOPIOIOTHCA ITPU OOTIKAHHI MEPEITKOIN TyPOYJICHTHIUM ITOTOKOM,
Ha PI3HUX BaxK/JIMBUX JijsiHKax: 1) 6e3 BigpuBy; 2) Bijpus; 3) npueHanHs; 4) BiIHOBIEHHS.
Takoxk, HEoOXiHA PO3pOOKA HOBUX METOJIUK I BU3HAYEHHS MOBHOI TYpPOYJIEHTHOI eHep-
ril Jiiss MUTTEBUX BesnduH. [cHYIOTH Besuki rnpobsieMu mpu ijeHTudIKaIil BUXPOBUX yTBO-
peHb, PO3MEXKYBaHHI 1X Ha KOT€PEHTHI Ta HEKOTepeHTHI, BU3HAYEHH] BIIIIOBIIHUX 3HAYEHDb
iX eHepriii Ha OCHOBI ITOJIS MIBUJIKOCTI B 3aJlaHUil MOMeHT Yacy. Tomy, Bi/IIIITOBXYIOYNUCH Bi/
pesysbraTiB pospaxyHkis Ha octoi DNS, LES qu ri6puaaux LES/URANS, rernep Bunuka
HeOOXiIHICTh aHaJ i3yBaT MUTTEBI BEJIUYUHHU TYPOYJIEHTHOTO pexKumy. /ljisg 1boro aoriib-
HO BHU3HAYATHU MEBHI IHTErpaJibHi XapaKTEePUCTUKU €BOJIONIHHOT Tedil (TypOyaeHTHOT enepril
PI3HUX BUJIIB BUXPOBHUX CTPYKTYD Ta IX JIHIHUX PO3MIpIB) Jjisi KOXKHOI MUTI 4acy.

Brums nporecis ynopekyBaHHs Ta BIICMOKTYBaHHsI Pijunu OyB onucanuii B npangx |21,
35-38]. B mocuimzkenni [35] mposejieni po3paxyHKH XapaKTePUCTUK CTHCIUBOI TYPOYIeHTHOT
Tedil, oOMekeHol cTinkoro, Ha ocHoBl LES u DNS. JIig Bunajiky Ha/I3ByKOBOTO IIPUMEXKOBOTO
mapy TPaHNYHI YMOBH Ha CTIHIII BPaxXOBYIOTh PO3TAITyBaHHA PETIOHY 3araJbHOTO /IS YIIOP-
CKYBaHHs Ta BIJICMOKTYBaHHsI (3aJ1€2KaTh BiJi IPOCTOPOBUX KoopiuHaT Ta vacy). Crnocrepi-
raloThCs 3HAYHI BIIMIHHOCTI Mi2K eKCIIEpUMEHTAILHIME Ta PO3PaXyHKOBUMU Pe3YJIbTaTaMHu.
B npangix [36,37] Bukonano npsime uncesibhe mojemoBants (DNS) Ta npoanasizoBaHo jiio
HepioJMIHOTO B Yaci yIOPCKYBAHHS Ta BIICMOKTYBaHHsI Yepe3 MONepevHy MIiJIMHY Ha CTIHII )
Ha TypOyJIeHTHWI TpuMerkoBuii map. B mocripkenni [38] mposeseni po3paxyHKu xapakTe-
pucTtuk TypOyaeHTHOI Tedil cTucauBol pijgunu na ocnoBi RANS u k-£ mojeni TypOynentrocTi
JIJI BpaXyBaHHS i1 aKTUBHOI'O KEPYBaHHS IIJISIXOM YIIOPCKYBaHHS 3 METOIO 3MEHIIIEHHS OI0-
Py IOraHo oO0TiYHOTO Tija.

st koudirypartii Tedil, mo BiamoBigae ekcriepuMeHTaIbHIN Tpart [1], ase 3 BpaxyBas-
HAM TIPOIIECY BIJICMOKTYBaHHsS HECTUCIUBOI PIIMHU 3 OTBOPIB, pO3TAIIOBAHUX Ha T'OPU30H-
TaJIbHINA CTIHI 3a Hepentko00 (MBUIKICTh BIJICMOKTYBAHHS € IOCTifiHA BeJIMYHHA B 4YaCi
Ta, B IUIOIIMHI OTBOPY Jist KOXKHOTO 3 BUOpaHOI MHOXKWHK) obunciaeHHs Ha ocHoBi LES Ta
RANS inmmyu aBTopaMu pasiiie He IPOBOMWINCH. BUKINKae BeJMKUl TPAKTUIHII 1HTe-
pec B IPOBEJIEHHI YMUCEJILbHOTO €KCIIEPUMEHTY I PO3B’d3aHHA TakKol 3aJadi. Po3paxyHok
HeCTaIllOHAPHUX XapaKTEePUCTUK TYPOYJIEHTHOI Tedil Ta 1X 00poOKYy MOXKJINBO e(DEKTUBHO pe-
aJi3yBaTH Ha [IePCOHAIBHOMY KoMII'torepi 3a jgoromoroto riopuaoro LES /URANS-migxomy.

Metoro 1moganol poboTu € JIOCTiKeHHs Tpob/ieMu TPUBUMIPHOT ieHTudikaliii Ta Bizya-
Jlizariii pisHOMACIITAOHUX KOT'€PEHTHUX BUXPOBUX CTPYKTYP 3 BU3HAUYEHHAM iX iHTErpabHUX
XapaKTEePUCTUK KOTE€PEHTHOCTI, TYpOyJE€HTHOI eHepril Ta IO MOIEePEeIHUX MEPETUHIB Op-
raHi30BaHUX CTPYKTYD B TypOyJIeHTHIi Tedil (3 BiAPUBOM, BiICMOKTYBAHHSIM, TIPUETHAHHIM
Ta, BIJIHOBJIEHHSIM) JIJIsl BEJIUKOI 06J1aCTi PO3paxXyHKy HA OCHOBI aHAJI3Y YHCEJbHUX De3yilb-
TaTiB, orpuMaHux 3 BukopucranusM ribpugaoro LES/URANS-migxomy, mo € po3BUTKOM
npais [15,17,22,33,34,39].
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0. Xs Xy X

Puc. 1. Ilpuamnumnosa cxema TypOyJIeHTHOI Tedil 3 MOMEPETHO0 MEPENIKOI0I0 Ha, IIaCTHHI,
npuiinsita posmipHa cuctema koopauaar OXY,Z ta npodiib cepeHbOl MBUIKOCTI HA «BXOJi»

2. IIOCTAHOBKA 3AJAYI JJIA LES

Mojiesib CKIaJIA€THCA 3 HACTYITHOTO:

1) TypGyseHTHUIT MOTIK B'sI3KOT HECTUCIUBOL PIIMHN [IPU HYJILOBOMY TI03I0BXKHBOMY I'Da-
JTIEHT] TUCKY Ha 30BHINTHIN TPAHUII 3 MOCTIHHUMEI BIacTUBOCTAMHU Tede Ha miasgai 0 < X <
X}, HaJl HalliBHECKIHYEHHOIO IJIACTUHOIO 3 PO3TAIlOBAHOIO Ha Hifl MONEPETHOI0 JTBOXBUMIp-
HOIO MEPEITKO/I0I0; MaKCUMAaJIbHA, MIBUJIKICTh 30BHIITHBOTO OTOKY Uy; BUCOTA TIEeperKkou S
i1 nopxkuaa 0.255; CTIHKK IACTUHU Ta TMEPENKOIN MAIOTh MMOPCKICTh, BEJTUINHOIO SIKOI MO-
JKHa 3HEXTYBaTH; BIJICMOKTYBAHHS BiJIOYBAETHCS 3a JIOTIOMOIOIO 33/I1aHOT MHOYKUHH KOJIOBUX
OTBOPIB, EHTPHU SIKUX PO3TAIIOBAHI HA TOPU30HTAJIBHIN CTIHII 38 MEPENTKOI0I0 B y3/1aX JBO-
XBUMIPHOT TIPAMOKYTHOT CITKM 3 KPOKOM Hgye = S/12 B 30m1 { Xy < X < Xyg; 0 < Z < Z},
ne Xg = 17.255; X49 = 79.255; Z;, = 75; paziyc orBopy Ry, = S/48; mBUIKICTH BiICMOKTY-
BaHHs Vyisq = —0.15U) € TOCTIHOI0 BEJMYIMHOIO B IUIOMIMHI OTBOPY 3 IUIMHOM Yacy (cxema
Tedil npejicraBiaena ua Prc. 1); 2) Ha inrepBai dacy 0 < t < 96 JA0CTIKY€EThCsT HECTAIIIO-
HapHa TpUBUMIpHa TypOy/iaeHTHa Tedis npu unciai Peitnonbaca Re = UpS/v = 10500 st
nepenikou, duci Peitnosbica Res = 10500 s TypOy/IeHTHOIO IPUMEZKOBOI'O IIIapy IPHU
X =0(0 =1; u, = 0.052); 3) 3a;1a9a PO3IIIATAETHCS B CKIHUEHHIN TPUBUMIPHiil pO3paxyHKO-
Biil 06s1acTi 3 33JaHUMU TPAHUIHUME yMOBaM; 4) BCl mapaMeTpu Ta PIBHSIHHSI IPEJICTaB/IeH]
B Oe3po3MipHiit popmi.

PiBusinHA pyXy BA3KOI HECTUCJIMBOI PiJIMHU ONUCYIOThCS B BUTJISA/II CUCTEMU 3HEPO3Mipe-
Hux inbTpoBaHuX Hecrarjonapaux piBHgHb Has’e—Crokca [25-28, 33]:

= 4 — 1
ot 0z ox; " Re dx;0x;  Oxj’ (1)
ou;
=0
('33:2- ’

Jie Uy, Us, Ug (9u U, 0, W) — LIBTPOBAHI KOMIIOHEHTH BEKTOPA MIBUJIKOCTI B3JI0BXK KOOD/IMHA-
THUX oceil x, ¥, z, Bianosinno; PP — yrazanapHennit binbTpoBanuil THCK; T;; 1 [P TpoHOPMOBaHi
Ha T'YCTWHY HECTUC/JIUBOI pianmHu, BCi 3MiHHI 3HEpO3MipeHi 3a jgormomMoro Bemwmawd S u Up.
Tensop MiJICITKOBUX HaIIPYT T;; IIapaMeTPU3YEThCs Ha OCHOBI JIMHAMIYHOI IIiICITKOBOI MOJIe-
i [23,33]. g po3paxyHKy BUCKOPHCTAHO II€PETBOPEHHsI KoopauHar (y = 7, upu < 3 Ta
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y=3+6{(n—23)/2}1%7 upu 3 < n < 5), gKe 3B’A3y€ peryjasapHy, PIBHOMIPHY, He3aJIeKIHy
Bix wacy pismmmeBy citky (An = Ag) B pospaxymKosiit obmacti 3 dismanon obmactio D
3 HEPiBHOMIPHOIO CITKOIO B HaIPAMKY JI0 30BHIITHLOI rpanulli. {1 KpoKiB po3paxyHKOBOI
citkn 3amaemo: Ax = An = Az = Ag=1 /12. B mexax LES-ninxosy koxkHe 3 piBHsiHb (1)
JIUCKPETU3UPYETHCA Ha MPAMOKYTHI CITIII B pO3paxyHKOBIi 0bJracTi

D={0<z<uxp 0<n<mnl}

3a BUKJIFOUEHHAM
{lxs <z <wg; 0<n<mg); 0<2< 2},

ne xs = 105 xg = x5+ 0.25; ns = 1; xp, = 80; np = 5; 2 = 7. B uncenbHOMY MeTO/II BH-
kopucrano {N,; Ny; N, } = {961;65; 87} cirkoBux Touok. st pospaxyHky Koedimienty mo-
BEPXHEBOTO TePTsI, IKUil IpUCyTHiil B ipecTapeniit LES, BukopucroByeTbest 1BOXBUMIpHUIT
URANS-mixi jutst obsracti D1. B rpannaanx yMoBax mpu3HAYa€ThCsT e(DeKTUBHA MBUIKICTD
BiemokTyBanHst Vr, e Vs, = ViysSsy/Sez; BUAKICTD BimeMokTyBatHsT Vis = —0.15; Sy —
cyMapHa IJIOINa BCIX OTBOPIB; S, — 3arajbHa IJIONA 30HU BijicMOKTyBaHHs {xg < & < T44;
0< z < z}. Jna niel momeni orpumyemo Vgy, = 0.2V, Onnc rpaHrn<IHIX YMOB Ta JeTajieil
uncesbnoro Merony st LES ta URANS mae nosmicrio anasoriamnmit npargi [39] Bu.

3. KPUTEPIII TPUBUMIPHOI BI3VAJII3AIIII KOTEPEHTHUX CTPYK-
TVP TA METO/ ITEHTU®IKAIIII IXHbOI EHEPIII

KorepenTaoo BUXpoBOIO CTPYKTYPOIO MOKHA BBaKaTH KOMITAKTHE YTBOPEHHS, sIKE CKJIa-
JAEThCS 3 JIOCTATHBO JIOBIOICHYIOYOI B 9aci MPOCTOPOBOI CTPYKTYPHU Ta MPOIYKTIB 11 KacKa-
JiHOrO posnajy. Bona mae gk kpymHoMaciTabny, Tak JpiOHOMACHITAOHY TYpPOYJIEHTHICTD.
Qopmu Ta po3Mipu KOIe€peHTHUX YTBOPEHb HE € YiTKUMH. YsdBa IIPO TaKy KapTUHY Tedil
IPYHTYEThCSI Ha eKCIIepUMeHTa IbHIX Tpargx [1,2,4,5,20,40-45]. KorepenTHi crpykTypHn Ma-
IOTh BEJINKY IIUTOMY €HepTiio Ta JUCUIYIOTH 3HAYHO ITOBLJIBHIIIE HiXK HEKOTNePEHTHI BUITATKOBI
yrBopenHs. Tomy, X mpaBuibHa ijeHTHdIKAIlA Mae HAROLIBINNI iHTEepec Ipu JOC/TiZKeHH]
MeXaHi3MiB KepyBaHHsi TypOyienTHIME Tedisivu. CraTuctuyasi merou [3,7-11,19,20] xpososi
YaCTO BUKOPHUCTOBYIOTHCA B €KCIIEPUMEHTAJIbHUX JOCILJIZKEHHAX JJId BidyaJIi3allil Tedil, aje
BOHU MaJIO IIPUCTOCOBAHI JIJTsl i/IeHTH(dIKaIlll KOTePEHTHIX BUXPOBUX YTBOPEHDb Ta JIOKJIAIHOT
00pOOKM pe3y/IbTaTiB PO3paxyHKY, oTpuMaHux 3a gormomororo LES. B maykosiit gitepary-
pi [3-7,9-12,14,15,17, 34| 3anponoHoBaHi creriajibHi MeToIu Bisyastisaril, siki J03BOJIAIOTH
3 PI3HOIO AKICTIO 1/IeHTUhIKYBATH 3HAYHY YaCTHHY BUXODIB B morori. B npami [15] jgoktaaHo
[IpeJICTaBJICHII TIOPIBHAIBLHUN anai3 KpuTepiis ienTudikariii kKorepeHTHUX BUXopiB. B Harm
Jac Ha MUTaHHSI PO €IMHUI Ha iiiHUiT Kpurepiit inerTudikarii (fi0ro mOporoBoro 4u moporo-
BUX 3HAYEHHSIX) KOPEPEHTHUX CTPYKTYD PI3HUX MacHITabiB Ta TUIIB IIOKH 110 He iCHY€e JiTKOT
Biamosizi. IloBHI Ta meranbHi SIKicHI Ta KiJIbKICHI HOPIBHSIHHA TaKUX TPUBUMIPDHUX OPraHi30-
BaHUX yTBOPEHb Bce Iie BijcyTHi. [Ipobiema yckinaaHoerbed HacTynHuM. B ineasi, nanpu-
KJIJI, JIJId BU3HAYEHHS TaK 3BAHUX <«IIIUJILKOIIOMIOHUX» BUXOPIB MOBUHHA OYTH IIPOBEJIEHA
inmenTudikaris 3 BUKOPUCTAHHSM PI3HUX KPUTEPIIB BizyaJsiizalii Ta iX MOPOroBUX 3HAYEHbD,
onmcaHux B npargx [3-7,9-12,14,15,17,34|. Ane orpumaru jjist BCix KpuTepiiB 6JU3bKI 10
dopMi TpuBUMIpHI 300parKeHHS HE € MOYKJIUBUM Ta IIPABOMIPHUM B CUJIy TOTO, IO KPUTEPil
inenTudikarii MaroTh pisHOMaHiTHI bizuuni poamipHocti [3-7,9-12,14,34]. B npomy € mpo-
tupivdg. [HImmMu cjoBamu, He MOXKYTh Bi3yasizoBaHi (pOpMHU KOT€PEHTHHX CTPYKTYD DU
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PI3HUX KPUTEPidX, IX MOPOTOBUX 3HAYEHHAX Ta PO3MIPHOCTAX 3aBK/M MaTU B IIPOCTOPL Ta
4Jacl OJIM3bKI TPUBUMIPHI KOHMIrypariil 1mi/1 3araJbHOI0 HA3BOIO «IIMITIJILKOTIOIIOHI» BUXOPH.

Ananiz nparnp [7,9-12, 14| npo pisHomaHniTHI KpuTepil Bidyasisamil opraHi3oBaHUX yTBO-
pPeHb MOKa3aB, 10 HalOLIGIT iHpOpMAaTUBHIM 115 i1eHTrdIKaIil TPUBUMIPHIX KOI€PEHTHUX
BUXPOBUX CTPYKTYD € napamerp (). Baxkiauso migkpecintu, mo () € dhisudaHo 3HATYIINNE Ta
MIHHUN B TUX TYypOYJIEHTHUX TEYisX, JIe BUXOPU B IPOIECI €BOJIOINIT MAlOTh Pi3HOMAHITHI
po3Mipu Ta eHepreTuky (K B HEBEJIMKHUX 30HAX, TAK 1 HA PI3HUX JJISHKAX B3/IOBXK I10 [TOTO-
Ky). B pamkax J1aHOro JOC/i2KEHHsT BCI BEJMYUHN 3HEPO3MIDEHi, B TOMY YHC/I KOMIIOHEHTH
MIBUIKOCTI 1; Ta mapamerp (), ze

1 0i; O

Lleit kpurepiit € cupaseiuBuM npu () > 0 (3aBuxpenicrtb nepebazkae nedopmario). Q-
KpuTepiit HaitblIbI YacTO BUKOPHCTOBYBABCS B OCTAHHI DOKM B HayKoBiii siteparypi [7—11],
aJie TIpH IbOMY 3a/1aBaJIOCh TLIBKU OJTHE JI0/IATHE TOPOTrOBe 3HAYEHHS, BUOPaHe JIOBLIbHO. 3a-
raJibHuN Kputepiit ienTudikarii () > 0 BbISIBJIA€ TIIBKHA MiCIE3HAXO/XKEHHS BCIET CYKYITHO-
CTi KOI'epEeHTHUX CTPYKTYD, ajie He M03BOJII€ PO3MEXKYBaTh BUXOpU pizHuX Macmrabis. s
BU3HAYEHHS T€OMETPUYIHO TPUBUMIPHOT KOHMIrypaIlil MOBEPXHI PO3NIYKYBAHIUX KON€PEHTHUX
CTPYKTYP BUMATaeThCsl, BUXOJAIN 3 JAeIKNX MIPKYBaHb, MTPU3HAYNTHU OJTHE TIOPOTOBE 3HAYE-
HHsI (), gK 1l pobuThes 3BHUaiito B [7—11|. B Hamomy BUIAIKY JOCHIIZKYEThCA B BEJUKIi
diznuniii obmacti D = {0 < x <80; 0 <y <9; 0 <2z < 7.17} Ha 3HAYHOMY HPOMIKKY dacy
0 < t < 96 mecranioHapHa TpUBIUMIpHA TYPOYJIEHTHA Tedis IPU HASBHOCTI: 1) 3HAYHUX MiCIie-
BUX TPAJIEHTIB 110JisI IIIBUJIKOCTI Ta mapamerpa (; ii) pi3sHOMaHITHUX THUIB BUXPOBUX DYXIiB
Ta 1X TpaHcdopMariii BHA3 10 IIOTOKY; iii) mporieciB BiIpuBY, MpHETHAHHS Ta BiIHOBJICHHS.
Tomy, pu BU3HAYEHHI BUJIIB HECTAIIOHAPHUX KOIME€PEHTHUX BUXPOBHUX CTPYKTYD 3 PI3HUM
BMiCTOM TypOYJIEHTHOI eHepril Jiisd Beiel obJracTi po3paxyHKy HEJIOIIIBHO 3a/aBATU TiIbKO
o/iHe YHiBepcaJibHe TIoporose 3uadeHus () = (), 00 itoro He icuye.

B mamomy JocitiKeHHI PONOHYEThCsS BUKOPUCTOBYBaTH Habip (yHiBepcasbHUil B da-
ci y Bciit Beqmkiit obsacTi) onTuMaabHUX 3HaUeHb {(Qy;} Mg TpuBHMIpHOI imeHTH(IKATIIT
Ta Bi3yaJsizallil B BUIVIS/ 130TIOBEPXOHb KOTEPEHTHUX CTPYKTYP, AKI MOMITHO BiJIPi3HSIO-
ThCA PO3MIpOM, KOH(Irypariiero ta enepropmicrom. CrpaBeyinBicTh 171€0/10T1T TaKoro IiIxo-
JIy Y3TOJIZKY€EThCs 3 pedysibrataMu npatib |15, 17], me Bisyasizanis nposejieHa pu 3aJ1aHOMy
PsiJIi TOPOroBUX 3HAYECHBL 3a JOIOMOTOIO 130/1iHiil Ta i3omoBepxoHb mnapamerpa () B obsacTi
D={0<x<40; 0<y<9; 0< 2 <717}

BayBaKuMo, 110 Jisi TIPU3HAYeHHs ONTUMAJIbHOTO Habopy {Qs;} HeOXimHO MaTh GLIbII
rnbOKiI 3HAHHA PO TYPOyJIeHTHICTh. B mepiiy depry, IeBHI iHTerpaJibHi XapaKTepPUCTUKH
TYpPOYJIEHTHOTO MOTOKY B 3aJIaHy MUTH 4acy, AKi € MEHII YyTJIMBI JI0 MOXUOOK YNUCETHLHOTO
€KCIIEPUMEHTY.

g manol Tedil B BUOpaHy MUTh YaCy BUKOPUCTAHO HACTYITHE BU3HAYEHHS ITUTOMOI TYP-
OyJIeHTHOI eHepril

ne u(x,y, z), v(z,y, z), W(x,y, z) — KOMIOHEHTH IIBUIKOCTI, sika oTpuMana Ha ocHoBi LES B
Hamiit npar; (-), — OCepeIHeHHs 10 CTATUCTUYHO OJHOPIHOMY HAIPAMKY 2.
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BaxkimBo mijiKpecuT HaCTYIHY TepMinoJorio. B 3araibnoMy Bunajky «duceabne Mo-
nemoBanHs KpynHux Buxopis (LES)» pospaxoBye Tinbku KpymHi 32 po3MipoM (KorepeHTHi
Ta, MAJOXKUBYYl BHUIIAQJKOBI) BuXopH, a JpibHI — Mojeaoe. B ¢Boo depry, KpyiHi BUXPOBI
YTBOPEHHS PO3/ILIAIOTHCA 10 BEJIUYUNHI JIHIFTHOrO po3Mipy, iKWl 3B’d3aHUil 3 €HEPri€io Typ-
OysnenTHocTi HesiniinuM dynnom. g mamiol 3ajia4i 1po TypOyJIeHTHY Tediio 3 HePeIiKo/ 1010
BBasKaEeMo, 110 KPYMHOMACIITaOHI KOT€PEHTHI CTPYKTYPH MAIOTh: 1) BeJIMKi 3HAYCHHS IIH-
ToMOI TypOy/IeHTHOI eHeprii F Ta mapamerpa KorepeHTHoCTi ) 2) BijgHOCHO KpyIiHi JHiHifiH]
po3MipH, sKi JOKAIBHO 3B’s3aHi 3 pI3HUMH JlIssHKaMu (TypOYJIeHTHU MPUMeKOBHI I1ap,
floro BiIpUB, PENUPKYJIAIist, IPUEHAHHS Ta BiIHOBJIeHHST ). BBazkaeMo, 110 GLIbIT MOTYKHIi
KPYITHOMACIITaOHI it BUXPOBiit CTPYKTYPi BiAIOBi1a€ OLIbINe TOPOroBe 3HaYeHHs () IIpH Bi3y-
aJizariii, a B 11 /1pi Besimanna () Oy/ie MaKCUMAaJIbHOIO, aJie PI3HOIO M0 BeJIMYMHI B 3a/1€2KHOCTI
Biz x. Ha ocHoBi kpurepis Q(x,y, z) > 0.00001 BusHAUAETHCA Ta Bi3yaai3yeTbCs TPUBUMIDHA
000JIOHKA, KA MICTUTh KOT€PEHTHI CTPYKTYpPH BCiX po3paxyHkoBux maciirabis LES.

Jlng Bu3HAUEHHS XapaKTEPUCTHUK €Hepril KOrepeHTHUX BUXPOBHUX CTPYKTYD PI3HUX Mac-
mTabiB B KOKHUIT MOMEHT Yacy B JIaHiil pailli 3alpolloHOBaH] HACTYITHI 3araJibHi iHTerpaJibHi
BEJIMYINHU:

i) muTOMa KOrepeHTHICTH () B IJIONIUHI Y2

Yk 2k

/ Q. y, 2)dzdy,

0

1

Qr(x) = ——
AyAz /

ne Ay i Az — xpox citku s LES Ta BBaXKaeThesa, sIKIMO B PO3PAXYHKOBOMY BY3JIi 3 KO-
OpJIMHATAMY T, Y, Z BUKOHYETbCA Q(x,y,z) < 0, TO miJl 3HAKOM IHTErpaJly MpU3HAIAETHCS
Q(z,y,z) = 0 B 1BOMY By3J1 CITKH;

ii) muroma eneprist £y

Yk 2k

iii) mMToMa IIIOMIA MMOMEPEeTHUX IEPETUHIB KOTePEHTHBIX CTPYKTYDP ST

Yk 2k
1
Si(z) = M//S(x,y, z)dzdy.
0 0

Ha ocnosi Buiiie ckazanoro, iJieHTu(iKyeMo KOrepeHTHI BUXPOBI CTPYKTYPH BIIOBI IHIMUT
CIIOCODAMM:
1) crpykrypu npu Q(z,y, z) > 0.00001

Jle BBAYKAEThCs, AKIINO B PO3PAXyHKOBOMY BY3Ji BUKOHYeTbCst (Q(x, 1y, z) < 0.00001, Tozi i
3HAKOM iHTerpaJsy npusHadaerbes Q(z,y, z) = 0 B 1poMy By3JIi;
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2) inTerpaspHuil napamerp TypOyseHTHOT enepril E(x) ays Beiel obacti o6uncieHb

Yk 2k

3) crpykrypu npu Q(x,y, z) > 0.00001

EIT

Yk 2k

E E( d

[IPU YMOBI, SIKITIO B PO3PAXyHKOBUX By3Jiax orpumyemo Q(x,y, z) < 0.00001, Toxi mix 3HaKOM
inTerpasy npusnadaemo E(x,y, z) = 0;
4) crpykrypu npu Q(z,y, z) > 0.00001

Yk 2k

1
SIA<x): AyAZ//S(xvyvz)dZdya
0 O

Jle BBaXKAEThCsl, SIKINO B PO3PAXYHKOBOMY BY3Jii BUKOHYEThCs Q(x, vy, z) > 0.00001, Tomi i
3HaKOM iHTerpaiy 6yae S(z,y,z) = 1; gaxmo B By3mi mMaemo Q(x,y,z) < 0.00001, Tomi mir
3HAKOM iHTerpaJty npusHadaemo S(z,y, z) = 0.

Inrerpanbai Besmmaunau Qra, Err, Era, Sra, Sra XapakTepusyioTh BiIHOCHHI cyMapHUit
BILIUB OPraHi30BaHUX BUXPOBUX YTBOPEHb HA PI3HUX MiISHKAX BHHU3 II0 IOTOKY.

4. PE3VJIBTATU OBYUCJIEHD

[IpencraBiena TpuBuMipHa ijeHTH]IKAIA PI3HOMACIITAOHIX OPraHi30BAHUX BUXPOBUX
CTPYKTYP Ha OCHOBI YMCETLHUX PE3Y/IbTATIB €BOJIONIT HEeCTAIIOHAPHOI BiIpUBHOI TypOy/IeH-
THOT Tedil HaBKOJIO nepentkoau (s dnciaa Peitnosnbiaca Re = 10500 ta naGopy mapamerpis
Ha BXOJi B po3paxyHKoBy obiactb Res; = 10500; 6 = 1; u, = 0.052) mig miero Bimemo-
KTYBaHHsI Ha MOPU3OHTAJIBHINA CTiHII 3a meperikoaon (B 30Hi 17.25 < x < 79.25; nocriiina
MIBUJIKICTh BiJICMOKTYBaHHsI 3 0oTBOpPY Vs = —0.15; edekTuBHA MIBUJIKICTH BiJICMOKTYBaH-
ua Vs, = —0.03). Bys zacrocosanuit riopumaauii LES/URANS-miaxin a fioro gucesbHuit
aJropuT™ B Besukiit obmacti pospaxyaky D = {0 <z <80; 0 <y <9; 0 <2z <T7.17}.

st obuunciens 3agadi 0y Bukopuctanuii Komir'torep INTEL PENTIUM CORE:5 3 Ta-
kToBOIO dacToToo 4 I'T'm ta omeparusroto mam’artio 4 ['6. Crarucruka Oy/a HaKOIMIeHA
Ha KOYKHOMY YacOBOMY KpPOIll B IPOIECI PO3PAXyHKY HECTAI[IOHAPHOTO pekumy Tedil. J[msa
OJIHOTO HADOPY HapaMeTPiB Ha BXO/Ii B PO3PaXyHKOBY 00J1acTb 0yJ10 mposeieno 3200 qyacoBux
kpokiB 3 At = 0.03 3a npomixkok dacy T,. = 96 B 3H€pO3MipeHUX OJUHUIIX BUMIpY. Peajib-
HUIT aCTPOHOMIYHUI Yac pO3paxyHKy 3a/adi Ha KOMII'10Tepi ckiajiae 16 rogun 30 XBUIHH.

Beprukaiabhi nepeTuHn KOrepeHTHUX YTBOPEHb B BIJIMOBIIHOCTI 3 MPUIHATAM HaOOPOM
noporosux 3HadeHb {Qg} = {0.0005;0.01;0.05;0.1} mokasani Ha Puc. 2 3a momomorown Bu-
OpaHol KOJILOPOBOI TaMi Ha OOKOBHX CTOPOHAX PO3PaXyHKOBOI 0OsacTi. [30moBepxHi MUTTE-
BUX BeJIM4KH () 3 pisHuMu noporosumu 3Hadenusmu: () = 0.0005 (wepBonuii kouip); @ = 0.01
(zestenuii kouip); @@ = 0.05 (MmasunOBuUiT KOIIp); @ = 0.1 (GakuTHU KOJIIp) TpejcTaBIeH]
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Q=0.01 Green

Q=0.0005 Red

b
0 10
a
Q=0.01 Green
Q=0.0005 Red
5. Y
0
Z 5
0 10
8]
Q=0.1 Cyan
Q=0.05 Magenta X
Q=0.01 G
reen 60
Q=0.0005 Red
5. Y
0
Z 5

Puc. 2. Isonosepxui napamerpy @ 3 noporosumu 3uadentsivu @ = 0.0005 (uepBonwuii),
Q@ = 0.01 (3esenwmit), @ = 0.05 (mammuoBHit), Q = 0.1 (6rakuTHMIL):

a —upu t = 0 (6e3 BigcMokTyBaHHs1); 6 — 1npu ¢ = 48 (3 BIICMOKTYBaHHAM );
B —1pu ¢t = 96 (3 BIICMOKTYBaHH:M )
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na Puc. 2a npu 10 < x < 80 Ta t = 0, a nepermkoia 300paKeHa B BUIVISII HapaJie/Ierine/ry
cUHBOTO KOJIbOPy. llepes, Ha i Ta 3a NMEPENTKOI0I0 BUABJIEHI TPUBUMIPHI KPYITHOMACIITaOH]
KOTE€pPEHTHI CTPYKTypH. Bijs moBepxHi TOpU30HTAILHOI CTIHKHT B3/IOBXK OC1 & TIEPE]T IEPEITKO-
JIOIO BUSBJIEH] OPraHi3oBaHi CTPYKTYPH 3 TepPeBaror MepioguIHOCT 0 z. 3a MePeITKoI00 11
YTBOPEHHS IIPU PYCi B30BXK & TPAHCHOPMYIOTHCH 1 MOCTYIIOBO HAOINKYIOTHCH JI0 TOPU30H-
TaJbHOI CTIHKM B 30HI NpueiHAHHSA BipusHOro mapy. Ha minaamni 10 < z < 23 posramosani
KPYITHOMACIITaOHI KOM€PEeHTHI CTPYKTYPH, MEPUOJMYHI 110 Z, IKI MAOTh BUJIOBXKEHY (op-
My B310BXK oci z. Jlami BHu3 mo nmotoky (23 < x < 40) 6i7s 30HU IpHEIHAHHS Tedil Ta 3a
HEI0 OpraHi30BaHHI yTBOPEHHS Kap/IMHAJBLHO ITEPETBOPIOIOTHCH 10 (OpMi 1 PO3MIpy 3 BTpa-
TOIO TIEPIOJIMIHOCTI MO 2, a MOTIM MOCTYIOBO MOJOBXKYIOTHCS 110 Ooci x. B 30HI BiHOBIEHHS
TypOystenTHol Tedil (40 < x < 80) KoHdIrypallis opraHi3oBaHHX yTBOPEHb 3MIHIOETHCS T10-
BiIbHIIIIE 1 TIepeBazkae 1X PO3TATHEHHS B3J/IOBXK .

Touka 30py 1pu Bizyasizaril TpUBUMIpHUX 00’€KTiB BUOpaHa TaKUM YHMHOM, 11100 HAlKpa-
IT[e CIIOCTEPIraTh eBOJIIONII0 TPUBUMIDHIX KOTEPEHTHUX CTPYKTYP B 3a1aHiit obacti (5 < x <
80).

Ha Puc. 26 nmokaszani i3onoBepxsi napamerpy () 3 nabopom {Qs; } = {0.0005;0.01;0.05; 0.1}
npu t = 48. IlomiTHa 3MiHa B po3Mipax Ta po3TallyBaHHI KOI'€PEHTHUX CTPYKTYP BHHU3 IO
HOTOKY IIi/T BILTMBOM BiJICMOKTYBaHHsI (B 30HI 17.25 < x < 79.25; mBUIKICTHh BiJICMOKTYBaH-
Ha Vs = —0.15; edexrusHa mBuikicts BigemokryBanus Vs, = —0.03) 3a npoMiKok dacy
t = 48 B mopiBugnHi 3 Puc. 2a (t = 0, 6e3 BincmokTyBanns ). Ha Puc. 2B npescrasieni i3omo-
BepxHOCTI mapameTpy () 3 HabopoM moporoBux 3HaueHb { Qg+ = {0.0005;0.01;0.05; 0.1} npu
t = 96. fdcHO BUIHO T'PAHJIIO3HY 3MiHY PO3MIPIB KOT€PEHTHBIX CTPYKTYP B 30HI JIil BiJICMO-
KTyBaHHsI 3a 1epiof dacy ¢ = 96 B mopissiaHi 3 Puc. 2a (¢t = 0). Puc. 2 mokasaau cyTTeBy
Bi/IMIHHICTb B po3Mipax i dopmax mpu Bizyastizallil KOTepeHTHUX CTPYKTYP HaJl MEPEIIKO-
JIOIO Ta 3a HEeI0 Ha PI3HMX BiJACTaHSIX BHU3 110 MOTOKY. AHai3 Puc. 2 BUSIBHUB eBOJIOIIHMII
XapakTep JaHol TypOyJeHTHOI Tedil i i€l BiICMOKTYBaHHS B Pi3HI MOMEHTH dacy (dIuMm
OibIe yac peaJrizaliil Bi/ICMOKTYBaHHS, TUM MEHIIIe PO3MIpU KON€PEHTHUX CTPYKTYP B 30HI
M1 BiICMOKTYBaHHS 3 #oro edekruBHOO mBHIKicTIO Vi, = —0.03).

Texnosioriss TpUBUMIPHOT Bi3yaJIizariil KOrePEHTHUX CTPYKTYP J03BOJIMIA OTPUMATH BUIIIE
[IPUBE/IeHI 3HAHHS B BUTJISI/ 1301I0BEPXOHb MUTTEBUX BEJININH () 3 PISHUME TOPOTOBUMU 3HA~
YeHHsAIMU B Bestukii obsracti obunciaens D = {0 <2 <80; 0 <y <9; 0 <z < 7.17}. Take
300pazkeHHs KOH(MIryparliii KorepeHTHUX BUXOPOBUX YTBOPEHD JIy2Ke KOPUCHO ITPU MTOPiBHSIH-
Hi 1x 3 inrerpajbuuMu napamerpamu (y, St u Ej, gki nokazani Ha HacTynHuX rpadikax.
BasksimBo mijikpecantn, mo ()r(x) BusHavae 3arabHUI piBEHb KOTEPEHTHOCTI TYyPOYIEHTHOT
Tevil BHU3 110 OTOKY. BiH 3aBK/ 1 J10/IaTHUI, a IIPU BiJICYTHOCTI KOI'€PEHTHUX CTPYKTYP Ha
OKpEeMUX JIJIAHKAX B MOTOIN PiBHUIT HYy/0. B Hammomy mociiizkeHHi ocoOimBa yBara Ipu-
JIiJIeHa BUBYEHHIO ITOBEJIIHKA MaKCUMYMIB Ta MIHIMYMIB IHTErpaJibHUX ITapaMeTpiB BHU3 110
[IOTOKY, IO 0€3M0CEePEeIHHO 3B A3aHO 3 PO3TAITYBAHHAM KOT€PEHTHHX CTPYKTYD, 1X pO3Mi-
paMu, €BOJIIOIEI0 MTUTOMOI ILIOINI TOIEPEYHUX TePETUHIB i eHepril npu Oe3rnocepe HbOMY
BILIUBI BijicMOKTyBanus B 4daci. Ha Puc. 3-12 Bukopucrani pisni Bujm MaciradyBaHHd iH-
TerpajgbHuX BeqmanH (Jr, Fy 1 S; Jyis mpaBUIbHOI MOPIBHAIBHOI (Di3u9HOI iHTEpIpeTarii i
3pYyYHOI'O PO3TalllyBaHHs 1X Ha I'padikax.

Puc. 3 npencrapisie posmomia BeananH (Qa, 1 Ey, vHa mingami 5 < x < 80 npu t = 0.
[Tepemkoma 300pakeHa B BUIVIA NpsAMOKyTHHKa B 30HI 10 < x < 10.25. /Ina 3pydHo-
CTi aHAJI3y MOBEJIIHKY y3arajJbHEHUX 1HTerpajbHUX XapaKTePUCTUK BUKOPHCTAHO HACTYITHE
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TR .
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40 50 60 70 X

Puc. 3. Posnonin Besmunn F 4, (HenepepBHa) 1 Q 44 (IITPUX-IyHKTUPHA)
upu ¢t = 0 (6e3 BiICMOKTYBaHHS)

Q,. Q.
Enel Epef
0.9 0.9F
08} t=48 0.8} t=96
07f — En. o7r — En
06 o Qu 0.6} - Qu
0.5f 0.5}
0.4} 0.4}
0.3f
0.2
ﬂ\ 0.1F
fin N\ﬁ 0 o
60 70 X 30 40 50 60 70 X
Puc. 4. Posnouin semmunn Ey, (HenepepsHa) Puc. 5. Posnouin sesqnunn E 4, (HenepepsHa)
i Q A« (mrpux-nyHKTUpHA) TIpU ¢ = 48 i Qs (mrpux-nyHkTUpHa) npu t = 96

3 BIICMOKTYBAHHSIM 3 BIICMOKTYBAHHSIM
y y

macmrabyBauasa: (Qax = 0.0025Q74 1 Fae = 0.036FE;4. AHajiz pucyHKYy IOKa3aB, IO Mi-
CIIE3HAXOJ[2KEHHS JIOKAJILHUX MAKCUMYMIB I (4« Ta F 4, Jdy2Ke 100pe KOPETIOETHCS BHU3
o noroky. Haragaemo, mo Fr4 XxapakTepu3ye KON€PEHTHI CTPYKTYPHU BCiX pO3paxyHKOBUX
MmacmTabiB B Toukax, je () > 0.00001. Be3 BruBy BigcMOKTyBaHHS HaOLIbII 3HAYEHHS
FE 4, 3HAlAeH] B 30HI IpueTHAHHS BiApUBHOI Tedil Ta 11 BimHOB/IeHHs. Ha 3Ha1HIl Biggadi 3a
nepemnkoIoi0 ( nopsiky 70) Bee Iie CrocTepiraloThes BesiuKi [, 1 JIoKaIbHi MakcuMasib-
Hi F 4, MaoTh 3HaYeHHs OJIM3bKI 10 BEJMYUHU JPYTroro JIOKAJIBHOIO MakKCUMyMy K4, Ha
nepemkojioro. [le osnavae, mo npu x > 70 TypOysieHTHa €Heprig KOrepeHTHUX CTPYKTYP
BCe Ile CyTTEBA Ta 11 MPUCYTHICTh MOXKHA odikyBaTtu npu x > 100 y BUIIaJIKY BiJICYTHOCTI
BijicMoKTYyBanus nipu ¢ = 0.

Puc. 4 mokasye 3miny BemumanH (Qa, 1 Fa, Ha BigTmeKy 5 < < 80 mpm t = 48,
Qar = 0.0025Q4 i Exe = 0.036E74. 3oHa mil BiACMOKTYBaHHsI 300parKeHa B BUIJISIII TO-
PHU30HTAIBLHOI CYILJIBHOI TOBCTOI JIHIT YOpPHOTO KOJIbOpy mnpu 17.25 < x < 79.25. Micne
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Puc. 6. Posnoninu Besmmaunn () 4 Puc. 7. Te xx came B OKOJII IEPENIKOIU
upu t = {0;48;96}

BHAXOJ/ZKEHHS JIOKAJIHHIX MaKCUMYMIB JId (a4 1 Fa4 Bce 11e 100pe KOPEeTIEThCS BHU3 110
IIOTOKY ITiJT JIi€I0 BiJACMOKTYBaHHs 3a mepion dacy t = 48. Bumno cuibHe 3MeHIIEHHS () 44
i F 4, TIO BeJIMYMHI TIiJT BIUIMBOM BiJICMOKTYBaHHS. 3a MPOMiXKOK dacy t=48 Besimuanna F4,
3MEHINNIaCh TPUGIU3HO B YOTHPHU Pa3u 3a MEPENIKo0 B nopisasanHi 3 Puc. 3 (t = 0, 6e3
BIZICMOKTYBaHHS ).

Puc. 5 npeacrasiisge posnoai Beauand (4, 1 Fa, Ha BigTuaky 5 < x < 80 upu t = 96,
e Qa, = 0.0025Q74 i Eay = 0.036FE74. [Hig BimcMmokTyBaHHs 3a mepion t=96 mpussesa 10
OLIBII, HIXK JIECATUKPATHOTO 3MEHIeHHs Beunand Fy, npu 17.25 < x < 79.25 B nnopiBHAHHI
3 Puc. 3 (t = 0, 6e3 BijemokTyBanns). [ligkpeciaumo, 1o B 30Hi BijeMokTyBanus (x> 70,
Puc. 5) TypOysieHTHa eHepris KOrepeHTHUX CTPYKTYP BCe I TOMITHA Ta 11 MPUCYTHICTH MO-
KymBO ovikyBaru npu x > 80. Po3paxyHoK 1o mporpami mojaJibInol il BiICMOKTYBAHHS
B vaci (f > 96) MOKe MPU3BECTH JI0 BUXOJY 3alPOIOHOBAHOIO AJTOPUTMY 33 DaAMKH MO/e-
moBanHs KpymHux Buxopis (LES) ta 10 orpumanis HedisndHuX pe3yabraTiB Ha BITHHKY
BIJICMOKTYBaHHSI.

Puc. 6 mokazye 3miny Besmmannu () 4, Ha BiaTuaKy 5 < 2 < 80 npu pi3HuxX 3HAYCHHAX Yacy
t=0(=);t=48(——=);t =96 (—.—), 1e Q. = 0.004Q 4. Take macuTabyBanHs HOpMAIZy€e
MaKCUMaJIbHI 3HAYeHHS () 4, BEJIMYUHAMU MOPAJIKY OAuHUI. Binzunadnmo, 1mo inTerpaabumii
napamerp Q4 XapaKTepusye KOPepPeHTHI CTPYKTYPU BCIX PO3PAxXyHKOBHUX MaciiTabiB (ipu
@ > 0.00001). Psx mikoBux 3HadeHb Q4. npu t = {0;48;96} mobpe KOpesoeThest 3 MicIe-
3HAXO/ZKEHHsIM KPYITHOMACIITAOHUX KOrepeHTHUX cTpyKTyp (Puc. 2), axi Bizyamizyoorbes
nabopom {Qg} = {0.0005;0.01;0.05;0.1}. Binemokrysanust mie npu 17.25 < x < 79.25.
Haiibisibini 3navenns () 4, BU3HAUEHI IIepe/T TePEnIKo/I00 1 B 30HI IPUEIHAHHS BiJIPUBHOI Te-
4ii. BinBepTo criocrepiraerbcsi CUILHUN CIHOTBOPIOIOYUI BIUIMB BiJCMOKTYBaHHSA B Yaci Ha
BEJINYWMHY TapaMeTPy KOT€PEHTHOCTI ()4, BUXPOBUX CTPYKTYP BHHU3 I10 MOTOKY MPU PIZHUX
snadenmsax t={0;48;96}.

Pric. 7 mpecrasiisie po3noia BeamanH () 4, Ha JuisHIl 8 < o < 12 mpu t = {0;48; 96}, ne
Qa« = 0.0025Q) 1 4. Bigzragumo, 110 BiICMOKTYBaHHS peaizoBaHo B 30HI 17.25 < x < 79.25,
aJie oro IMOMiTHa CIIOTBOPIOIOYA Jlisl BUSIBJIEHA BBEPX 110 IIOTOKY, & caMe, IepeJ] IePENTKOI00.
B zoni 9.5 < x < 10 BesmunHa mapaMeTpy KOT€PEHTHOCTI () 4, 3MEHINYEThCA I/ BILTUBOM
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BIJICMOKTYBaHHS.

Pruc. 8 nokasye 3miny Benmuna Fgu, Ha BigTuaky b < x < 80 mpm t={0;48;96}, me
Ea. = 0.036E4. Bugno cuibHe cKOpodeHHs TYpOyJIEHTHOI eHepril KOrepeHTHUX CTPYKTYP
FE 4, 1o BesimuuHi 11iJ1 BINIMBOM BiJICMOKTYBaHHS 3 IUIMHOM Yacy. 3a IMPOMIiXKOK ¢ = 48 Besu-
qnHa F 4, 3MEHIMIach NPUOIM3HO B YOTUPU Pa3y 3a MEPEIKO/I0I0 IIPU MOPIBHIHHI 3 BapiaH-
ToM 6e3 BijemokTyBanHs (¢ = 0). AHAII3 pUCYHKY TIOKa3aB, 10 KOPEJIAIisa MiCIe3HAXOZKEHb
JIOKAJILHUX MAaKCUMYMiB F4, TOTIpIIyeThCA )T €0 BiJICMOKTYBAHHS IIPU ITOPIBHAHHI BU-
najkis ¢ = {0;48;96}. Ile Bimobpazkye XapakTepHi PUCH €BOJIIOIIHHOIO TPOIECY MEePEHOCY
KOT€PEHTHUX BUXOPIiB BHU3 110 IOTOKY B IPUCYTHOCTI BI/ICMOKTYBaHHSI.

Puc. 9 npeacrasise posnoain senuanan Fy, Ha guigani b < z < 12 npu t = {0;48; 96},
ne Ea, = 0.18E74. Heobxinno migkpecanTu, mo 30Ha Oe3mocepeHbol /il BiJICMOKTYBaHHS
po3TaloBaHa Ha ILUIOCKIN TOPU3OHTAIBHIN cTiHmi nmpu 17.25 < x < 79.25, ane itoro cro-
TBOIOYHIT eeKT crocTepiraeThes mepes nepemkoaow. Ha Bintuaky 6 < z < 12 BemumHa
TYpOYyJIEHTHOT eHepril KOTepeHTHUX CTPYKTYDP F4, 3MEHITYeThCs T €0 BiJICMOKTYBAHHS.

Puc. 10 mpeacrasiisie po3momia BeuIunn S 4, Ha Oigam 5 < x < 80 mpu pisHUX 3Ha-
yeHHsix dacy t = 0 (—); ¢t = 48 (——); t = 96 (—.—). Iarerpanpuuii napamerp S;4 Mac-
mraboBaHnit B Burasiai Sa, = 1.98574. Haragaemo, mo S;4 xapakrepusye TUTOMY ILIOILY
[IOTIEPEYHUX TIEPETUHIB KONePEHTHUX CTPYKTYP BCIX PO3PaXyHKOBUX MACIITabiB B TOYKAX,
e (Q > 0.00001. st opranizoBaHMX BUXPOBUX yTBOpeHb Ha jiignmi 9.8 < x < 80 Bu-
sIBJIEH] BeJINKI 3HAYeHHsI napamerpy Sa. upu t=0 (6e3 BijcMOKTYBaHHs). 31 30LIbIIIEHHSIM
Jacy Jil BiJICMOKTYBaHHSI ITUTOMA ILJIONIA KOTEPEHTHUX CTPYKTYDP Sas 3MEHITyeTbCst. Ocobiu-
BO CHJIBHUI ITPOBAJ BEJIMIUHA S 4, CIIOCTEPITAETHCS HA JIISTHIT TPUEIHAHHS TYPOYIEHTHOTO
HOTOKY 3a MEPEIIKOJI0I Ha BIATHHKY 22 < x < 28 mig Bunajkis ¢ = {48;96}. Bussieno
3HAYHUN BIJIUB Yacy BIJICMOKTYBAHHS Ha 3MEHIIEHHS BEJTUIUHU S4, Ta 3MIHY MiCIE3HAXO-
JIZKEHbB 11 JIOKAJTbHUX €KCTPEMyMiB BHU3 110 TOTOKY. CriocTepiraetbes cj1adKa KOPeJIsilis MiK
JOKATBHUME TKOBUMHU 3HaueHHAME Fa, (Prc. 8) ta Sa, (Puc. 10), mo Bkasye Ha HeiHiii-
HY 3aJI€’KHICTHh MiK BEJIMIMHOIO €Hepril Ta po3MipaMyl KOT€PEHTHUX CTPYKTYD BIOBK X JJTA
KOKHOTO 3 Bunajkis ¢ = {0;48;96}. BacrocyBaHHs BiICMOKTYBAHHS B Yaci JIMIIE HOCHIIIOE
ITI0 TEHJIEHIIIIO.
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Puc. 10. Posnominm Bemannam S 4, Puc. 11. Posnomginm Benuaunu Ep,
upu t = {0;48;96} upu t = {0;48;96}

Puc. 11 upexcrasisie posnomin Beauaunan Fr, Ha giagamni 5 < x < 80 npu ¢t = {0;48; 96},
e Er, = 0.018E;p. ¥V Bunajky t = 0 (6e3 BiacMoKTyBaHHsI) HalOLIbIN 3HAUYeHHsT ET, BU-
siBjieHi Ha BiaTWHKY 25 < x < 45. Ha 3maaniit Biggasi 3a nepemkonoo (z mopsiaky 70) Bce
e MOMITHI JIOCTATHLO BeJUKiI K7, Ta JoKajbHI MakKCUMaJbHI Fp, MaloTh 3HAYEHHS OJIM3-
Ki JI0 BeJIMYMHU JIOKAJIbHOTO MakcuMymy FErp, Haji nepemkogow. [Ipu x > 70 TypOynenTHa
€Hepris BCiX BUXPOBUX CTPYKTYP CyTTeBa i 1T mpucyTHictb ovikyerbed npu x > 100. [Tiakpe-
cammo, o Epp xapakrepusye TypOyJIeHTHY eHeprito BCiX BUXPOBUX YTBOPeHb (BUIIAIKOBHUX
1 KorepeHTHUX) B TOBHOMY 00’eMi mipoctopy obuncienb. Ha Puc. 11 momiveHo cuiibhe CKo-
podenHs TypOy/eHTHOI enepril Er, 3a BEJIMYUUHOIO ITiJ BITUBOM BiJICMOKTYBAHHS 3 ILJIMHOM
vacy. Ha Bintunky 20 < x < 60 3a npoMixKok t = 48 BesimunHa Fp, 3MEHIIUIACH B YOTUPU
pasu B TOpiBHAHHI 3 BapiaHTOM 6e3 BimcmokTyBanHs (¢ = 0). Kopessmnis micriesaxomkeHb
JIOKAJTBHUX MAKCUMyMiB E7, BHU3 10 mOTOKY ( > 20) HOTIpIIyeThest O Mipi 36i1bIeHHsT
Jacy BijicMokTyBaHHdA. [Ipm mopiBugrni Puc. 11 1 Puc. 8 3naiigeni cuabHI BIIMIHHOCTI 1O
abCOJTIOTHUM 3HadYeHHAM MiK F4, Ta Ep, npu 30epekeHH] JIOCTATHLO XOPOIIOl KOPEJIATil
MICIIE3HAXO/[2KEHD TX MaKCUMaJIbHUX 3HaUeHb. 1ypOy/IeHTHA eHepris BCiX BUXOPIB (BUIIAIKO-
BUX Ta KOrepeHTHUX) Fr, mpubausHo B JBa pas3u Gijblie eHeprii KOrepeHTHUX CTPYKTYP BCiX
PO3PaxyHKOBUX MaciiTadiB F 4, Ha aurgam 17 < x < 80, a nepeji IepernikoI00 Bl IMiIHHOCTI
e 3HaYHIMI.

Puc. 12 nokazye 3miny St, Ha Bigrunky 5 < x < 80 upu t = {0;48;96}. Iurerpanbuuii
mapamerp Sy MacmTaboBanuii y Burisiai St = 0.496S57. Anamiz Puc. 12 BbIIBUB HACTYIIHE:
1) 3HaveHHst muTOMOI TLTON STy TIOTIEPETHOTO TIepeTrHY (OYz BCIX PO3PaxXyHKOBUX BIXOPIB
(BUMAIKOBUX 1 KOTEePEHTHHUX) HE3HAYHO 3MIHIOEThCS MpH & > 15 1 BIICMOKTYBaHHS CIaOKO
CIIOTBODIOE I[I0 MOBEJIHKY; 2) cuuibHa Biaminaicts Mik Sy, (Puc. 12) 1S4, (Puc. 10) npu
pPO3TaIllyBaHHI 1X JIOKAQJIBHUX €KCTPEMYMIB BJOBIK II0 IOTOKY, IO CBIIYUTH IPO 3HAYHUIL
BILUIMB BUIIAJIKOBUX BUXOPIB Ha 3arajibHi PO3MIpH BUXPOBHUX YTBODEHb (BUIAKOBUX i KO-
reperThnx). Ha Puc. 12 BugB/iena xapakrepHa puca MOBEIHKU BeJIMIUHU St, — 3HAUEHHSI
[IMTOMOI TLJIOII TOMEPEYHOr0 TIEPETHHY sl BCIX PO3paxXyHKOBUX MacIiTabiB BUXOPIB (BUIIaI-
KOBUX 1 KOPepPEeHTHUX) HE3HAYHO 3MIHIOETHCS INC/Is 30HU [IPUEJIHAHHS BIJIPUBHOI Tedil 1pu
x > 25, a BIJICMOKTYBAHHS JIUIIE CJIA0KO CIIOTBOPIOE TaKy KapTUHY.
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Puc. 12. Posnopinu Besmaunn St npu t = {0;48;96}

BusiBiieHo, 1o iHTerpaibHi XapaKTepucTuky TypOyIeHTHOI Tedil BjoBxK oci x (Puc. 3—-12)
J06pe (bIZUYHO y3ro/RKYI0ThC 3 11 IIpocTopoBoio Bizyasizamieo (Puc. 2) mix gac igmenrudi-
Kallil KOTePEHTHUX yTBOPEHb.

5. BUCHOBKU

Po3pobiiena HoBa MeTo/iMKa OOPOOKM YHCE/ILHUX JIAHUX PO €BOJIOIII0 OPraHi30BaHUX
KOTE€PEHTHUX YTBOPEHDb PI3HUX MACIITA0IB, gKa JI03BOJISI€ BUBHAYUTU BEJIUIHMHU IHTErPAJIb-
HUX XapaKTEePUCTHK TYPOyJIEeHTHOI eHepril Ipu po3MezKyBaHHI PI3HOMAHITHUX THUITB BUXOPIB
Ha BEJUKOMY IIPOMIKKY d4acy. Buspieno ckiaaHuili HeTIHIAHWI 3B’SI30K MiK IapaMeTpoM
(), TypOyJIEHTHOIO eHeprieto, JIHITHIMEI Po3MipaMu BUXOPIB Ta 1X iHTErpajbHUME XapaKTe-
PHCTHKAMW HA PI3HUX JUISHKAX BHU3 1O Tedil (TypOyJeHTHUI IPUMeXKOBHIA Iap; Bipus;
PEIUPKYJISAIiiHA 30HAa; TIPUEHAHH; BITHOBJIEHHS) I1iJ] BILIMBOM Yacy BiJICMOKTYBaHHS.

PosritanyTi ocobmmBocTi TpuBUMIPHOT Bizyastizallil pe3y/IbTaTiB YUCeTbHOIO JOC/IiTXKEeH-
He TypOymenTHOI Tedii. B mamiit mpari wa ocuosi ri6pumnoro LES/URANS-migxomy, pos-
pobsteroro B [15,17,22,33, 34, 39|, BuKOpUCTaHa YKCeIbHA HECTAIIOHAPHA TPUBHMIDHA MO-
JieJTb TypOYJIeHTHOI Tedil HeCTUC/IMBOI PiJIMHU HaJI TIOIEPETHOIO JIBOXBUMIPHOIO ITEPETKO/I0I0
3 BIJICMOKTYBaHHSM Ha TOPU3OHTAJbHIN CTiHII IpU TypOYJIE€HTHOMY HIPUMEKOBOMY IHapi 3
HYJIOBUM 30BHIITHIM TTOB3/IOBXKHIM I'DaIIEHTOM THCKY. B MoJies1i Bci mapaMeTpu Ta PiBHIHHSI
MaroTh 3HEpO3Mipenuii Bul. YucesabHa MOJ€Ib MICTUTh TPU OCHOBHI IapaMerpu: 1) 4uciio
Peitnosbaca nepenkonu Re; 2) uncio Peiinosbaca TypOyieHTHOrO mpnMekoBoro mapy Res
npu z = 0; 3) quHamivHa MBUIAKICTL U, npu r = 0. JuHamivaa mijgcikoBa MoJeb Mae
pospaxyukoBuii koedirieat Cy .

Buepmre B pamkax riopuanoro LES/URANS-miaxomxy Ta #0ro 9mcesbHOrO aaropuTmy
y BHIQJIKY BiJIpUBHOI HECTAIlOHAPHOI TPUBUMIPHOI TYypOYJIEHTHOI Tedil HEeCTUC/JIMBOI Piju-
HU 3 TOIEPEYHOI0 TEPeNKooi0 Ha criami (mas umcia Peitnonbiaca Re = 10500 ta na-
6opy mapamerpis (Res = 10500; 6 = 1; u, = 0.052) ma BxOmi B 06JIACTH OOYUCIICHD )
i1 JIi€f0 BIJICMOKTYBaHHS 3 MHOYKWHU KOJIOBUX OTBOPIB, PO3TAIIOBAHUX HA TOPU30HTAJIb-
Hilt criani B 30Hi 17.25 < z < 79.25 (moctifiHa MBUAKICTH BIJICMOKTYBAaHHSI 3 OTBOPY
Vots = —0.15; edexruBHa mBuakicTb BiacMokTyBanus Vs, = —0.03) Ha uyacoBomy mpo-
MizkKy ¢ = {0;96} BUKOHAHUIT PO3PAXYHOK OCHOBHUX HapaMeTpiB Tedili B BeJHKil 0bJacti

314



ISSN 2616-6135. I'IV/IPOJIMHAMIKA I AKYCTHUKA. 2022. Tom 2(92), Ne 3. C. 300-324.

D={0<x<80;0<y<9; 0<z<7.17}. Bukopucrani qncesbHi 3Ha"eHHS 1apamMeTpy ¢
JIJ1s TPUBUMIPHOI Bi3yaJiizariii opraHizoBaHUX BUXPOBUX CTPYKTYP Ta BU3HAUYEHHS IHTErpaJsib-
HUX XapaKTEPUCTUK KOT€PEHTHOCTI, TypOYJICHTHOI eHepril Ta ILIOII MOIEePpEIHIX ePETUHIB
BUXPOBUX CTPYKTYP Ta BUIAJIKOBUX BUXOPIB. B Hammomy g0C/iKeHH] 1T BUIAJIKY Tedil
Re = 10500 Tta Res = 10500 poBeiena BizyaJiizallid OBEPXHI KOTEPEHTHUX CTPYKTYP B AKO-
cTi TPUBUMIPHOI i30m0BepxHi apameTpy () B BesIuKiil 00/1acTi po3paxyHKy /i BUSHAUCHHS
BILUIMBY BEJIMYIWHU [TOPOTOBOIO 3HaYeHHs () HA PO3MipU OPraHi30BaHUX CTPYKTYP.

Brepmie Busaadeni inTerpasibHi mapaMerpu KOrepeHTHOCTI (Jr4, TypOy/aeHTHOI eHepril
Ej4, Epp Ta o nmonepevHnx MepeTnHiB OpraHi30BaHUX BUXOPOBUX CTPYKTYP Sia U Sir,
sKi € abCOIIOTHO O0’€KTUBHUMHU XapaKTEPUCTUKAMHU TOMY, IO ITOBHICTIO BiJIIOBIIAIOTH 3a-
SIBJIEHUM BH3HAYEHHSIM (JIJIsi KOTEPEHTHUX CTPYKTYP BCIX PO3paxyHKOBHUX MacmitabiB (4,
Era, Sra ma it BUXpOBUX (KOTEpEeHTHUX Ta CJIaOKO OpPraHi30BaHUX) yTBOPEHb BCIX MACIITa-
0iB EIT> SIT)-

st pisHuIX MUTTEBOCTEl Yacy Blepiie Bu3Ha4YeHO: 1) BemduHa S7, MUTOMOI IO TIO-
IIEPETHOTO TIEPETUHY BCIX PO3PAXyHKOBUX BUXOPIB HE3HAYHO 3MIHIOETHCS ITiC/I€ 30HU TIPUE/I-
HaHHs BigpuBHOI Tewil npu x > 25; 2) 6e3 ail BicMOKTyBaHHs B 00J1aCTi 3a MEPEITKOI0I0
IIBUJIKICTh KOHBEKTUBHOT'O [IEPEHOCY KOTEPEHTHUX CTPYKTYP PO3PAXyHKOBUX MACIITAOIB 3Mi-
HIOEThCs B lama3oni Big 0.8 710 0.85; 3) Bemmunna Fy, XapakTepusye opraHizoBaHi BUXPOBI
CTPYKTYPH BCiX pO3paxyHKOBUX MacIITabiB B Toukax, fe () > 0.00001. Bes xil BijicMokTyBaH-
He HaiOLIbII 3HaYeHHS F 4, 3HalIeH] B 30HI IpHUETHAHHS BiIpUBHOI Teqil Ta 11 BiIHOBIEHHS.
Ha snauniit Bijiasi 3a nepentko/1oio (mopsiaky 70) Bee Iie CrocTepiraloThes BeJINK] 3HAYCHHST
E 4, Ta makcumasibhi F 4, MaioTh 3Ha4eHHs OJIM3KI /10 BEJIMUUHA JIOKAJTLHOTO MAKCUMYMY F 4,
HaJ1, eperko;1o1o. [le 3naunTh, 1mo npu x > 70 TypOy/ieHTHA eHeprig KOrePEeHTHUX CTPYKTYP
BCe T1e CyTTEBA Ta 11 MPUCYTHICTH OUiKyeThed 1 ipu © > 100, 9KIIO MPOBOIMTH HECTAITIOHAPHI
obuncsiennst LES. B mporeci il BiicMOKTYBaHHS B 49aci Iisl KapTHHA HOPYUIYEThCst; 4) st
BIJICMOKTYBaHHS 3 IJIMHOM YacCy IIPU3BOJUTH JI0 CHJILHOIO 3MEHIIIeHHs TyPOYJIEHTHOI eHepril
OpraHi30BaHUX BUXPOBUX CTPYKTYP F4. HE TULIHKU B 30HI BiJICMOKTYBaHHS, ajie i 1mob/m3y
HEPeIIKo/IK; 5) MizK apaMeTpoM KOrepPeHTHOCTI (), TJIOIIE0 MOIePEeYHUX [IEPETHHIB BUXPO-
BUX CTPYKTYp S; Ta iX TypOy/JeHTHOIO eHeprieo F; He 3HaliIeHO JHIIHY 3a/€XKHICTH Ha
PI3HUX JTITAHKAX BHU3 IO MOTOKY.

[Ipencrapiena HOBa TEXHOJIOTiS TPUBUMIPHOI iAeHTH(MIKAIIT Ta BidyaJsizallil ClIpOMOXKHA
eeKTUBHO BUSBUTU PI3HOMACIITAOHI OpraHi3oBaHi BUXPOBI CTPYKTYpPU B BeJIHKiit 00J1acTi
(0 < 2 < 80) 3 BUBHAYEHOIO TOYHICTIO HA OCHOBI MUTTEBHUX IMCETBHUX JAHUX TIOJIsI IIBHUIKO-
cTi, oTpuMaHNX 3 gornomoron LES.

li6puanuit LES /URANS-miixin npaBomiprno BukopucrosyBarn B auana3oni 5000 < Re <
10'°. Pozpobiiena Texnosoris TpuBuMipHoi ienTudikanii Ta Bisyasizalii KorepeHTHUX CTPY-
KTYyp He Mae oOMexkeHb 10 uucyy Peitnosnica.
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B. I'' Ky3pMeHKO
YucsieHHoe MOJIeJIMPOBAHNE OTPHIBHOTO TYPOYJE€HTHOTO TE€YEHUSsI
C OTCOCOM 3a MPENATCTBUEM U IBOJIIONUS SHEPIrUu
TPEXMEPHBIX KOT€PEHTHBIX CTPYKTYP

Hecrannonapubiit TpexMepHBIi TYPOYIEHTHBIH TOTOK HECKIMAEMON YKUIKOCTH HaT TIPS
MOYTOJIbHO# JIByMEPHOH IPerpaJioil (¢ 0TcocoMm 3a Heil) B MOTPAHUYHOM CJIOE YUCJICH-
HO wmccaemyercs, ucrnoabdysa rubpuaaeii LES/URANS-nonxon, npucrennbsie Mo/esnn
U KOHEYHO-PA3HOCTHBIN MeToy. OTHOIIEHHE BBICOTHI K JIJIMHE MPErPajbl COCTABIISIET
4, aucyio Pettnonbaca misa nperpagsl Re = 10500 u wuciao Pefinosbaca Ha «BX0mIe»
Res = 10500 misi TypOyJIEHTHOTO TIOMPAHUYHOIO CJIosi. 3a Hperpajioit B 3oue 17.25 <
x < 79.25 HA TOPUBOHTAJIBHOIN CTEHKE PACIIOIOXKEHO MHOXKECTBO OTBEPCTHH (B KaXK[OM
y3Jie BBIYHUCJIMTEILHON CeTKU pasMenieno orsepcerue B (opme kpyra d = 0.042). Dd-
dekTHBHAST CKOPOCTH 0TCOCA M3 OTBEPCTHs eCTh IocrosiHas Besmanna (Vg = —0.03)
Ha npoMmexyTke Bpemenn t = {0;96}. Yncsio ucmosb30BaHHBIX CETOYHBIX y3JI0B €CTh
5434455 ({961;65;87}). KorepeHTHblE CTPYKTYDBI HJIEHTUMDHUIMPYIOTCS [OCPEICTBOM
Q-xputepus (psig HOPOroBbIX BemmvnH {Qg;} mist Beeit obmactu pacdera). HucaenHoe
MOJIEJIMPOBAHUE BBITIOJIHEHO JIJTsl UCCIIEIOBAHUS (J-M30II0BEPXHOCTEl, MHTErPAJIbHBIX Xa-
PAKTEpUCTUK SHEPTUU U TLIONIAIN TOTTEPETHBIX CeUeHN OPTaHN30BAHHBIX 00PA30BAHIHI
o1 BiusgiHueM orcoca. OOHAPYKEHBI KOTEPEHTHBIE CTPYKTYPhI PA3HBIX KOH(MUTYpaIuit
B OOJIBIIION BBIMUCJIUTEBLHON 30HE. BBISIBJIEHO CHJIBHOE BJIMSIHHE TIOCTOSTHHOTO OTCOCA
Bo Bpemenu ({0;96}) Ha KoHDUTrYpAIMIO OPraHU30BAHHBIX BUXPEBbIX CcTPyKTYp. C XO-
JIOM pacdera 110 BPpeMeHH II0CJIe0BaTe/bHO U HEYKJOHHO YMEHIIAITCs pa3Mephbl KO-
TEPEHTHBIX CTPYKTYP, UX WHTETPAJBHBIX XapaKTEePUCTUK SHEPTUHM W ILIOMIAJN ITOTIe-
peuHbIX cedenwmii. JleiicTBre orcoca BO BpeMeHH IPHUBOJUT K CHJIBHOMY YMEHIIEHIIO
TypOYIEHTHOM HEPTUN OPTAHN30BAHHBIX BUXPEBBIX CTPYKTYP HE TOJBKO B 30HE OTCOCA
(17.25 < x < 79.25), HOo u BO/M3M nperpajbl (9 < x < 12). Ha yuacrke 20 < x < 60 3a
npomeRyTok t={0;48} BesmumHa TYPOYIEHTHO SHEPIUH YMEHIINIACH B Y€TBIPE pa3a
B CpaBHEHHUH C BapuaHToM 6e3 orcoca (t=0).

KJIFOYEBBIE CJIOBA: Typ6yieHTHbIH MOrpaHUYIHBI CJI0H, Tperpajia, YHCACHHbBIH Me-
TOJ, KOTePEHTHBIE CTPYKTYPbI, KDUTEPHI HICHTH(DUKAIIHH, IBOJIFOIHSI, OTCOC

V. G. Kuzmenko
Numerical simulation of separated turbulent flow with suction behind
a fence and the energy evolution of three-dimensional coherent structures

The unsteady three-dimensional turbulent incompressible flow over a rectangular two-
dimensional fence (with suction after fence) in a boundary layer is simulated using
hybrid LES/URANS-approach, wall models and finite-difference method. The aspect
ratio (height/length) of the fence are 4, fence Reynolds number is Re = 10500, inflow
Reynolds number is Res = 10500 for turbulent boundary layer. Behind of fence in zone
17.25 < & < 79.25 on horizontal wall are placed array of orifices (at every knot of run
grid is orifice of circular form d = 0.042). Effective orifice suction velocity is constant
value (Vs = —0.03) on time interval t={0;96}. The number of grid points used in the
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numerical method was 5434455 ({961;65;87}). The large-scale coherent structures are
identified by the Q-criterion (set of threshold value {Qg;} for total numerical domain).
The simulation were performed to study the @Q-isosurfaces, integral characteristic of
the energy and coherent structure across area under suction. The coherent structures
of different configurations were identified in big numerical zone. Powerful effect of con-
stant suction on time interval ({0;96}) was founded at the configuration of coherent
structures. Sizes of coherent structures, theirs characteristics of the energy and coher-
ent structure across areas are decreased consistently and steadfast during time run.
Suction during time reduce to high decrease in coherent structure turbulent energy not
only in suction zone (17.25 < x < 79.25), and also near the fence (9 < z < 12). In
zone 20 < z < 60 on time interval ¢ = {0;48} value of turbulent energy decreases in
four times in comparison with variant for without suction (¢t = 0).

KEY WORDS: turbulent boundary layer, fence, numerical method, coherent struc-
tures, identification criterion, evolution, suction
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