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AHOTALIS

Hexpacoe B.€. OOrpyHTYBaHHS aepOJAMHAMIYHUX MapaMeTpiB MaJopO3MipHUX
(6€3 MUIOTHUX) CUCTEM 3 JUHAMIYHUM MPUHLUIOM MIATPUMKH HaJ MOBEPXHEI0. —
KgBanidikaiiitna HaykoBa mpailsi Ha IpaBax PyKOMUCY.

HNuceprtaiiss Ha 3100yTTSI HAyKOBOTO CTymeHsi JokTopa ¢uiocodii 3a
cnenianbHicTIO 134 — «ABiamiifHa Ta pakeTHO-KOcMiuHa TexHika» (13 Mexaniuna
iHxKeHepis) — JIHINpOBChKUM HallloHaNbHUM YyHiBepcuTeT iMeni Omecs ['oHuapa,
Huimpo, 2025.

HucepTaitiiiny poOOTy MNPUCBIYEHO MUTAHHIO MAaJOPO3MIPHUX JITAIBHUX
amapaTiB 3 JAMHAMIYHUM TPUHIIMIIOM PYyXy HaJ TMOBepxHew. byno 3pobieHo
eKCIepUMEHTalbHE JOCIIKeHHs Kpuiia 3 BukopuctanHsaM npodinto Clark-YH12 B
HaOMMKEH1 10 eKpaHa.

Mertoro aucepTalliiHoi poo0TH € OOIPYHTYBaHHS a€pOJUHAMIYHUX MapaMeTpiB

MaJIOpO3MIPHUX JITAJIBHUX amnapaTiB 3 JUHAMIYHUM [PUHIIUIOM pyXy HaJ
MOBEPXHEIO.
Hepmuii po3ain gucepraniitHoi poOOTH MPUCBIYEHO aHAII3y Cy4acHOTO CTaHy
JMITaJbHUX arapariB 3 JIWHAMIYHUM [PUHLIUIOM MIATPUMKH HaJ MHOBEPXHEIO.
Po3rnsHyTo 3arajibHe BHM3HAUEHHS EKPAaHHOTO e(eKTy, BHKOHAHO OIS Ha
KOHCTPYKIIli JIITaJlbHUX amnapaTiB sKi BUKOPUCTOBYIOTH €KpaHHUM e(dekT ix
KJIacu(1KaIll0 32 BUCOTOI MOJIbOTY Ta KOHCTPYKIIIEIO.

Po3risiHyTO METOIM YKMCIOBUX Ta €KCIIEPUMEHTATBHUX JOCIII)KEHb anaparTiB 3
JUHAMIYHUM TPUHIMUIOM PYXy HaJ T[OBEPXHEI, N0 BHU3HA4Ya€ HEOOXIIHICTh
MPOBEJICHHSI  €KCIEPUMEHTAIBHUX  JOCHKEHb NI Bepudikaiii 4YHUCIOBUX
JOCIIIKEHb.

JApyruii po3aisn aucepraniiiHoi poOOTH MPUCBIYEHO PO3POOI METOIUKH
aepOIMHAMIYHOTO EKCIEPUMEHTY JUIsi BUBYEHHS EKPAHHOTO e(EeKTy 3 MaluMHU
pO3MipaMu XOpau IpodiI0 Kpuia.

[IpoBeneHo 3aranbHUM OIS METOIIB EKCHEPUMEHTAIbHUX JIOCTIKEHb

€KpaHHOTo e(ekTy, Ha 0a3l 1pOro OyJu 3po0JIeH] MPUMYIIEHHS MO0 MPOBEICHHS



EKCIEPUMEHTAIILHOTO JIOCHiKeHHA. byno MoaudikoBaHO eneKTpOHHO-IU(POBUIL
iHTepdeiic nus dikcamii aepoAMHAMIYHMX TapaMeTpiB Kpuiia sSIK B O€3MEKHOMY
MOTOIll, Tak 1 B HaOMMKEHHI 10 ekpaHa. IHTepdeiic cTBopeHuid Ha 0a3i
MikpokoHTposiepa ATMEGA 328P 3 ananoro-mudppoBumu nepersoproBavamu HX711
B KUIBKOCTI 5 ouHuilb. [HTepdeiic 103Bos€ PikCyBaTH aepouHaAMIUHI TapaMeTpu Ha
€KpaHi KOMIT I0Tepa.

ExcniepumenTanbHi TOCHIKEHHSI TPOBOAMWINCH 71t Kpuiia 3 npodinem Clark-
YHI12 B Oe3mexnHomy mnoromi Ta B HaOmwkeHHI 10 ekpaHa. Illo mo3Bosnmio
3adiKCyBaTU €KpaHHUN e(EKT.

Tperiii po3ain nucepraniitHoi poOOTH MPUCBAYECHO YUCIOBUM JOCHIIKEHHSIM
oOTikaHHs TPOoPUII0 Kpuiia K B 0€3MEKHOMY MOTOII1, TaK 1 B HAOJMKEHH] 10 eKpaHa.

Po3paxynku npoBoauincs ycepeanennumu 3a Peitnonbacom piBHsiHHsIME HaB’e-
Crokca. I1ig yac moOy10BM KOMII FOTEPHOT MOJEIN1 pO3Tisanucs /Bl 3ajayi: mnepiia
e npodiap Kpuia B 0€3MEKHOMY MOTOLI, Apyra npodiib Kpujia B HAOIMUXKEHI 0
ekpana. Jljist nux ABOX 3a/1a4 O0yJio moOyA0BaHO /1Bl FTEOMETPUYHI MOJIEN1 AJIsl KOKHOTO
3 BunaakiB. BukopucroBysascs npodins kpuna Clark-YH12 3 nosxkunoro xopau 0.1
M, HaBKOJIO Tpodiato Oyn0o moOy/10BaHO 00JacTh sika JAOpiBHIOE abo nepeBuirye 10
po3MipiB xopau. Aje y BUNaAKy npouito Kpuiia B 0€3MEKHOMY MOTOIl BIJICTaHb J0
HIDKHBOI TpaHULIl IOPIBHIOBAJIA TOBXKKHI XOP/IH.

Posrnsnyto Buau mnOOYyJAOBHM pO3PaxXyHKOBOi CITKH: CTPYKTypOBaHa, HeE
CTPYKTypOBaHa, riOpujHa, iX mepeBaru Ta Hemnomikud. s obox BumaakiB Oyia
noOy/IoBaHa Po3paxyHKOBa CiTKa. Y BUMAJKY Opodiao Kpuia B 0€3MEKXHOMY MOTOII
OTpUMaHa CiTKa Oyja CTpYKTYypOBaHOIO, a y BUMNAJAKy Kpuja B HaOJIMKEH1 0 eKpaHa
riOpUaHOI0, HABKOJO Mpo(UII0 Ha BiACTaHI MOJIOBUHU BiJ XOpAW MOOyaOBaHa
JOTIOM1KHA FTeOMETPis, sIKa JJ03BOIMIIA HABKOJIO MpOo(disto o0y ayBaTH CTPYKTYPOBaHY
CITKY, 3a MEXaMHU JIOMOMIXKHOI reoMeTpii moOy10BaHa CiTKa € HECTPYKTYPOBAHOIO.

BuOip mozeni TypOyJieHTHOCTI OyJia Ha OCHOBI aHajli3y HasBHUX B1JIOMOCTEM, B
SIKUX aBTOPHY MPOBOIUIN YUCIOB1 TOCIIKEHHS TSI 3a4a91 Mpod 110 Kpuiia 3 EKpaHoM,
Ta aHaI3yBaJIM sIKa MOJIEIb TYpOYJIEHTHOCTI Kpallle MiAXOUTh JJIS PO3B’A3aHHS I1€]

3a1ayl. ToMy OJTHO3HaYHUX PEKOMEHAAIIN 1010 BUOOPY Mojenl TypOyJIeHTHOCTI Ha
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pa3i He Mae. byno mpoBeneHO BilacHE AOCHIHKEHHS MOJEieil TypOyJIeHTHOCTI IS
npodumo kpuna Clark-YH12 B Oe3mexHomy notowi. Moaeni TypOyJ€HTHOCTI SKi
posrnsganucs: Spalart-Allmaras, k — w SST Ta Mmogens SST mius oxgHiel MBUAKOCTI
Npu pi3HUX KyTiB araku Big -4 no 10 rpamyciB. 3a pe3yJbTaTaMu YHCIOBUX
JOCIIKEHb Ta JTOCHIIKEHb 1HIIUX aBTOPIB OlIblle ceOe 3apeKOMEHlyBajga MOJENb
TypOynenTHocTi SST, sika BUKOPUCTOBYBaIACch MPU MOJAIBIINX PO3PAXyHKAX.

[IpoBeeHHST YUCIOBUX JTOCTIKEHb OYyJIO 3p00JIEHO MpPHU TaKU MOYATKOBUX Ta
IPaHUYHUX YMOBaX: MBUJIKICTh 16.5 m/c, Temneparypa 12 °C, TUCK HOPAIKOM OJHIET
atMocdepu, Ha BXIAHINA TpaHuIll OyJI0 BCTAHOBJIEHO HAJAIITYBAHHS BX1J MIBUIKOCTI,
Ha BUXIJIHIM TpaHUIll BHUXIJI TUCKY, HA BEpPXHIA Ta HIKHIA TpaHUIl BCTAHOBIECHO
HaJalTyBaHHS CHUMETpii, Ha TOBEpXHI Mpoduiro Kpwia OYyJIO BCTAHOBIECHO
HaJallTyBaHHs CTiHa 0e3 cBaimy.

Pe3ynbTaTaMu 4MCIOBUX JOCIIIKEHD € MOJIS MIBUIKOCTI Ta TUCKY IJI TPOPILIIO
Kpujia B O€3MEXKHOMY MOTOIIl Ta B HAOMMKEHHI J0 €KpaHa, TaKoXX OTpUMaHl
Koe]ilieHTH 1000BOr0 OMOPY Ta MIAHOMHOI CHIIH SIK1 PEJICTABICHH1 B SIKOCTI rpadiky
3aJIEKHOCTI Koe(ilieHTa BiJl KyTa aTaku, KyTH 5Kl po3rsiganucs Bia 0 1o 8 rpagycis.
Takox Ha rpadikax npejactaBieHo koedimientu nus npoduno kpuia Clark-YHI12 3
aTyiacy eKCliepuMeHTanbHuX aociimkens AT

B 4erBepTromMy po3aini nucepraiiiiHoi poOOTH PO3MISHYTO MapaMeTpUUHi
JOCHI/UKEHHS. JITalbHOIO amapaTry SKUW pyXxaeTbcsli B HAOMMKEHI [0 E€KpaHy.
I'eomeTpuuna mozens cTBopeHa B nporpami Autodesk Inventor, mpu MopentoBaHH1
po3Mipu BUOHMpaNUcCs TakuMH, 100 rabdapuTu Mojieni OyJlu CXOXiI Ha HAJBOJHUUN
BIIJIA «Marypa» Ta oTpumaHi pe3yJbTaTH YKMCIOBOTO MOJICTIOBAHHS MOXHa OyJio
MOPIBHATH 3 Xapaktepuctrukamu bITJIA.

Po3paxynkoBa ciTka noOyjoBaHa HE CTPYKTypOBaHOIO, ajieé HaJlIl 3a
JIOTIOMOTOI0 JIOTIOMIKHOTO MOAYJIsi OyJiM MEPETBOPEHI KOMIPKHU 3 TETpaeApaibHUX B
noiieApuyHi. Take nepeTBOPEHHS 103BOJIMIIO 3MEHIIIUTH 3arajbHy KUIbKICTh KOMIPOK
npu 30epeKeHHI TOYHOCTI PO3pPaXyHKy Ha €KBIBAJEHTHUX TPUKYTHUX ciTkax. Kpim
TOro, 301UIBIIEHHS KUJIBKOCTI 3B’SI3KIB OaraTorpaHHUX KOMIPOK IMOKpallye 301KHICTb

MPOIIECY PO3PAXYHKY MOPIBHIHO 3 TPUKYTHOIO CITKOIO.



Mopens TypOyJIEHTHOCTI siKa BUKOPUCTaHa JJII YUCJIOBOIO MOJEIIOBAHHS
(SST) noBena cBoro €hEKTUBHICTh Y pO3paxXyHKaX aepoANHAMIKY JIITAIHHUX araparis.
3 1Hmoro OOKy, BUOIp Mozeill TypOyJIEHTHOCTI CYTTE€BO BIUIMBAE HA PE3YJbTAT
pPO3paxyHKy aepoJIMHAMIKM amapaTa 3 JUHAMIYHUM TPUHIUIOM MIATPUMKH HaJ
MOBEPXHEIO JINIIE IPU MAJIUX 3HaYeHHAX h a00 BiI'eMHHMX KyTax aTaku.

B pesynbrari 00UMCIIOBATIBHUX EKCHEPUMEHTIB OyJlI0 OTPUMAaHO KapTHUHY
0OTIKaHHS €KpaHOIlIaHa M1J] Yac MOJIbOTY MOOIN3Y MOBEPXHI IS PI3HUX IBHUJIKOCTEN
Ta PI3HUX BUCOT MOJBOTY HaJ MOBEPXHEI. Pe3ynbTaTh po3paxyHKy HOJIA THCKY Ta
NoJIsI IIBUJKOCTI HABKOJIO amapary, 110 pyxaerbes 31 mBHIKIcTIO 100 km/ron Ha
Bijacrani h=0,4 M Hag noBepxHero. [lokazaHo pe3ynbTaTH PO3paxyHKIB JiHII CTPyMYy,
Ta BUXPOBY CTPYKTYpY, SIKa YTBOPIOEThCSl MO3aJy amapary B pe3yJbTari OOTIKaHHS
KOHCTPYKI1i TOTOKOM.

Pe3ynbTaTtu po3paxyHky (GIi3MYHUX TOJIB 3a 1HIIMX IIBUIAKOCTEH MOKa3au
AKICHO TMOJIOHY KapTUHY po3nojiny ¢Gi3uyHux BennuyuH. OTpuMaHi pe3yiabTaTu
PO3paxyHKIB JO3BOJSIIOTh OIIHUTH (PI3UYHY 3aKOHOMIPHICTh, 110 BUHHKAE IIiJl 4ac
pyxXy amapaTy mnooOiu3y mnoBepxHi. [lokazaHo pe3yJabTaTHl IOCHIIKEHHS BIUIUBY
BiJICTaHl BiJ amapaTy JO 3€MJli Ta WIBUJIKOCTI PyXy Ha aepoJuHaMI4H1
XapaKTePUCTUKU: KOEPIIIEHT MIIAOMHOI CHUJM, KOe(DIIieHT JIOOOBOTO OMOpY,
KOoe(iLEHT aepOAMHAMIYHOTO MOMEHTY, a TAKOX IMOJIOKEHHS LIEHTPY THCKY arnapary.
Pe3ynbTaTu mpencTaBiieHi y BIJIHOCHUX 3HAYEHHSX, B SKUX AaepoJMHAMIYHI
XapaKkTepUCTUKU TOOJM3y 3eMJl TOB'A3aHI 3 BIANOBIJHUMHM 3HAYEHHSAMHU B
HEOOMEXEHOMY TOTOIll, Ta TMOKAa3aHO BIUIMB BIJCTaHI JO 3€MJIl Ha OCHOBHI
aepoIMHAMIYH1 XapaKTepUCTUKHU arapary.

HaykoBa HOBHM3HA OJIepKaHUX PE3YIbTATIB.

1. Brnepiie BcTaHOBIIEHI 3aKOHOMIPHOCTI BIUIMBY €KpAaHHOTO €(eKTy Ha
aepoaMHaMI4yH1 xapaktepuctuku npoduno kpuia Clark-YH12.

2. Po3po6ieHo MeToAnKy eKCIMEepUMEHTAIBHOTO JOCHIIKEHHSI €KpPaHHOTO
edexTy B aepoArHAMIUHIM TpyOi, IO BUKOPUCTOBYE HOBHUM €IEKTPOHHO-IU(PpOBUIL
KOMILIEKC /111 0OPOOKH TEH30METPUUYHUX BUMIPIOBAHb Aa€POIMHAMIYHUX CHJI Ta CXEMY

J3€pKaTbHOTO B1IOOpaKEeHHS MOJIETIEH.



3. Brnepiie nokazaHo MOXJIMBICTh BUKOPUCTAHHSI €KPAHHOTO e(PeKTy st
CTBOPEHHS MaJOpO3MIPHUX JIITATILHUX anapaTiB, M0 BUKOPUCTOBYIOTh AMHAMIUHUM
MPUHLNI PyXY HaJl MOBEPXHEIO.

IIpakTyHe 3HAYEHHA OTPUMAHUX PE3yJIbTATIB.

1. Po3po6ieHo KOMIUIEKCHY METOAMKY JOCHIKEHHS aepoJAUHAMIKU
MaJIOpO3MIPHUX JITATBHUX anapaTiB, sika BKIIOUA€ aepoAMHAMIYHUM €KCTIEPUMEHT Ta
KOMIT FOTEPHE MOJICITFOBAHHS.

2. Po3pobneno enekTpoHHO-IMPPOBUI KOMIUIEKC Ha 0a3l aHaIoro-
nUPpoBUX NEPETBOPIOBAYIB, TEH30METPUYHUX JATYUKIB Ta MIKPOKOHTpoJEpa
ATMEGA 328p mist npoBeieHHS aepOAMHAMIYHOTO €KCIIEPUMEHTY.

3. Pe3ynbpTaTy 4uCI0BUX 1 €KCIIEPUMEHTAIBHUX JOCIIIKEHb MOKYTh OyTH
BUKOPHUCTAHI JUIsi OOIPYHTYBaHHSI aepOJUMHAMIYHUX XapaKTePUCTUK JITaIbHUX
anapartiB 3 JUHAMIYHUM IPUHIUIIOM PyXY HaJl TOBEPXHEIO.

KuarouoBi cioBa: aepoguHaMiuHi CWiM, Manopo3MmipHuil ekpanorian, CFD
MOJICTIOBaHHs, YUCIOBI JoCHikeHHs, ekpanHuil epext UDC, expaHoruian, muToma
notyxHicte, BIIJIA, aepoauHamiuHl  XapaKTEPUCTUKH,  EKCIIEPUMEHTAIbHE
MOJIETIOBaHHS, MOTIK, KOHCTPYKIis JIA, CTIMKUN MONIT, METOA CKIHUEHHUX O00'€MIB,

C(beKTHBHa BUTpAaTa I1aJIrBa.



ABSTRACT

Nekrasov V.Y. Justification of aerodynamic parameters of small-sized (without
pilot) systems with a dynamic principle of support above the surface. — Qualification
scientific work in the form of a manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 134 — “Aviation
and rocket and space technology” (13 Mechanical Engineering) — Oles Honchar Dnipro
National University, Dnipro, 2025.

The dissertation is devoted to the issue of small-sized aircraft with a dynamic
principle of movement above the surface. An experimental study of the wing using the
Clark-YH12 profile in approaching the screen was carried out.

The method of the dissertation is the justification of aerodynamic parameters of
small-sized aircraft with a dynamic principle of movement above the surface.

The first section of the dissertation is devoted to the analysis of the current state
of aircraft with a dynamic principle of support above the surface. The general definition
of the screen effect is considered, performed on the designs of aircraft, which specify
their classification screen effect by flight altitude and design.

Methods of numerical and experimental research of devices with a dynamic
principle of movement above the surface are considered, which involves conducting
experimental research to verify numerical research.

The second section of the dissertation is devoted to the development of an
aerodynamic experiment method for studying the screen effect with small chord sizes
of the wing profile.

A general overview of the methods of experimental research of the screen effect
was conducted, on the basis of which assumptions were made regarding the conduct of
an experimental study. The electronic-digital interface was modified to record the
aerodynamic parameters of the wing both in an unbounded flow and in approaching
the screen. The interface was created on the basis of the ATMEGA 328P
microcontroller with 5 HX711 analog-digital converters. The interface allows you to

record aerodynamic parameters on the computer screen.
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Experimental studies were conducted for a wing with a Clark-YH12 profile in
an unbounded flow and in approaching the screen. Which allowed you to record the
screen effect.

The third section of the dissertation is devoted to numerical studies of the flow
around the wing profile both in an unbounded flow and in the approach to the screen.

The calculations were carried out using the Reynolds-averaged Navier-Stokes
equations. When building a computer model, two problems were considered: the first
is the wing profile in an unbounded flow, the second is the wing profile in the approach
to the screen. For these two problems, two geometric models were built for each of the
cases. The Clark-YH12 wing profile with a chord length of 0.1 m was used, and a
region equal to or exceeding 10 chord sizes was built around the profile. But in the case
of the wing profile in an unbounded flow, the distance to the lower boundary was equal
to the chord length.

The types of construction of the computational grid were considered: structured,
unstructured, hybrid, their advantages and disadvantages. A computational grid was
built for both cases. In the case of the airfoil in the unbounded flow, the resulting mesh
was structured, and in the case of the airfoil approaching the screen, it was hybrid. An
auxiliary geometry was constructed around the airfoil at a distance of half the chord,
which allowed a structured mesh to be constructed around the airfoil; outside the
auxiliary geometry, the constructed mesh is unstructured.

The choice of the turbulence model was based on the analysis of existing
information, in which the authors conducted numerical studies for the problem of a
wing profile with a screen, and analyzed which turbulence model is best suited for
solving this problem. Therefore, there are currently no unambiguous recommendations
for choosing a turbulence model. An actual study of turbulence models for the Clark-
YHI12 wing profile in an unbounded flow was conducted. The turbulence models
considered were: Spalart-Almaras, k-o SST and the SST model for the same speed at
different angles of attack from -4 to 10 degrees. According to the results of numerical
studies and studies by other authors, the SST turbulence model, which was used in

further calculations, proved to be more reliable.
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Numerical studies were performed under the same initial and boundary
conditions: speed 16.5 m/s, temperature 12 °C, pressure of the order of one atmosphere,
the input-velocity setting was set at the input boundary, the pressure output at the
output boundary, the symmetry setting was set at the upper and lower boundaries, and
the wall without swipe setting was set on the surface of the wing profile.

The results of numerical studies are the velocity and pressure fields for the wing
profile in an unbounded flow and in the approach to the screen, as well as the obtained
drag and lift coefficients, which are presented as a graph of the coefficient's dependence
on the angle of attack, which were considered from 0 to 8 degrees. The graphs also
present the coefficients for the Clark-YH12 wing profile from the atlas of experimental
research of the TSAGI.

The fourth section of the dissertation considers parametric studies of an aircraft
moving in the approach to the screen. The geometric model was created in Autodesk
Inventor, during modeling the dimensions were chosen such that the overall model was
similar to the surface UAV "Magura" and the obtained numerical modeling results
could be compared with the characteristics of the UAV.

The computational grid was built unstructured, but later, using an auxiliary
module, the cells were converted from tetrahedral to polyhedral. Such a transformation
allowed to reduce the total number of cells while maintaining the accuracy of the
calculation on equivalent triangular grids. In addition, increasing the number of
connections of polyhedral cells improves the convergence of the calculation process
compared to a triangular grid.

The turbulence model used for numerical simulation (SST) has proven its
effectiveness in calculating the aerodynamics of aircraft. On the other hand, the choice
of the turbulence model significantly affects the result of calculating the aerodynamics
of the aircraft with the dynamic principle of support above the surface only at small
values of h or negative angles of attack.

As a result of computational experiments, a picture of the flow around the
ekranoplane during flight near the surface was obtained for different speeds and

different flight heights above the surface. The results of calculating the pressure field
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and the velocity field around the aircraft moving at a speed of 100 km/h at a distance
of h=0.4 m above the surface. The results of calculating the streamline and the vortex
structure that is formed behind the aircraft as a result of the flow around the structure
are shown.

The results of calculating the physical fields at other speeds showed a
qualitatively similar picture of the distribution of physical quantities. The calculation
results obtained allow us to assess the physical regularity that arises during the
movement of the aircraft near the surface. The results of the study of the influence of
the distance from the vehicle to the ground and the speed of movement on the
aerodynamic characteristics: lift coefficient, drag coefficient, aerodynamic moment
coefficient, as well as the position of the center of pressure of the vehicle are shown.
The results are presented in relative values, in which the aerodynamic characteristics
near the ground are related to the corresponding values in the unrestricted flow, and
the influence of the distance from the ground on the main aerodynamic characteristics
of the vehicle 1s shown.

Scientific novelty of the results obtained.

1. For the first time, the regularity of the influence of the screen effect on the
aerodynamic characteristics of the Clark-YH12 wing profile was established.

2. A methodology for experimental research of the screen effect in a wind
tunnel has been developed, which uses a new electronic-digital complex for processing
strain gauge measurements of aecrodynamic forces and a scheme for mirroring models.

3. For the first time, the possibility of using the screen effect to create small-
sized aircraft that use the dynamic principle of movement above the surface was shown.

Practical significance of the results obtained.

1. A comprehensive methodology for studying the aerodynamics of small
aircraft has been developed, which includes aerodynamic experiments and computer
modeling.

2. An electronic-digital complex based on analog-digital converters, strain
gauges, and an ATMEGA 328p microcontroller has been developed to conduct an

aerodynamic experiment.
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3. The results of numerical and experimental studies can be used to
substantiate the aerodynamic characteristics of aircraft with a dynamic principle of
movement above the surface.

Keywords: aerodynamic forces, small-scale WIG-craft, CFD modelling,
numerical studies, ground effect UDC, WIG-craft, specific power, UAV, aerodynamic
characteristics, experimental modeling, flow, aircraft design, stable flight, finite

volume method, efficient fuel rate.
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3a0aui, Anexceenxo C. B., mamemamuuna mooenw, Kynix O.B., ananimuunuti 02150).
Haykogi npaui, aki 3aceiouyloms anpobdauiio mamepiaiie oucepmauii:

1. HaBugoB C. O., Anekceenko C. B., HekpacoB B. €. UucenbHe mociipKeHHS
aepoJMHAMIKU MIBUJKICHUX OE3MUIOTHUX JITaJbHUX anapariB, 0 BUKOPUCTOBYIOTh
edexT HabmmkeHHs 110 3eMii. XXVII Miscnapoona monooidcna HayKo8o-npakmuita
koughepenyis «J/lroouna i Kocmocy : 36. te3, m. Jmimpo. 2025. C. 56-58. :
https://doi.org/10.62717/2221-4550-2025-1-013. ). (Ocobucmuii énecox.: Hexpacos B.

€., nobyoosa ceomempii ma po3paxynkos8oi cimku, duceivHe mMooeno8anHs. /lasuoos
C. O, nocmamnoska 3aoaui ma o62oeopenHs pesyabmamis, Anexceenxo C. B.,

MamemamuyHa Mooeb).
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BCTVII

AKTyaJIbHICTL J0cdiXKeHb. JliTanbHl amapatv, $Ki BHKOPUCTOBYIOTH
JUHAMIYHUN NPUHIUN MIATPUMKU HaJ MOBEPXHEIO, € MEPCIIEKTUBHUM 1HHOBALIITHUM
TPAaHCHOPTHUMHU 3aco0aMu, IO MOEIHYIOTh IMEPEBard JITaKiB 1 MOPCHKUX CYJEH.
Taknii OE3KOHTAKTHUI pEeXUM pyXy TPaHCIOPTHOro 3aco0y HaJ MIACTHIBHOIO
MOBEpPXHEI0 OTpuMaB Ha3By «EkpaHHOTO eexty», a cami anapatu «ExpaHormanmy.
3riIHO 3 3aJIeKHICTI0O MIBUJAKOCTI Ta eHeproo3opoenocti Kapmana-I'aGpiens
€KpaHOIJITAHHUMN PEKUM PyXY JITATBHOTO anapaTy J103BOJISIE CYTTEBO 30UIBIIUTH HOTO
IIBUJIKICTh Ta BaroBe HABAHTAXKEHHS HA OJMHUIIO TOTY>KHOCTI EHEPreTUYHO
ycTtaHoBKHU. llepmii po3poOKKM TakuxX BEJIUKUX anapariB, M0 BUKOPUCTOBYIOTH
JTUHAMIYHUI OPUHIUI TIATPUMKH HaJ MOBEpXHEI0, Oyiau BUKOHAaHI 1€ B 60-Ti poku
XX cropiyus (Hanpukiag npoekTd «OpaboHok» (CPCP), nettoun yoBHu F2Y Sea
Dart (CIIIA)). Ane, BHACIIOK TeXHIYHUX 1 €KOHOMIYHUX YWHHHUKIB, Il IPOEKTH HE
OTpUMAaJI PO3BUTKY, TOMY Ha ChOTOAHI BINCHKOBE Ta KOMEpIIHE BUKOPUCTAHHS
Takoro TUMy 3aco0iB € oOMexxeHuM. OCTaHHIM 4YacoM, IHTEpPEC 10 TAKUX CHUCTEM
3pOCTa€ y 3B 3Ky 3 MOXKJIMBICTIO iX BUKOPUCTAHHS B SIKOCTI HEBETMKUX OE3MIIIOTHUX
araparis.

[lin 4yac cTBOpPEHHSI HEBEJIMKUX €KPaHOIUIAHHUX CHUCTEM BHUHHUKAe Mpobiiema
3a0€3MeUYeHHs] CTIMKOCTI TMOJBOTY OCKUIBKM Yy BH3HA4YE€HHI aepoauHaMIYHUX
XapakTepUCTUK BaXJIMBY POJIb BiAIrpae MaciutaOHuil ¢aktop. 3 omsgy Ha
IHTEHCUBHUM PO3BUTOK 1 3pOCTalou€ 3HAYEHHS BHUKOPUCTAHHS HEBEIIUKUX
OE3MUIOTHUX amapaTiB Ta KOMIUIEKCIB, 3pOCTa€ I1HTEpPEC MO JOCIHIIKEHHS
aepoJIMHAMIKM MAaJOpO3MIPHUX €KPaHOIUIaHIB. Y 3B’A3KYy 3 I[UM aKTyaJlbHUM
3aBJAaHHSM € BHU3HAUECHHS pallOHAJBHUX AaepoJIMHAMIYHUX TMapaMeTpiB IS
3a0€3MeUeHHsI CTINKUX PEKUMIB MOIBOTY TAKUX amapaTiB.

Merta i 3aBaanHs gocJigkenb. OOTpyHTYBaHHS aepOJUHAMIYHUX MapamMeTpiB
MaJIOPO3MIPHUX JITAJIBHUX amapariB 3 JUHAMIYHUM MOPUHIUIIOM pPyXy Hal
MOBEPXHEIO.

JInsi [MOCATHEHHS TOCTaBJIEHOI METU Yy JUcepTaliiiHid poOOoTI HEeOoOXiAHO

BUPILIUTHU HACTYIIHI 3aBJaHH:
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[IpoananizyBaTu cy4acHUM CTaH 3 JOCHIIKEHHSI aepOAMHAMIKY arapariB
3 JAWHAMIYHUM TPUHIUIOM pPyXy HaJ TMOBEPXHEI0, BU3HAYUTU MEPCIEKTUBHI
HalpsMKA PO3BUTKY MaJOPO3MIPHHUX arapariB, METOJIM Ta MOJEINI JOCIHiIKECHHS
aepoIMHAMIYHUX MPOIIECIB MOOIN3Y €KpaHa.

- Po3pobut MeToAMKY aepoJMHAMIYHOTO EKCIEPUMEHTY Ta MPOBECTHU
EKCIEPUMEHTANIbHI  JIOCTI/DKEHHS  aepOJMHAMIYHMX  XapaKTePUCTHUK  HECYYuX
MOBEPXOHB MOOJIU3Y €KpaHa.

- Po3pobutu Ta Bepu(ikyBaTH METOAUKY PO3pPaXyHKY aepoauHaMIYHUX
XapaKTEepUCTHK JITATbHUX anapaTiB MOOJIU3Y eKpaHa.

- [IpoBecT 4MCIIOBI MMapaMeTPUUHI JOCIHIJKEHHS aepoJAMHAMIYHUX
XapaKTepUCTUK JITAIBHUX amnapaTiB MOONU3y €KpaHa, HaJlaTh peKOMeHAalli 110/o.
BUOOPY MPOEKTHUX MapaMETPIB.

O006’exT pociixKenb. AepoIMHAMIYHI MIPOIIECH, IO MEepeOIraoTh MiJl Yac pyxy
JITANBHOTO anapary No0JIu3y MOBEPXHI.

Ipeamer pocaigkenb. [lons IMBUAKOCTI Ta TUCKY HABKOJO JITaJIbHOTO
anapaty, Koe(QilieHTH J00O0BOr0 OINOpy, MIIHOMHOI CHUJIM Ta aepoJUHAMIYHOIO
MOMEHTY.

HaykoBa HOBH3HA 0/1ep:KaHUX Pe3yJIbTATIB.

1. Brnepiiie BCTaHOBIIEHHI 3aKOHOMIPHOCT1 BIUIUBY €KPAaHHOTO €(eKTy Ha
aepoaMHaMI4yH1 xapaktepuctuku npoduno kpuia Clark-YH12.

2. Po3po6ieHo MeToANKy €KCIMEePUMEHTAIBHOTO JOCIHIIKEHHSI €KPaHHOTO
edexTy B aepoArHAMIUHIM TpyOi, IO BUKOPUCTOBYE HOBUM €IEKTPOHHO-IIU(PpOBUIL
KOMILIEKC /1711 0OpOOKH TEH30METPUUHHUX BUMIPIOBAHb a€POAMHAMIUHHUX CUJI TA CXEMY
J3EPKAIbHOTO BiOOpakeHHS MOJETIEH.

3. Brnepiie mokazaHo MOXJIUBICTh BUKOPUCTAHHSI €KPAHHOTO €(EeKTy st
CTBOPEHHS MaJOpO3MIPHUX JITAJbHUX amapaTiB, 110 BUKOPUCTOBYIOTh AMHAMIUHUMA

IIPUHIUII PYXY Haad ITOBCPXHCIO.



17

IIpakTuHe 3HAYEHHS OTPUMAHMX Pe3yJbTAaTIB.

1. Po3po6ieHo KOMIUIEKCHY METOAMKY JOCHIIKEHHS aepoJAMHAMIKU
MaJIOpO3MIPHUX JITATBHUX anapaTiB, sika BKIIOUYA€ aepoAMHAMIYHUM €KCTIEPUMEHT Ta
KOMIT FOTEPHE MOJICITFOBAHHS.

2. Po3pobneno enekTpoHHO-IM(PPOBUI KOMIUIEKC Ha 0a3l aHajIoro-
nUPpPOBUX NEPETBOPIOBAYIB, TEH30OMETPUUYHUX JATYUKIB Ta MIKPOKOHTpoJepa
ATMEGA 328p mist npoBeA€HHS aepOANHAMIYHOTO €KCIIEPUMEHTY.

3. Pe3ynpTaTi 4nCI0BUX 1 €KCIIEPUMEHTATBHUX JOCIIKEHb MOXKYTh OyTH
BUKOPHUCTAHI JUIsi OOIPYHTYBaHHSI aepOJUMHAMIYHUX XapaKTEPUCTUK JITaIbHUX
amapartiB 3 JUHAMIYHUM IPUHIUIIOM PyXY HaJl TOBEPXHEIO.

JlocToBipHicTh pe3yabTaTiB po0oTH. J[OCTOBIPHICTh OTPUMAHUX PE3YIbTATIB
3a0€3MeuyeThCd BUKOPUCTAHHSAM (YHIAMEHTAIBHUX 3aKOHIB Ta PIBHSHb MEXaHIKU
pIIMHU Ta ra3y, BCEOIUHMM TECTYBAaHHSM KOMII FOTEPHOI MOJENl Ta 3aJ0BUILHUM
301roM po3paxyHKOBUX PE3YJIbTATIB 3 Pe3yJIbTATOM €KCIIEPUMEHTATBHUX JTOCTIKEHb.

Bepudikariero iHpOpMaIiIiHO-BUMIPIOBAIBHOT CHUCTEMU U €JIEKTPOHHO-
uudpoBoro iHTEphecy B €KCIEpUMEHTATBLHUX JOCIIIKEHHSIX.

3’5130k  po0OTM 3 HAYKOBHUMHM MpPOrpaMamMu, IUIAaHAMH, TeMaMH.
Hucepraniitna podoTa BUKOHAaHAa B J[HIMPOBCRKOMY HalllOHAJIBHOMY YHIBEPCHUTETI
iMeni Onecs ['oHyapa Ta BUKOHYBaJIach B paMKax HayKOBO JOCIIITHUIILKOTO MPOEKTY
«OOTpyHTYBaHHSl aepOJMHAMIYHMX 1 MPOEKTHUX MapamMeTpiB BUCOKOIIBHAKICHOTO
HaJIBOJHOTO Oe3mioTHOro amapary» mpoekt 2022.01/0170, mo ¢inaHcyBaBcs
HarmionaneauM  oHIOM  JOCHIIKeHh  YKpaiHHM, HOMEp  JIep)KpeecTparrii:
Ne0123U103905.

Iy6aikanii. OcHOBHU 3MICT JucepTalii BIIOOpakeHO y 2 CTaTTAX, IO
BXOJSTh O HAYKOBO-METPUUHUX 0a3u nanux Scopus [1, 2], mro BigHocuThes 10 Q3 3a
kinacugikaniero Scimago Journal Ranking, a Takox B Te3aX HayKOBO-TEXHIYHOI
KoHpepeHii [3].

OcoOuctuii BHecok 3100yBaya. Bci mosIoKeHHS HAayKOBOi HOBHU3HHU

aucepTalii OTpMMaHi aBTOPOM caMocCTiiHo. B crarrax, mo omyOnikoBaHI Yy
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CIIBaBTOPCTBI, aBTOPY HAJEXKUTh MOOYJ0Ba KOMIT'IOTEPHUX MOJENEH, MPOBEICHHS
YUCJIOBUX JOCIIJKEHD 1 aHA13 Pe3yJIbTaTiB.

Crtpykrypa i 00csar aucepramii. J[uceprailisi CkliaaeThes 13 BCTYIY, YOTUPHOX
pPO3/1IiB, BUCHOBKIB Ta CIHCKIB BUKOPUCTAHUX JDKEPEN 10 KOXHOTO PO3ALLY,
3arajibHUX BUCHOBKIB 1 10JIaTKy. 3arajibHUN 00CsT AucepTalli ckiagae 127 cTopiHKy,
3 HUX 100 CTOPIHOK OCHOBHOT'O TEKCTY, 43 PUCYHKIB IO TEKCTY, 4 TaOJIULII 1O TEKCTY,
CIIMCKIB BUKOPUCTAHUX JPKEpPENl JO KOXKHOTO PO3JUTy, CYMapHO BHUKJIAJeHUX Ha 12
CTOpIHKAaX.

Ilyoaikauii 3100yBaya:

1. Dreus, A., Aleksieinko, S., Nekrasov, V. (2024). Determining the aerodynamic
per-formance of a high-speed unmanned marine WIG craft. Eastern-European Journal
of Enterprise Technologies, 4 (7 (130)), 41-46 https://doi.org/10.15587/1729-
4061.2024.309708.

2. Dreus, A., Alekseyenko, S., Kulyk, O., & Nekrasov, V. (2025). Prospects for
the creation of small-sized high-speed unmanned aerial vehicles based on WIG-craft.
EUREKA: Physics and Engineering, (1), 34-43. https://doi.org/10.21303/2461-
4262.2025.003308

3. HaBupoB C. O., Anekceenko C. B., HekpacoB B. €. UucenbHe mociipKeHHS
aepoJMHAMIKU MIBUJKICHUX OE3MUIOTHUX JITaJbHUX anapariB, 0 BUKOPUCTOBYIOTh
edext HabmkeHHs 10 3emii. XXVII Miscnapoona monooisxcna HayKo8o-npakmuita
koughepenyis «J/lroouna i Kocmocy : 30. Te3, M. Juimpo. 2025. C.56-58.
https://doi.org/10.62717/2221-4550-2025-1-013


https://doi.org/10.15587/1729-4061.2024.309708
https://doi.org/10.15587/1729-4061.2024.309708
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PO31JI 1
AHAJITUYHHUM OIS MPOBJIEMU

1.1 OcHOBHI BiZoMOCTI NIPO JIiTAJIBbHI aNIAPATH 3 AMHAMIYHUM

NPUHLIUIIOM PYXYy HA/l IOBEPXHEI0

1.1.1 Bu3Ha4yeHHs1 eKPAHHOIO e eKTy Ta JIiTAJIbHUX allAPATIiB 3 eKPAHHUM
edexkToM

Expannnii epext (Ground effect, GE) po3ymieThes sik 301IbIIIEHHS BITHOIIEHHS
MIHOMHOI CHJIM JI0 TATH (CHJIM) Ha HEBEIMKHX BITHOCHHX BIJICTAHSAX B1J JIeKadoi
noBepxHi[1]. MoxyTh OyTH BBeJIeH1 OUTbII 3arajibHi BU3HaAUeHHs1, Hanpukiaa Pis3 [2]
BHU3Haua€ €KpaHHUM e(PeKT SK SBUIIE aepOJUHAMIYHOTO BIUIMBY Ha MiaTdOpMu, sKi
JTaloTh B 0e€3MocepelHhbOMY HAOJMKEH1 J0 OCHOBHOI moBepxHi. Crnenudikaiiis
«ExcTpemanbHuil HaA3eMHUM e(PEeKT» 03Hada€e Jiama3oH BIAHOCHOI BIJCTaHI 10 3eMJIi
B 10% Bix xopau ocHOBHOTrO kpuiia uu MeHiie [3]. TpancnopTHuii 3aci6 3 eKpaHHUM
eekToM Moke OyTH BU3HAUCHHH K TPAHCHIOPTHHM 3aci0 3 IBUTYHOM, IIPU3HAUYCHII
st poboTu B Oe3nocepeHbOMY HAOJNMKEHHI JI0 OCHOBHOI IMOBEpPXHI, 1100
BUKOPHUCTAHHS €KPaHHOTO ePeKTy Oysio O11bII €()eKTUBHUM.

Tenep 17 mnNO3HAYEHHS TaKUX JITAIbHUX amapariB 10 BUKOPUCTOBYE
JUHAMIYHUN TMPUHIUI MIATPUMKA HaJ TOBEPXHEI0 ICHY€ KUIbKa PIBHO3HAYHUX
TEPMIHIB:

° Haszpa Expanomnan (BuHUKIa Bijg ciioBa ekran = screen), Huspkodmit

(Hu3bKO ndiTatounii kopadenb), ExpaHomit (TpaHCHOpHUN 3aci0, sike 37aTHE

aitatu B In/Out Ground Effect, IGE/OGE) Buiitiiu 3 CPCP (P. Anekceen) [4].

o WIG nonynspna abpesiatypa Big Wind-in-Ground effect vehicle.

o WISES (npencrasnenuit C. Ky6o, fAnonis) po3mmdpoByerhes sk Wind-

in-Surface Effect Ship.

o GEM (beprencon, CIIA) nputinsto sk Ground Effect Machine.

° Tepminu Flaircraft Ta Tandem-Aerofoil Boat Oymi npuiinsTi Noprom
(I'epmanis).
o The Lippisch craft moxigui po3pobneni @imepom(I'epmanis) Ta

HaszuBaroThca Airfish.



20

o TexHooris 3:11TYy 32 JOMOMOT 00 TOBITPSHOI MOAYIIKH OyJia 3aCTOCOBaHa

®dumepom, Ta orpuMa Tepmin Hoverwind.

o Tpancnoprauit 3aci6 Big Techno Trans (I'epmanis) 3HaW0OTH SIK
Hydrowind(s).
o S. Hooker (Aerocon, U.S.A.) BBiB TepMiH sk Wingship sikiil mo3Hadae

HaJ3eMH1 Kopabmii [4] riraHTchkoro po3mipy y BiamnoBimHocti 3 Hooker, mnei
TEPMIH «II03HAYAE JIy’KE€ KOHKPETHE KpUJlaTe CyIHO PO3MIPOM 3 Kopaleb, sKe
3a3BHYAM 3J11Ta€ Ta MPU3EMIIIOETHCS Y BO/I1 T JIITA€ HA BUCOKINA MIBUIKOCTI».
° Tepmin RAM-Wing 3acTOoCOBY€THCS 10 TPAHCHOPTHUX 3aCO01B 3 KPUIIOM
OuIg 3eMJl, JUIsl SIKMX 3arajlbHAW BKJAaJ y MiAMOM OOYMOBIJIEHHH 3aCTIMHUM
MMOTOKOM I11JT OCHOBHHM KPHUJIOM.
o Tpancnoptauit 3aci6 WIG, sikuif moCTiHHO BUKOPUCTOBYE MiICHIICHHS
MOTY>KHOCT1 I TOKpAIIEHHS JAWHAMIYHOTO MiANOMY, 1HOJI Ha3UBaIOTh
PARWIG.
MixnapoaHoto Mopchkoro opraHizaiiero (IMO) Buznaueno tepmin WIG cyano
— MYJBTUMO/JIAJIbHE CYJIHO, SIKE€ Y CBOEMY OCHOBHOMY €KCIUTYaTaI[iIiHOMY PEXKUMI JIITA€
B Oe3nocepe/Hiii 0JIM3bKOCTI Bl TOBEPXH1, BAKOPUCTOBYIOUM eKpaHHUM eekT. OTxe,
TaKl CUCTEMH BIJIHECEHO 10 MOPCHKUX TPAaHCHOPTHUX 3aco0iB. 3riHo «TuMuacoBoi
1HCTpyKIIii 3 6e3nexu ekpanoraniBy IMO [5, 69] yci WIG cyniHa noaisisitoTbest Ha Tpu
tunu (puc. 1.1):
— tun A — WIG-anaparu, 1o ceptudikoBaHi s eKCIUTyaTalli TUIbKUA BCepeanH1
30HU BIUITUBY «EKPAHHOTO €PEKTY»;
— tun B — WIG-anapatu, mo ceptudikoBaHi Ajisi KOPOTKOUYACHOTO OOMEKEHOTO
MOJILOTY 11032 30HOK0 BIUIUBY «EKpaHHOTO €(deKkTy» Ha BHCOTI He Outbiie 150 M Hanx
pIBHEM MOBEPXHI;
— tun C — WIG-anaparu, mo ceptudikoBani aJjisi €KCIUTyaTalii mo3a 30HOI0

BIUIUBY «EKPaHHOTO e(EeKTy» Ha BUCOTI, 10 nepeBunrye 150 m.
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C i
150 m A Nitakm —~E S

Pucynoxk 1.1 — Knacudikamis WIG cyaen 3rigao IMO [5]

3BuUualiHi rigpoJiiTaki B TopiBHAHHI 3 WIG MaroTh: HaOarato Ouibliie
CITIBBIAHOIIIEHHS] CTOPIH Ta BUIIE MO3UIIIOBAHHS OCHOBHOT'O KpHWJIa MO BIJHOIIEHHIO
710 KOpIycy, 00 MaroTh MEHILNH BIIUB HA3eMHOI0 €(DEeKTY, HaBITh y 4yac 3mrTy. Jlitaku
MaroTh a€pOJIMHAMIYHY KOH(Irypallito JiTakiB. B MOpiBHSIHHI 3 CyTHOM Ha MOBITPSHIN
MOAYIIII, SIKE HECEe CTaTU4HA NMOoBITpsiHA noayiika, WIG miaTpumMyeThes TUHaMI4HOIO
MOBITPSHOIO MOJYIIKOIO, sika (OPMYETHCS MiA MITAAOMHUMM KpPUJIAMH Ha BEJIMKUX
mBUAKOCTAX. [Ipm CymiCHOMY BHKOpPUCTaHHI JAESKMX (QYHKUIH 3 MOTYKHUMH
IanyouuMu YoBHaMu, WIG miaTpuMy€eThes IMHAMIYHUM TUCKOM TOBITPS, B TOH Yac,
K TUIAHYIOUMNA YOBEH MIATPUMYETHCS JUHAMIYHUM TUCKOM BOJIH.

OcHOBHOIO nepeBaroo, Ky MatoTb WIG B mopiBHSHHI 31 3BUYaHUMU BOAHUMU
KOpaOJIsIMH , € TIOTEHLIAJ JUIsl 3HAYHOrO 30UIbIIEeHHs MmBHAKOCTI pyxy. HYoBHu WIG
31aTHI HECTU BUCOKY KOPHCHE HAaBAHTAXKEHHS MPHU PyCl Ha BUCOKHUX IIBUAKOCTAX, a
TaKO0>X HE CUJIbHO MiJIBEP/KEHI BIUIUBY CTaHy BiIKpUTOro Mopsi. Hacnipapai aep:xxasu
3 BUXOJIOM JI0 BIJKPUTOTO MOPSI MOXKYTh OOMEXYBaTH KOPHCHE HABAHTAKEHHS YU
MOXJIMBOCTI JAJIbHOCTI 3aCTOCYBaHHS, CYTTEBE 3HMKEHHS KPEHUCEepPChKO1 IMBUAKOCTI
He crocTepiraeTbes. Y Toil yac sik 4oBHM WIG oOMexkeH1 B 371TI Ta MOCA/II 3aJIEKHO

B1JI MOPCBHKHUX YMOB, 1110 00OMEXY€E iX poOoTy.
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1.1.2 TeopeTu4Hi 0CHOBH JMHAMIYHOI'0 PyXYy Ha/l IOBEPXHEI (EKPAHHOIO
eexry)

Sk 3a3HadueHo B [6], OCHOBOIO aHaNi3y aepoOJWHAMIKHM JITAaJbHUX amapaTiB €
BUBYEHHS CUJI 1 MOMEHTIB, 1110 A1I0Th HA iXHI HECyYl €JIeMEHTH, 30KpemMa Ha kpuia. Ha
pucyHky 1.2 300pakeHO CHJIOBY CXEMy, IO UIIOCTPYE Mil0 aepoJAMHAMIYHUX
HaBaHTAXEHb Ha KPWJIO MiJ Yac MOJbOTY. Y MOJENl 3aCTOCOBYIOThCS JBI CUCTEMU
KOOpAMHAT: 3B’s3aHa (X, ), IO PYXAEThCSA Pa3oM 3 amapatoM, 1 MBUAKICHA (X4 Va),
OpI€EHTOBaHa 3a HAMpPSMKOM Habirarouoro moTtoky. B mpoekiisix Ha oci 3B’s3aHOI
CUCTEMH BUISAIOTH:

o X — MOB3J0BXKHIO (TAHTCHIlIANBLHY) A€POJMHAMIYHY CUITY,

o Y — HOpManbHy (NEpHEHAUKYISIPHY) A€pOJMHAMIUYHY CHITY.

VY mBuUAKICHIA cUCTEMI KOOPAMHAT KOMIIOHEHTH aepOAMHAMIUHOI CHUJIM HAOYyBalOTh
($13UYHO 3pO3yMIJIUX 3HAUECHbD:
o Xa — cuna no6oBoro omnopy (drag),

o Ya — migiiomna cuna (lift).

ya
Sheet! |

V Ya |
—_—
_—

X — cunia moboBoro onopy, Y — migilomHa cunia,
R — moBHa aepouMHaMIUYHA CHJIA,  — KYT aTaKu.

Pucynok 1.2 — Cxema BIUIMBY aepOJAMHAMIYHHMX CHJI Ha KPHJIO
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Ha pucyHnky 1.2 Takox moka3aHO KyT aTaku O Ta MOBHY a€pOJUHAMIYHY CUITY
R, sfka € pe3ynbTyrouor [ii MOBITPSHOTO MOTOKY Ha KPWJIO. 3TIJHO 3 HPUUHSTOIO
OpI€EHTALIEI0, TO3UTUBHUM BBAKAETHCS HANIPSAMOK, IPOTUIICKHUHN PYXY.

L pe3ysbTyroua NpUKIaeHa 10 TOUKH, IKY Ha3UBalOTh EHTPOM TUCKY. K10
BOHA He 30iraeTbcs 3 LEHTPOM MAacH amapara, TO BUHUKA€ aepoAMHAMIYHUI MOMEHT
BIIHOCHO IIeHTpy Macu. IloBHa aepoJMHamiyHa cWia TMPSAMO MPOMHOpIIiiiHa
IUHAMIYHOMY THCKYy HE30ypeHOro TMOTOKY Ta IUIONIl, IO XapaKTepHU3ye
aepoauHamiuHy Gopmy amapara.

[ToBHa aepoMHaMiYHA CUJa IPOMOPIIiiHA BUAKICHOMY HAopy HE30ypeHOro

MOTOKY 1 XapaKTepHIi IUIONINHI arapara

R = CR_SM’ (11)

1€ Cp — KOedIIIEHT MOBHO1T aepOUHAMIYHOI CHIIH;
0 — T'yCTHHA TIOTOKY, KI/M;
Sy — XapakTepHa IIoImuHA (IUIOMIA MiIeneBoro nepepizy mpodiiwo, m2).

Bupasu 115 mpoexiiiii HoBHOT aepoIMHAMIYHOT CUJIU MarOTh BUTJTISIL;

2
Xq = Cx pTSM» (1.2)
pV?

1e ¢, — KoediieHT 1060BOTO OMOpY;
Cy — KO€(IIIEHT MAHOMHOI CHITH.
OCHOBHUMU YMHHUKAMU, 110 BIUIMBAIOTh HA a€POJUHAMIUHY CUITY, €:
— reoMmeTpuuHUi (akTop, adb0o MijeneBuil nepepi3 (HalOUIbIIUKA mepepi3

npodiIt0 Kpuiia, SIKUi neprneHAnKyISpHUN MOTOKY, 10 HAabIrae);
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.. . pV?
— IWBHAKICHAH Hanip ——;
— B’S3KICTh MOBITPS V
— BEJIMYMHA KyTa aTaku o (KyT MK XOPJAOK0 KpHJia 1 HAalPsIMKOM IIBUJIKOCTI1
MOTOKY, 110 HalIrae).

BinHOCHO piBHY HOBEPXHIO MOONM3Y SKOI PYXaeTbCs JITAIbHUI amapar
Ha3UBaIOTh «eKpaHoM». ['payHa-edekrt (aurn. ground effect) — 1ue aepoJUHaAMIYHE
SBUIIE, IKE BUHUKAE MPU MOJIbOTI JIITAJILHOTO anapaTta Ha Majiiil BUCOT1 HaJ| TBEPIOIO
MOBEPXHEI0 (3eMJIet0 a00 BOJOI0) 1 MPOSBISETHCA Y BUTISAI 30UTbIICHHS M1AHOMHOT
CUJIM Ta 3MEHIIEHHS 1HAYKTUBHOIO OMOPY KpuJja.

B ocHOBI 11bOT0 €(PeKTy JIeKUTHh B3a€MO/III TIOTOKY MOBITPS 3 MOBEPXHEIO, SKA
00MeXy€e PO3BUTOK BUXPOBUX CTPYKTYpP y 30HI MHiJ] KPUJIOM. Y HOpPMaJbHUX yMOBax
(mig 4ac moiabOTy Ha BHUCOTI, OUTBININ 3a po3Max KpuJia) HUKHS 4YacTHHA Kpuia
CTBOPIOE MOTIK, III0 OTUHAE MEPETHIO KPAlKy Ta 3aMUKAETHCS Yepe3 30HY MOHUKEHOTO
TUCKY HaJl KPUJIOM — 11€ YTBOPIOE BUXPOBY CTPYKTYpPY MO3a]ly Kpujia Ta COPUUUHSIE
1HIyKTUBHUU OMIp.

Konu kpuiio abo Hecyua MOBEPXHSA PYyXAa€ThCS HAa BHCOTI MEHIIINA 3a MOJIOBUHY
pO3Maxy Kpujia, BUHUKAE OOMEXEHHSI [IUPKYJISIIT MOBITPSI M1 KPUIOM, IIIO:

o 30UIBIIYE THCK HAa HIKHIN MOBEPXHI Kpuiia (TOOTO MiIHOMHY CUITY),

e 3MEHIIY€ BEPTUKAIBHY CKJIQJIOBY IIBUIKOCTI IHAYKOBAHOTO MOTOKY,

e TPU3BOJUTH JI0 3MEHIIEHHS 1HAYKTUBHOIO OIOPY.
Ha puc. 1.3 nokazaHo cxeMmy aepoAuHaMIYHOTO NpOo(uI0 Kpuiia, U0 JIETUTh MOOINU3y

MTOBEPXHI.
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N N

hr — BIJICTaHb M1 €KPAHOM 1 MOJIOKEHHSIM aepoMHaMIYHOTO (OKYyCa;

h — BiJICTaHb M)XK €KPAHOM 1 3aJHHOI0 KPOMKOIO KpHUJIa;
¢ — XOpJia Kpuia;
! — TOBIIMHA KpHja

Pucynok 1.3. Cxema oOTikaHHS Kpujia OOJIU3Y eKpaHy

AepoauHaMIvHO, anapar y pexuMi eKpaHHOTO TOJIbOTY XapaKTepU3yeThCs 3SMIHEHUM
TUCKOBUM PO3MOALIOM HABKOJO KpuWja: 30HA MIJABUIIEHOrO0 THUCKY MiJ KPHUIOM
PO3IIUPIOETHCS, & IHTEHCUBHICTh BUXPOBUX 30ypeHb 3a Kpailkoro 3MeHInyeTbes. Lle
MPU3BOAUTE 10 (hOpMyBaHHS €(DEKTUBHIIIOTO aepOJUHAMIYHOTO MPOPIII0, Y SIKOMY
cuja OMopy 3HUXKYEThCS, a MIIHOMHA cuiia 3pocTae. B3aeMojis 3 MOBEpXHEWO MpHU
IbOMY TaKO>K MOX€ CIIPUATH cTabii3allii anapaTa B TOPU30HTAIbHIN TIJIOIIHHI.

3 IHXXEHEPHOI TOUKHU 30py, peanizallisi €(heKTUBHOTO BHUKOPUCTAHHS IpayH]-
edexTa morpedye TOUHOTO PO3PaXyHKy T'€OMETpPii KPHJ, XBOCTOBOTO OIEPEHHS Ta
HeHTpy Mmac. BaxnuBumu QakropaMu € TakoX CTaOUIBHICTh TPH IMOMNEPEUHUX
BIIXUJICHHSIX Ta XBWIbOBUM BIUIUB BOJHOI TMOBEPXHI. Y [EIKUX MOJEIAX
€KpaHOIUIaHIB BUKOPUCTOBYIOTHCS CHEIiajbHI MOBITPO3abipHUKH a00 HaIpaBIIsOYl
MOBEPXHI, 10 MIJICHIIOITh €(PEKT CTUCHEHHS MOBITPSA MiJ KPUJIOM 1 30UIbIIYIOTh
e(eKTUBHICTh MOJbOTY. BaxinBoo aepoJIUHAMIYHOIO XapaKTEPUCTUKOIO, MIO

BIUIMBA€ Ha CTIWKICTh MOJBOTY, € MOB3JOBXKHIA MOMEHT. OCOOIMBY BaromicTh LEi
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(daxTop HaOyBae 11 Yac HAOIMKEHHS JIITAILHOTO anapary A0 MOBEPXHI1, PO 110 Oye
B1/I3HAYEHO HUXKYE.
BaxinBUMH TeOMETPUYHUMH XapaKTEPUCTUKAMU 3 TOYKH 30py BIUIUBY

€KpaHHOTO €(eKTy € BIJHOCHA TOBIIMHA MPOQLITI0 Kpuiia

t=- (1.4)

a TaKOX IMOJOBXKCHHS Kpujia

== (1.5)

ne [ — po3max Kpuia;
S — mionia Kpusia B IJIaHi.

OnxuM 13 KIIOYOBUX (PAKTOPIB, 10 MOSICHIOE MOKpPAIICHHS aepoJAMHAMIYHUX
XapaKTepUCTUK IiJI 4Yac TMOJbOTY B 30HI Jii €KpaHHOTO e(eKTa, € 3MEHIICHHS
IHAYKTUBHOTO ONOpYy. 3a 3BHYAaHUX YMOB IHIYKTUBHHI OIp BUHUKAE€ BHACIHIJIOK
HassBHOCTI IUPKYJIALII TOTOKY HaBKOJIO Kpuja Ta (OpMyBaHHS BUXPOBOTO HuUICiy,
[0 CYNPOBOJIKY€E MITAOMHY CUITy. Y TOJBOTI HA 3HAYHINA BUCOTI 1[I BUXOPU BUIBHO
PO3BUBAIOTHCS, 1110 MPU3BOJUTH A0 YTBOPEHHS BEPTUKAIBHOI CKJIAI0OBOI 1HAYKOBAHOI
IIBUJIKOCTI Ta, BIAMOBIIHO, A0 30UIBIIEHHS OMOPY.

HaromicTes mpu HaOMMKEHH1 amapaTa A0 IOBEPXHI, HUXKHS MeXa MOTOKY
OMUHSETHCS «3aTUCHYTOIO» MDK KpwiIoM 1 3emiero (abo Bojaorw). lle monmammse
PO3BUTOK BUXPOBUX CTPYKTYP Y HIXKHIN YaCTHHI KpuUia, 3SMEHIITY€E HUPKYJIIAIIIO, Ta, IK
HACI10K, 3HAYHO 3HW)KY€ IHIYKTUBHMI omip. EdexkTnBHa nigiioMHa cuiia pu UbOMY
HE Juuie 30epiraeThes, a i MOXKE 3pOCTaTH 3a PaXyHOK HiABUIIEHOTO TUCKY MiA

KkpwiioMm. (puc. 1.4)
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a) 6)

Pucynok 1.4. Cxema oOTikaHHS anaparty a — 6e3 ekpaHa, 0 — 3 eKpaHOM.

3MEHIIeHHs] 1HIYKTUBHOTO OMNOPY € HAA3BUYAHO BAXKJIMBUM 3 TOYKH 30Dy
E€HEepPreTUYHOi e(EeKTUBHOCTI: BOHO JO3BOJISIE E€KPAHOIUIAHY pPO3BUBATH BUCOKI
IIBUJIKOCTI 0€3 MPOMOPILIHHOTO 3pOCTaHHA BUTpPATHU NajabHOro. lle Takox 3MeHIye
noTpely B MOTYKHUX PYLIiSX 1 3HUKY€E HABAHTAXEHHS HAa KOHCTPYKIIO anapara mij
4yac TPUBAJIOTO PYXy B PeXUMI OIM3bKOCTI A0 noBepxHi. KoedilieHT 1060BOTO Omopy

Kpuja Moke OyTH 3alMCaHui HACTYITHUM YHHOM:

Cx = Cxupod T Cxis (1.6)

TakuMm uynMHOM, MiHIMI3alis 1HAYKTUBHOTO OMNOpY i Yac MOJbOTY B 30HI
€eKpaHHOTO e(eKTy — OJUH 13 (QyHAaAMEHTaIbHUX (I3UYHUX YUHHUKIB, IO
3a0e31euyoTh €()eKTUBHICTh Ta YHIKAJIbHICTh €KPAHOILUIAHIB K KJIACY TPAHCIIOPTHUX

3ac001B.

1.2 IcropuyHuUii OrJsiA anapaTiB 3 JMHAMIYHUM NPUHIMIIOM PYXY HaJ
MOBEPXHEK (eKPAHOIJIAHIB)
[lepmmmu Air04UMU ¥ HAMOUIBII BIIOMUMH BEIMKHMH €KpaHOIUIAHAMU OyJH

pansHCbKl po3poOku «OpiboHOK», «JIyHby abo «Kacmiiicekuit MmoHcTp». L1 Baxkki
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€KpaHOIUIAaHU CTBOPIOBANUCSA [JI BUPIIICHHS BIACHKOBUX 3a/layu: IEPEBE3CHHS
JIECAaHTy, BUKOPHUCTaHHS SIK PAKETOHOCIiB, aje Oynu 3po0ieHl B OJUHUYHUX
€K3eMILIAPaXx, 1 Ha ChbOr0JIH1 HEe PYHKIIOHYIOTh. [IpOTe 111 MPOEKTH MPOAEMOHCTPYBAIH
MEPCIEKTUBHICTh TaKUX TPAHCHOPTHHUX 3ac00iB. [Iporpamu po3BUTKY €KpaHOIJIAHIB
nounHarTh peanizoByBarucs y Crnonyuenux llltatax, CPCP, Himeuunni, Kurai #
ABcTpasii NOYMHAIOYHU 3 JIPYTOi MOJOBUHU JABAJLSTOTO CTOJITTS 1 10 TENEPIITHBOTO
qacy.

3a octanni 30 pokiB aepoguHamiul noaboTy WIG cucteM Oyno mpHCBSYEHO
BEJIUKY KUIBKICTh SIK €KCIIEPUMEHTAIbHUX, TaK 1 YUCIOBUX JOCIHIKEHb. Y BIIOMUX
ornsagax [7, 8] mobpe BuUCBITIEHO icTopito Ta po3BUTOK WIG-cuctem y cBiti. B
poborax [9, 10] BUKOHAHO TOPIBHSJIBHHI aHai3 XapaKTePUCTUK BaXKKUX
€KpaHOIUIaHIB 3 IHIIUMHU HETPAIULINHUMU TPAHCHOPTHUMU 3ac00aMU, Ta MOKa3aHO
Jliana3oH eKCIUTyaTalliiHUX XapaKTepUCTHK, B SIKOMY TakKl €KpaHOIUIaHU MaroTh
CYTTEBI IIEpEBaru.

O06’emHuil mMaTepian 3 1CTOPil PO3BUTKY, a TaKOX JOCIIIKEHb KOHCTPYKIIINA
€KpaHOIUIaHIB, aePOJIMHAMIYHUX CXE€M Ta KOMIIOHYBAHHS, TE€XHOJOT1 BUPOOHUIITBA,
KOHCTPYKIIIMHUX MaTepialliB Ta MPUHILUIIB NPOEKTYBAHHS, PYIIIMHUX YCTAHOBOK JIJIs
TPAHCIIOPTHUX 3ac001B, 1[0 BUKOPUCTOBYIOTh AMHAMIYHUM MPUHIMUI MIATPUMKHA HAJl
TOBEPXHEI0 HaBeJAeHO B podoTax [7, 11-13, 69].

B [14] onucaHo ekcriepUMEHT, SIKUil TPOBOJMBCS B aepOJMHAMIUYHINA TpyOi Ha
kpui 3 nonepeunum npodineM NACAO0015. Byno noka3aHo, 110 SIK 111 HO3UTUBHOTO,
TaK 1 171 HETATUBHOTO KYTIB aTaKW TUCK Ha BEPXHIO TOBEPXHIO IEMOHCTPY€E HAbarato
CWJIBbHIILY 3aJIeKHICTh BiJ KyTa aTaku. Y MEBHOMY J11al1a30H1 MO3UTUBHOI'O KyTa aTaku
criocTepiraBcs €(heKT MOBITPSHOI MOIYIIKH, TTOB’I3aHUH 13 JIOKAIBbHUM 3017bIISHHSIM
MMOBEPXHEBOT'O TUCKY.

VY crarti [15] mpeacTtaBieHO MOJENIOBAHHS pPYyXY TPUKYTHOTO Kpuija 3
ypaxyBaHHsIM eKkpaHHoro edekrty. IlimkpecneHo, mo koHdirypailiss 3 TPUKYTHUM
KPWJIOM € CTaO1IbHOIO 3 TOUKH 30pY CTIMKOCTI B OIBOTI. JlOCIII>KEHO BILJIUB BITPOBUX

1 XBWJIbOBUX 30ypeHb Ha IMHAMIYHY CTIHKICTh MOJBOTY.
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BruiuB 3emuti Ha aepoJMHAMIYHI XapaKTEPUCTUKU TOHKOTO TPUKYTHOT'O KpHiia
BHUBYAOCs B po0oTi [16]. Byno BctaHOBI€HO, IO SK MiAiOMHA CUjla, TaK 1 CUJia OTIOpy
3pOCTalOTh 31 3MEHIIEHHSM BifcTaHi g0 3emil (10 50 % xopau kpuna). [pupict
N1IAOMHOI criIu OyB HAOUIBIIMM IPU MaJIMX KyTax aTaky ¥ IIBUKO 3MEHIITyBaBCs 31
30UIBLIEHHSAM BIJCTaHl BiA 3eMJiil. AHami3 pe3ynbTaTiB MOKa3aB, 110 YUM MEHIIa
BIJICTaHb JI0 €KpaHa, TUM paHillie HACTyIae 3puB BUXOPY 3 MOoBepXxHi kpuia. [TokazaHo,
[0 JJi €KpaHOIUIaHIB 3 JAeNbTa-pOpMOI0 Kpuia B MUIaH1 Hale(EeKTUBHIMIUNA MOJIT
MOBUHEH OYTH HAa BUCOTI HaJl eKpaHoM B Mexax 10 % xopau kpuia.

B po6orti [17] BUKOHAHO YHCIIOBE MOJICNIOBAHHS a€POJUHAMIKA HAXUJIEHOTO
KpuJia miJ 1€ eKpaHHOro eekty. Po3risiHyTo KOHQIrypailii NpsiMOKYTHOTO Kpuja
Ta TPUKYTHOT'O KpHUJia, a TAKOX JIOCHIIHPKEHO BIUIMB TOPIIEBUX IIJIACTUH Ta €JIEPOHIB Ha
aepoJMHAMIYHI XapaKTEPUCTUKHU MiJ 4Yac KpeHy ekpaHoruiaHa. [lokaszano, 1o
TPUKYTHE KPUJIO MA€ MEepeBaru.

B poGotax [13, 18] HaBegeHO pe3yibTaTH YMCIOBHX 1 €KCIEPUMEHTAIBHUX
JOCIIIPKEHb 3 BUBYEHHS reomeTpii mpodiato kpwia (TOBIIMHA Mpoduio Ta Horo
BOT'YHTICTb) Ha aepoOJMHAMIYHY SKICTh Ta CTIMKICTh MiJ 4Yac MOJBOTY Ha MajuXx
BificTaHsX BiA ekpaHa. Orisj MOCHIIKEHb 3 BHU3HAYEHHSI BIUIMUBY T'€OMETPUYHUX
napaMeTpiB Kpuja HaBeleHo B [19].

Merta po6otu [20] monsiranga B JOCIIKEHH1 aepOAMHAMIKU KPUJla HOBOTO THUITY
3 MOBOPOTHUMH TOPIEBUMH IUIACTUHAMU TMPU HAABHOCTI ekpaHa. [IpoBeneHo
YuCeIbHEe TOCTIIHKEHHS aepOMHAMIKUA TOPIEBOI MIIACTUHY, [0 HAXWIISIEThCS. AHAII3
OTPUMAaHUX PE3yJbTATIB MMOKA3aB, 110 KIHIIEBA IJTACTUHA BILUIMBAE HA PO3BUTOK BUXOPY
Ha KIHYMKY KpWJia Ta J03BOJIAE€ TMOKPAIIUTH AaepOJUHAMIYHI XapaKTEPUCTUKHU
JITANbHOTO anapaTra 3 HasBHICTIO €KPaHHOTO e(eKTy, 10, B CBOK YEpry, BeAe 10
€KOHOMI1 BUTpAT MajuBa IMij yac JaJeKuX MojJbOTiB.

EdexTuBHICT BUKOPUCTAHHS KOHCTPYKIIM €KpaHOIUIaHIB 3 TOPLEBUMU
MJJACTUHAMHM TaKOX TMIATBEPJKEHO EKCHEPUMEHTATIbHUMU JOCHIKeHHs MU [21].
CknagHe Kpuiao 3 TOPUEBUMH IUIACTUHKAMU MOXE CYTTEBO  IIJBUIIUTH
aepoauHaMiuHy €(heKTUBHICTh 0€3 MIKOAM AJIA MO3A0BKHBO1 CTIMKOCTI. JlociIKeHHs

[22] TakoX MPHUCBSIYEHO MAOCHIPKEHHIO CKJIAAHUX KpUJ, JI€ BUKOHAHO YHCIIOBE
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MOJICTIOBaHHSI BHU3HAYEHO AaepOJIMHAMIYHI XapaKTEPUCTUKHU CKIATHUX KpWiI 3
ypaxyBaHHsIM eKpaHHOro edekty. [lokazaHo, 110 BerunHa po3mMaxy O14HOro Kpuia 1
BEJIMYMHA KIIPEHCY MAalTh CYTTEBHI BIUIMB Ha KOE(QILUIEHT MiJIHOMHOI CHUJIU
CKJIQHOTO KpHJIA.

CratudHa CTIMKICTh € OCHOBHOIO ITPOOJIEMOI0 KOpadis 3 eKpaHHUM €(EeKTOM B
pexKUMax 37b0TY Ta Kperhcepchbkoro noyiboty. B mociimpkenHi [23] 3 BUKOPUCTAHHIM
YUCJIOBOTO METOAY BHUBUEHO BIUIMB TPaHUYHUX IIAPIB 3€MJIl HAa aepoJAUMHAMIYHY
MOBEJIHKY Ta CTAaTHMYHY CTIMKICTh IO BHUCOTI CKJQJHOIO KpWJa €KpaHOIUIaHA 3
ypaxyBaHHsIM eKpaHHOro edexTy. [IpoBeneHO MOPIBHSHHS CTIMKOCTI CKJIAIHOTO
KpuJia Ta NPSMOKYTHOTO: CTIHKICTh CKJIAJHOTO Kpuia Oyyia BHUILO, HIXK 3BUYAITHOTO
OPSIMOKYTHOTO Kpuja. SK MiIKpECIOITh aBTOPH, AOCHIIKEHHS Mae€ 3Haudylle
3HA4YEeHHS JUIs1 PO3POOKH Ta OE€3MEUHOr0 MOJLOTY KOPabJisi TUIY eKpaHOIUIaHa.

[lin yac monbOTy HaJ TMOBEPXHEIO MOPS €KPAHOIUIAHU YacTO CTHKAIOTHCA 3
XBUJISIMM, 1 BIUIMB €KpPaHHOrO e(eKTy Ha aepoJMHaMiKy TOJIbOTY amapara €
CKJIQJHIIINUM, HDK edekt Bim piBHUHU [24, 25]. HocnimkeHo aepoauHaMiyuHI
xapaktepuctuku npoputo NACA 4412 no6au3y XBUISCTOI HOBEPXHI AJIsI IIUPOKOTO
Jlana3oHy KyTIB aTakd LUISIXOM pPO3B’si3aHHs ycepelHeHuxX piBHsAHb Hap’e-Ctokca.
IlepeBipka 4MCIOBOrO  METOAY  3/IMCHIOBANach  LUISXOM  TOPIBHSHHSA 3
EKCIEPUMEHTAIbHUMU  JTaHUMU. Pe3ynbTatv MOKa3yloTh, 10 aepoJWHaMIYHI
KOE(IIIEHTH TEPIOANYHO KOIUBAIOTHCS, KOIU aepOoJAMHAMIYHUN TPOPiIb pyXaeThCs
HaJl XBWISCTOIO TOBEPXHE HAa HEBEJMKIM BHUCOTI. AHam3 aMIUIITYIu
aepoIMHAMIYHUX KOJMBAaHb BCTAHOBUB, IO B IKOCTI PO3PaXyHKOBOTO KpeCepChKOro
KyTa aTaku JJIsl arapary 3 eKpaHHUM €(eKTOM HEeO0OX1THO 0OMpaTH cepeaHl 3HaUeHHS
KyTa aTaku. Y cepeHEH1 32 YaCOM aepOoIMHAMI4H1 KOe(IIIEHTH Y BUMIAJKY XBUJISICTOTO
IPYHTY Maibke Taki K, fK 1 JUIsl IUTacKOi MoBepxHi. Pe3ynbTaTu MOKa3yloTh, 110
aMIUTITY KOJIMBAaHb AaepOJUHAMIYHUX KOE(QIII€HTIB 3HAYHO 3pOCTAalOTh 13
MOCJIIJIOBHUM 30UIBIIEHHAM aMIUNITYAM XBHWJII Ta MOXYTh 3arpoKyBaTh Oesmeri
nonboTy. [Tokazano, 1o aepoiuHaMiuH1 KoeDIIieHTH AJisl XBUISICTOI BOJIHOT TOBEPXHI1
3HAQYHO BIJIPI3HSAIOTHCA BiJI a€POJIMHAMIYHUX KOEQIIIEHTIB JJIsI TBEPIOi XBUISCTOT

MOBEPXHI. AHANI3 MOJISI Te4li CBIIYNTH, IO MEXaHI3MH Teuli HaBKOJIO MPOodLIt0, 110
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PYXa€eThCsl HaJl XBWISICTOIO BOJHOIO MOBEPXHEIO Ta TBEPJUM XBUISICTUM TPYHTOM,
ICTOTHO BIJIpI3HSAIOThCA. 3MiHa yucna PeitHonbaca 1 yncna @pyna 3Ha4HO BIUIMBAE HA
aepoJIMHAMIKy amapary.

Komu WIG TpancnopTHi 3aco0u pyxarloThCsi Haja BOJOI0, jAedopmalis
HEXOPCTKOI TMOBEPXHI MiJ KOPILyCOM MOX€E BIUIMHYTH Ha aepoJAMHAMIYHI
XapaKTepUCTUKHU amapata. B poboti [26] mokaszaHo, 1o Aedopmariis OMOPHOL
MOBEPXHI, COPUUYMHEHA 3aBUXPEHHSIMU Ha KIHII KpUJja, a He 30UIbIIEHHSAM TUCKY i
kpwioM. B poGoti [27] nocmimxeHo BmMB yucina Ppyna Ha aepoJIUHAMIYHI
XapaKTepUCTUKHU Kpuia. JloBeeHo, 110 BUIbHA MOBEPXHS MOXE 3HAYHO BIUIMBATH Ha
aepoIMHaMIYH1 XapaKTepPUCTUKU KPUIIA.

[TopiBHSIHO 31 CTAaTUYHUMH BUIPOOYBAHHSMHM Ha XBWIACTIH MOBEpPXHI Ta

BUNPOOYBAaHHIMU Ha pYyXOMIil TIUIacKii TOBEpPXHI, BUMPOOYBaHHS Ha pyXoMmii
XBUJISCTIH MOBEPXHI yCYBA€ BIUIUB IPAHUYHOTO IIApYy Ta TEHEPYE TOUHIII pe3yIbTaTH
BUNPOOYBaHb aepOJAMHAMIKU Y XBUJILOBOMY cepenoBuiii. Ctarts [28] mpeacTaBisie
BUNPOOYBaHHS B aepoJuHaMiuHill TpyOi €KpaHOIUIaHA HaJl PYXOMOK XBUJIACTOIO
MoBepxHEe. BunpoOyBaHHS 30CEpE/KEHO HAa B3aEMO3B’SI3KYy MK a€pOJUHAMIKOIO 1
XBUJISIMU Ta BKa3y€ Ha Te€, [0 HA MO3/I0BKHIO a€POJIMHAMIKY BILUIUBA€E HE JIUIIE BUCOTA
XBUJI, aji¢ ¥ MBUJIKICTh 3MIHA BHCOTH XBHIII.
Ornsig mpoOaeM BUOOpY aepoAMHAMIYHHUX CXE€M Ta KOMIIOHYBaHHS, BIUTUBY MPOQLIIO
MOBEPXHI HAa aepOJMHAMIYHY SIKICTh, MHUTAaHb CTAOUII3allli MOJIbOTY EKPaHOIJIAHIB
HaBeIeHO B [29], 1e 00roBoprotoThCs SIK (Hi3UUHI OCOOJIUBOCTI MOJIBOTY, TaK 1 BIUIMB
F€OMETPUYHUX XapaAKTEPUCTUK MPODIIIO 1 eKpaHOIIaHy HA PEXKUM MOIBOTY.

PoGota [30] crnpssmoBaHa Ha JOCIIKEHHS aepOJMHAMIYHUX BIIACTHBOCTEH 1
CTPYKTYp TOTOKY MDK JBOMa KpWJIaMM B TaHAEMI MUIAXOM MPOBEICHHS
EKCIEPUMEHTIB B  aepoAMHAMIUHI TpyOi 3 BHUMIPIOBAHHS  BHHUKAIOUUX
aepOJMHAMIYHUX CHUJI Ta PO3MOJLTY IOJISI IIBUJKOCTI. BUsABIEHO, 1m0 B1AOYyBa€eThCA
panToBe najiHHs KoedillieHTa MmiAHOMHOI CUJIM Ha BIJICTaHl Bijl MEPEIHbOr0 KpUiia B
4-5 pasiB GinbLIe TOBKKMHK XOpau IpH KyTi araku 10°. [IpoBeaeHe qociKeHHS 1alI0
3MOTY 3pO3YMITH AMHAMIYHY PEakilil0 JIPYyroro B TaHAEMl Kpuia IiJi BIUIMBOM

3aBUXPEHHS MOTOKY BiJ MEPEAHHOTO Kpuja MpU MOCTIMHOMY KyTi ataku. Kpim Toro,
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OyJI0 BUSBIICHO, IO aepOJAMHAMIYHI XapaKTePUCTHKUA HACTYIHOTO KpHJia PI3KO
MOTIPIIYIOTHCS Yepe3 3ITKHEHHS 3 BUXOPaMU Ha KiHII1 MONEePeIHbOro abo 3 BUXOpaMu
BiJl OTO CIiy.

B po6ori [31] BUKOHAHO YMCIOBUM aHAJ3 IBOBUMIPHOI 3a/1a4i 00TIKaHHS KpHJia
3 3aKpUJIKaMHU TPH HasSBHOCTI €KpaHa, 3 METOK JOCHIKEHHS aepoIWHAMIYHHX
XapaKTEPUCTUK 1 CTAaOLIBHOCTI MONBOTY. PO3paxyHKM BHUKOHAHO MJIA 3aKPHIIOK
Qdaynepa 1 OpPOCTUX 3aKpWIOK. AHaNI3 MoKazye, Mo 3akpuiok Daynepa Moxe
30UIBIIUTH MIANOMHY CHIIy JJIsI KpWja MPU HASIBHOCTI €KPAHHOTO €(EKTy NUIIXOM
30UIBIICHHS XOPJU KpUJia, aje mpaltoe Kpaiie 3 OUIbIIUM KIIIPEHCOM.

BB  mexaHizamii Kpuia Ha CTaOUIBHICTh MOJBOTY MOOIU3Y EKpaHy
JIOCJI/I)KYBaBCS TaKok B po0oTi [32]. BuBuanach MOKIUBICTh 30UTbIICHHS T1AHOMHOT
CUJIM Ha 3JITHOMY PEXHMI 3a JOMOMOTOI 3aKpWIIKIB 1 MepeakpuiikiB. OTpumani
pe3yJbTaTh MOKAa3yIOTh, IO OJIHOYACHE 3aCTOCYBAaHHS 3aKpWIKa Ta TMEPEIKPHIIKa
J03BOJISIE 301TBITATH KOE(IMIEHT MANOMHOI CHIM Ta JOCATTH 3HAUYC€Hb KOe(iIli€eHTa
MiIHOMHOI CUJIM, TUMIOBUX JJIs arapatiB MPU HASIBHOCTI €KpaHHOTO e(ekTy. Pazom 3
THUM, aHaJl3 3aCTOCYBaHHS TEOPEMHU IpPO 3MIHY IMIYJbCY A1 aepOAMHAMIYHOTO
npod a0 moOaU3y MOBEPXHI 3eMJI1 MOKa3ye OOMEXEHHSI BUKOPUCTaHHS 3aKPHIIKIB 1
MePEIKPUIKIB BITHOCHO MaKCHMaJIbHUX BEIWYMH Koe(dilieHTa MiAHOMHOI CHIX Ta
CTIAKOCTI amapary.

OTxe, aepoArHaMi4HI KOMIIOHYBaHHS anapaTiB 1 MPOLECH MiJ 4ac MOJbOTY
WIG-cucrtem Oynu mpeaMeToM JOCHIIKEHHSI JTOCTaTHHO BEIUKOI KUIBKOCTI POOIT.
PesynbTatn gaHux poOIT J03BOJIAIOTH C(HOPMYyBaTH OCHOBHI TMOJOKEHHS Ta
peKoMeHAaIli 00 MPOEKTYBAaHHS TaKUX anapartiB. PazoM 3 Tum, HU3Ka npobsiemM Ha
CHOTOJIHI JIUIIAETHCSI HEBUPIIEHUMH. 30KpeMa JINIIAETHCS BIIKPUTUM MUTAHHS 111010
edextuBHoCcTi WIG-cuctemMu HEBENUKUX pO3MIPIB, IO MPUTAMaHHI CY4YaCHUM
O€3MUIOTHUM afnapaTam, Ta B yMOBax MOJIbOTY HaJl XBUIbOBOIO BOJAHOIO TOBEPXHEIO.

He3Baxkatoum Ha HEBUpINIEHI MNHUTAHHS, AaHalli3 TEHACHILIA PO3BUTKY
BHCOKOIIIBUJKICHUX cUcTeM [6, 34], mokazye, mo Habnmwxkuum yacom WIG cucremu
MOXXYTbh CTaTH PEBOJIOLIMHOIO TEXHOJOTIEIO B Tally31 TPaHCIOPTHUX cucTeM. OIiHKa

E€HEePreTUYHOI €PEKTUBHOCTI IIUX TPAHCIIOPTHUX 3aCO0IB CBIIUUTH, 110 TaKl CUCTEMHU
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MO>XKYTbh HOTEHLINHO 3aliHATH Himy mBHakocter Bix 200 km/rox ao 500 km/rox, sika
HE BUKOPUCTOBYEThCA Ha mpakTuli. OCTaHHIM 4YacoM, IHTEpeC N0 TaKUX CHUCTEM
3pOCTa€ y 3B 3Ky 3 MOXKJIMBICTIO iX BUKOPUCTAHHS B SIKOCT1 HEBEJIUKUX OE3MIIIOTHUX

amaparis [35].

1.3 OcCHOBHI BiIOMOCTI IPO KOHCTPYKIII eKPAHOILIAHIB

Aepoannamiuna koHdirypanis ekpanomiaany. J[jist Toro, mo0 MakCUManbHO
e(heKTUBHO BUKOPUCTAHHSIM €KPAHHOTO €(DEKTY, Ta IPU LIbOMY MATH MOKJIUBICTh MaTH
3aJI0BUIbHY CTaOUIBHICTh MOB3/IOBKHBOTO PYXy, OyJ0 po3po0ieHO pi3HOMAaHITHI
aepoanHaMiyH1 KOHGIrypaili. ¥ OUIbIIOCTI BIAMIHHOCTI B KOHQITYpaIlisix 3aJIeKaTh
BiJI METOJly BUPIIIICHHS TTOB3/I0BKHIX BUMOT JI0 CTa01IbHOCTI [36].

TannemHa koHgirypaunisa ekpanomiany. TannemHa KoHDIrypaiis BUpIIIye
npo0siemMy CTaOUIBHOCTI HUISIXOM PEryJIIOBAaHHS KYyTIB MOXWIY KOHCTPYKLII Ta
reoMeTpii CKIaJOBUX €JIEMEHTIB JJ00OBO1 YacTMHU Ta KOopMmu. Llel miaxia mo3BoJIse
MPaBUJIBHO 3MICTUTU a€pOJMHAMIYHUN LIEHTP Uil 3a0e3MeueHHs] CTabUIbHOCTI, IPU
bOMY BUKOPHUCTOBYIOYM Tpodiiai Kpuiaa 3 MAKCUMaJIbHOK MICTKICTIO JIst
BUKOPUCTAHHA 3eMJISTHOTO edekTy. [lepiioro camoxXiTHOO MOJIEIUTIO TAHAEMHOI CXEeMU
OyB Tpbox ToHHUU SM1, 3anymenuit B 1960 pori [37].

TangemMHa cxema Oyna ycHmilmHO po3poOsieHa, BUKOpucToByBaHa Joerg [38],
AKUU po3po0isB 110 KOH(Irypamiro BOPOJOBXK OararbOoxX poKIB 1 30yayBaB
PO3IOBCIOIXKEHY TEOPit0 MOOYI0BU TAHJAEMHOT CXEMH Y CBITI.

[lepeBarn TanmemHoi KoHQIrypaiii € TMpocTa KOHCTPYKINS, MPOCTe
HaJalmTyBaHHS KoH(pirypamii mns 3a0e3medeHHsT 3aJaHoro 3amacy CTaTUYHOT
CTIAKOCT1, HEBEJIMYKUU TOJIT, TOMY BIJHOIICHHS JOBXWHU JO MPOMIHHSA OUIBII
CX0XOMY Ha KopaOeinb. OCHOBHMM HEIOIIKOM II€i CXEMH € T€, 0 BOHA MpalO€
TUIbKU B HaJ3eMHOMY €(EeKTl 3 3a1acoM CTaTUYHO1 CTA0OUTbHOCTI, 1YK€ YyTJIMBUM J10
MOEAHAHHSA KyTa Haxuily Ta JOPOKHBOTO MpOCBITY. [ns TpancmopTHHX 3acoOiB
HEBEJIMKOI0 PO3MIPYy MaKCMMajbHa €KCIUIyaTalliiHa BHCOTa Maja, a MOPEXOJHICTb

oOMexeHa.
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Kondgirypauia expanomaany tumy kpuiao-xBict. Kondirypamia mitaka 3
BUKOPHUCTAHHSAM BEJIUKOTO TOJOBHOI'O KPWIIA, SIKUM PyXa€eThCsl OIM3BKO A0 3eMJIi, Ta
TOPU30HTANIBHINA TUIOIIMHHI XBOCTOBOI YaCTHMHHU, BCTAHOBJICHINM Ha BEPTHUKAILHOMY
cTab1113aTOp1 Ta 3HATOIO M1/l BIUIMBOM €KPAHHOTO €(DEeKTY, TAKUM YHUHOM, 3MIIIAETHCS
LEHTP KPOKY BHU3 0 Teuii. CxeMa JliTaka BUHUKJIA B PE3YJIbTaTI pOCIMCHKUX HAYKOBO-
JOCIIIHUX Ta OyAIBHUYMUX POOIT, 110 MPUBEJIO 0 CTBOPEHHS BEIUKUX €KPAHOIJIAHIB
nepuioro nokoiiHHs. [IpencraBuukamu 1iei cxemu € «KE», «Orlyonok» Ta «Lun» [7,
8, 10, 39].

OcHOBHUMU TmiepeBaramMu Ii€i KoH(irypamii € BeTUKUH Jiarna3oH BHCOT,
MO>KJIUBICTh TEPMIHOBOTO <JIMHAMIYHOIO CTPUOKY» JUIsl 3a0e3MeyYeHHS Haxuiy,
HE0OX1AHOTO AJisi €(eKTUBHUX MOBOPOTHUX MAHEBPIB, Ta MOXJIUBICTh €(DEKTUBHOTO
3aCTOCYBaHHS MMiJICHJICHHS MOTY>KHOCT1 IPU PEKUMI 3TITY.

Henonikamu €: nyxe Benwkuil mTpad Mo Ba3i 3a HASBHICTH BHCOKOTO Ta
BEJIMKOTO XBOCTOBOrO OJOKYy (01mu3bko 50% muiomii OCHOBHOTO Kpujia), IO JIUIIE
HE3HAYHO CIpHUSIE BaHTAXOMIAWOMHOCTI KOpaljisg MpuU J0AaBaHHI JOJATKOBOTO
B’SI3KOT0 OMOPY, BIAHOCHO HU3bKE CHIBBIAHOIICHHS MiANOMY 0. TATU (EKOHOMIYHA
e(DEeKTUBHICTh) dYepe3 BEIWKUW HEeMiJ €éMHOI IUIONIl B TMOPIBHSAHHI 3 BHCOKHUM
CIIBBIJHOUIEHHAM MiAMOMY JO TATH 130JbOBAHOTO OCHOBHOI'O KpWJIa, BEIUKa
CTPYKTypHa Bara, Ta BeJuKa mycra (pakiiisi Baru.

Oco6nuBrUM BUNAAKOM KOHGIryparlii jgiTaka (KpWIO-XBICT) € aepoJAHHaAMIYHA
KoH(pirypamiss Lippisch 3 OCHOBHMM KpUJIOM 3BOpPOTHOI JAeibTa-TiaThopMu Ta
BIJIHOCHO HEBEJIUKUM XBOCTOBUM OyiokoM. Lls koHpirypaiisi po3pobiena Hanno
Fischer nna (Airfish and Fightship [40]. Kpim Toro, nesxi TpaHCHOpTHiI 3aco0u
pO3BUBAJIMCA B IHIIUX KpaiHax, Takux sk XTW y Kuraiicbkoi Hapoanoi Pecriy0Oiiku.
[36, 41].

[lepeBaramu kopabnst Tuny Lippisch €: Bucoke cmiBBiAHOIICHHS MiANOMY J0
TATH, BEJIMKWWA [1alla30H BUCOTH Ta KYT HAaxuwily CTa0UIBHOIO MOJBOTY, CIOCIO
BUKOHYBATU «JUHAMIYHUI CTPUOOK» Ta €(peKTUBHE 00epTaHHS (3aBISIKU MOKIMBOCTI
«mepecTpubHyTH»). Hemoniku ananoriydi 6o, Oyjio cka3aHO paHilie 0 KOH(Irypaiii

mitaka. CrnenuiuHUM HEJOJIKOM OpPUTIHAIBHUX TPAHCHIOPTHUX 3ac00IB  THUITY
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Lippisch € ix nmepeBaxkuuil xi7 yepe3 Hee(EKTUBHI TOMOMIKHI 3aCO0U IPH 3IIITI Ta
B1JICYTHOCTI MOTYXHOCTI, [4].

Kondgirypauisa expanominany tumy Jitao4de-kpuwio. Kondirypaiis
«JIITAI0YOTO-KPUJIa» XapaKTEPU3Y€ETHCS MOMITHO 3MEHIIIEHUMH KOMIIOHEHTAMU 110 HE
M1JTHIMAIOThCS, 1y’KE MaJECHbKUM (4M BIJICYTHIM) TOPU3OHTAIIBHUM XBOCTOM. Y IbOMY
BUMAJKY CIOCTEPIra€ThCs TEHJICHIIIS MEPETBOPIOBATU yBeCh KOpabenb y MiAHOMHY
MOBEPXHIO, BUPINIYEe MPOOJeMy TMO3J0BXKHINA CTIMKOCTI IUIAXOM CIEHiaIbHOTO
npodIIOBaHHS HUXHBOI TMOBEPXHI KpUJIa, BUKOPUCTAHHS aBTOMATUYHOI CHCTEMU
cTaburizamii yn gemndyBanns. [IpukianamMu TpaHCIOPTHUX 3acO0IB €KpPaHOIJIAHIB
TUIY «JTiTaloue-kpuwio» €: «Amphistar-Aquaglide», un WISE sxuii HemonaBHO
npoiioB BunipoOyBaHHs B AnoHii, [42]. O6uABa IUX €KPAHOILJIAHU MAIOTh IPUPOJIHY
CTIHKICTD, Ky 3a0€3Me4nio HOy-Xay MpodI0OBaHHS CeKii Kpuia, [43].

[lepeBaru cxemu €: e(peKTUBHE BUKOPUCTAHHS TPAHCIIOPTHOTO 3ac00y s
MAaKCHUMAJIbHOTO BUKOPUCTAHHS 3€MHOTO e(eKkTy, 10 MNPU3BOAUTH JO BEJIUKUX
BEJIMYMH CITIBBIIHOIICHHS MIAAOMY Ta OMopy (BUCOKAa €KOHOMiIYHA €()EKTHUBHICTB),
NEepCHeKTUBa 3a0e3Ne4YeHHs] HHM3KOI IyCTOI YacTKM Baru, OCOOJHMBO IS
TPAHCIIOPTHUX 3aCO0IB 3 HEBEJIMKUM CHI1BBIJHOIIEHHSM CTOPIH.

Henonikamu 1mp0ro cnucky KoH(irypamii €: HU3BKUHN Jiana3oH KoMOiHaIii
BHUCOTH Ta KyTa HaXWiy, Kl 3a0€3MeuyloTh CTaTUYHY CTAaO0UIBHICTH MO3JO0BXHBOTO
pPyXy, BIIHOCHO HHU3bKI €KCIUTyaTalliiiHi BUCOTH MOJbOTY, IOJATKOBI TPYIHOII B
3a0€3MeUeHH] CTPYKTYPHOI IUIICHOCTI YHIBEPCAJIBHOTO TPAHCIOPTHOTO 3aco0y Ha
BOJIHIM OCHOBI1, He€(DEKTUBHE BUKOPHUCTAHHS 3aKPUJIKIB, KOTPI MOXYTb MOTIPIIUTH
CTaTUYHY CTaOUIBHICTh PYyXY MPU HETPABUILHOMY BUKOPUCTAHHI.

CraanoBa koH(irypaunis kpuia ekpanomiana. Kondirypaiiis «CkiagoBoro
KpuJia» HallpaBlieHa Ha MO€JHAHHS NepeBar KOHQIrypailiil jitaka Ta KoHQIrypamii
«JIiTaroye-Kpuio», 3a0e3rmeuyroud 1€ 3 BHUCOKOK €(QEeKTHUBHICTIO 3JiTa MpHU
BUKOPUCTAHHI MIJICUJIIOBaHHS MOTYXHOCTI. «HopManibHe» CKJIaJoBe KPWJIO Malio
LIEHTpaJbHE KpPWJIO 3 HEBEJIUKUM CHIBBIJHONIEHHSAM CTOpiH (LEHTpOIUIaH) 3
TOPIIEBUMHU IJIACTUHAMU Ta O1YHUMH KpHUJIaMH 3 BUCOKUM CITIBBIIHOIIEHHSIM CTOPIH.

Bin BukopuctoBye i7€10 npodiItoBaHHS HUKHBOI ITUIOIIMHU OCHOBHOTO Kpuiia s
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3MEHILEHHS. XBOCTOBOIO OJIOKY. 3arajbHe CIIBBIJHOIIEHHS CTOPIH «CKJIAJOBOIrO
Kpuiia» (4-5) nepeBuIly€e CMiBBIIHOIIEHHS OCHOBHOTO KpuJja TPAHCHOPTHHUX 3aCO0IB
nepuioro nokoiHHsA(2-3). OcTaHHs BJIACTUBICTh MPU3BOJUTH O HA0AraTo BUILIOMY
CIIBBIJTHOIIEHHIO MiANOMY JI0 TSTH Ta B MOEAHAHHI 3 S — M0110HOI0 (POPMOIO CEeKIIiT
Kpuiia 3abe3rneuye BUILY €PEKTHBHICTh Ta JajibHICTh. HeBenuke CHiBBIIHOIICHHS
CTOpIH IIEHTPOIUIaHa 3a0e3Meuye MaKCuMi3zallilo €(heKTUBHOCTI 31Ty 31 30UIbIIEHOIO

MOTYKHICTIO, [44].

1.4 Oruasix MeTOAIB A0CHIAKEeHb aePOAUHAMIKH JITAJIbHUX aNapaTiB 3
AUHAMIYHUM NPUHIMUIIOM PYXYy HA/l IOBEPXHEI)

OcHoBauMU Expannnii eext € ckinaaHuM 6aratoakTopHUM aepoIMHAMIYHUM
SABUIIEM, JOCTIKEHHS SIKOTO BiJOYBA€THCA SK TEOPETUYHUMHU (QaHATITUUYHUMH),
€KCIEPUMEHTAIIbHUX, TaK 1 YUCEIbHUMU METOIaMH.

@i3U4H1 E€KCINEPUMEHTH 3aJIUIIAITHCS HAWHAMIMHIIIUM 3aCO000M MEpEeBIpKU
TEOPETHUYHUX MOJENeNd 1 YHUCEIbHUX CUMYJSILIN, 1 3a3BUYail IPYHTYIOTbCS Ha
aepoIMHAMIYHOMY EKCHEPUMEHTI B aepoauHamMiyHux TpyOax [44, 69]. OcHOBHI
M1IX0IM BKIIIOYaTh [45]:

o JlocmikeHHs B aepoAMHAMIYHMX TpyOax 3 PyXOMHM JHOM a00 3MIHHOMO

BHCOTOI MOJIEJII.

o [IloBHOMacmTaObHI BUIPOOYBaHHS €KpAaHOILIAHIB a00 MOJENEeH y MOJIbOTI HaJ

BOJHOIO MIOBEPXHEIO.

o Cucremu Bizyamizalii MOTOKY— JUIsl JOCHIJKEHHS CTPYKTYpH BIApUBY 1

LHUPKYJISILII.

[IpoTe, y pa3i BUBUEHHS €KPaHHOTO €(DEKTY aepOJUHAMIYHHI €KCIIEPUMEHT Ma€e
CBOi 0COOJIUBOCTI Ta TpyAHOIII [46]. BiIbIl 1eTaIbHO METOJIUKY €KCIIEPUMEHTATBHUX
JOCJIIKEHb PO3TIIIHYTO B IPYrOMY PO3ALTI 1aHOI AUCEepTAIiiHOT pOOOTH.

AHamiTu4Hl cnpoOu onucatu rpayHA-edekT O0a3yBajucCh Ha CHPOIICHUX

MOJIEISX NOTEHIIMHOI Teuli. KitacuuH1 aHaIITUYHI H1IX0IH BKIIIOYAIOTh:
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o MeTon nm3epkambHOr0 300pakK€HHST — MOBEPXHIO 3aMIHIOIOTH BIPTYaJIbHUM
KPUJIOM, PO3TAIIOBAHUM CUMETPUYHO BIJIHOCHO TUIONIUHU 3€MJI1, 110 JI03BOJISIE
OLIIHUTH 3MIHY THUCKY Ta MMiAHOMHOI CHIIH.

e Mopenb MI0CKOT MIACTUHU — BUKOPUCTOBYETHCS JJISI OL[IHKU PO3MOJILTY TUCKY
pu 00TIKaHHI TOPU3OHTAIBHOI MOBEPXHI HA Ml BUCOTI.

e MeToau TOHKOTO Kpujia — JIO3BOJISIIOTh BUBOJAUTH 3aJI€KHICTh MiIMOMHOL CUITU
1 MOMEHTY BiJl KyTa aTaku IpU PI3HUX BUCOTAaX.

Xoua aHaNMITAYHI METOAM OOMEXeHi iaeamizaiisMu (HEB’si3Ka, HECTUCIHBA
Teuis), BOHM HaJAalOTh SIKICHE PO3YyMIHHS NPUPOIU e(PEeKTy Ta 3aleKHOCTeH MikK
BHUCOTOI0, KyTOM aTaKH Ta MiAHOMHOIO CUJIOKO.

[Ipuknanom anamituyHoro migxoay € pobotu Ilpanarns (Prandtl) 1
BizenbcOeprepa (Wieselsberger) [47, 48]. Lla Teopis cTBOpeHa [IJisi OINUCY
TPUBUMIPHUX €(PEKTIB y MIIMOMHIN CHIII peaJbHOro Kpujia CKIHUEHHOTO po3Maxy Ha
BIIMIHY BIJl 1/1€a1i30BaHOTO JBOBUMIPHOTO MPOQLIIO.

Y rteopii I[lpaHaTiss Kpuiao 3aMiHIOETBCS Ha JIHIKO [UPKYJAIIL, sKa
MPOCTATAETHCA B3J0OBXK po3Maxy Kpuia. BBaxkaeTbcs, 110 115 JIiHIS CTBOPIOE CUCTEMY
BHUXOPIB, 30KpeMa — IOJIOBHUI BUXOp Ha 3aJH1N Kpailli Kpuiia, Ta IHIYKTUBHI BUXOPHU
B3JI0BXK YChOro po3maxy. Came 11l BUXOPU COPUYHUHSIOTH IHAYKTUBHUHN OMIp, AKUU €
IJIATOIO 32 HAsIBHICTH MiIMOMHOI CUJIA Y TPUBUMIPHOMY MPOCTOPI.

VY KkoHTeKCTI rpayHa-edexTa, Moaudikallis Teopii MiAHOMHOL JiHII TOJsSTae y
BpaxyBaHHI J3€pPKAIIBHOTO BiIOOpaKe€HHsI KpWjia BITHOCHO TMOBEpxHI1 3emii. Takuit
MIJIX1]] IMITY€ B3aEMOJIIIO 3 TBEPJIOI0 MOBEPXHEI0 0€3 HeOOX1THOCTI MOJIETIOBATH CaMy
noBepxHi0. BipTyanbHe "n3epkanbHe" KpPUIIO PO3MIIIYETHCS CHUMETPUUHO HUKYE
IJIOIIMHU 3€MJIi, YTBOPIOIOYM AHTUBUXOPH, Kl 3HIKYIOTh LHUPKYJSIIO MOTOKY Y
HWKHIA YacTHHI KpWJa, 1 BIANOBIIHO — 3MEHINYIOTHh IHAYKTUBHHMI omip. OTxe,

[Ipanatas 1 BizenbcOeprep 3anponoHyBaiy BU3HAYATH 1HIYKTUBHUM o1ip sk [49]:

2
Cxi = (1-o0) n_le’ (1.7)
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h
1—1.32%

hi/4
5

ne o = — KoeillleHT BIUIMBY ekpaHa BizenbcOeprepa;

1.05+7.4
h, /4 — BUCOTA KpHJIA HAJI 3€MJIEIO B TOYIII YBEPTI XOP/IH;

A — IOJIOB)KEHHS KpHJa.

I xoedimienT Haxuay KpuBOi mioMHoiI cunu [S0]:

22y
Ja

(1.8)

8cyoo| K,
Jda (h/c)n

dc . .. N .
e ¢y = d—;’ - MMOX1J{Ha KOEe(IIEHTY MiIMOMHOI CHJIA 32 KYTOM aTaKH o
K, n — eMIipuyHi KOHCTaHTH.

s nmomoBxkeHb /=1 —6 1 reomerpii mpodinto - = 11%B [51] oTpumani

Q|

dbopmynu nns nBox BumaakiB 0e3 TopueBux miactuH (NEP) 1 3 TopueBumu

mactunamu (WEP).

6& _ 2mA N 0.01

oalygp 1+3 \/h_/c
(1.9)

dcy, 2mA  0.01

dal ey A+3 " (hjc)PT

OTpumMani pe3yiabTaTy MATBEPAXKYIOTh, L0 3AJIEKHICTh Koe(ili€eHTa M1IHOMHO1
CWJIH SIK BIJl BUCOTH MOJIbOTY, TaK 1 BiI KyTa aTaKl Ma€ HEJHIMHUIA XapakKTep.

B peskux Bumazkax 3acTOCOBYIOTh crpolnieHi wmogzeni. B pobori [51]
BUKOPHUCTOBYIOUM MOJENb 17€albHOT PIAMHU 3 BBEACHHAM KOPEKLIMHOI (PyHKIIIT
KOe(]ilIeHT MIANOMHOI CHUJIM B €KpaHOM e(eKTi 3alpOoNOHOBAHO MPEACTABISATH Y

BUTJISIL:

Cy = Cyoo +C'y, (1.10)
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Ji€ €y — KOE(DIIEHT MHOMHOT CHIIH IS IPOQLIIO TT00IM3Y EKpaHy;
Cyco — KOEDILIEHT MiJHOMHOT CHIIM 1JIs IPO(LITI0 B HEOOMEKEHOMY HOTOLLI;
'y — I0/IaHOK, 10 BPaxOBYe€ BILTHB EKPaHa.

! : .
Jliis BU3HaU€eHHs 3HaYEHHA €'y, y popmyii (1.6) mponoHyeThest BUpas:

Y L CT
¢y =[5 (1 (h+f(x))2)dx, (1.11)

ne f(x) — pyHkuis, 1mo onucye GopMy HIKHBOT TOBEPXHI TPOPiIIO.

Jlns nmitakiB, 1O 3HUXKYIOTHCS, METOAUKY OIIIHKM 3MIH aepoJuHaAMIYHHX
KOe(]IiII€HTIB Mij BIUIMBOM 3€MJI1 onurcaHo B poOoTi [52]. [Ipu 1iboMy BpaxoBYIOThCS
IIBUJIKICTh 3HUKEHHS Ta KYT TpaekTopii. Y HociikeHH1 [53] Ha OCHOBI YHCEIbHUX
€KCIIEPUMEHTIB 3alpONOHOBAHO €MIIIpUYHY (HOpPMYJTy JUIsl BU3HAYEHHS MIAHMOMHOI

CUJIM TTPOPUTIO KpHJia MOOIU3Y EKpaHy:

Cy = Cyen (@)_0'11 (1.12)

c

Leit Bupa3 (1.14) npugatHuii auine s NpuOIN3HUX OI[IHOK BIUIMBY €KpaHy Ha
aepoIMHAMIYH1 XapaKTePUCTUKHU, OCKUIbKU BPAaXOBYE JIUIIIE JOBXKUHY XOpPJIU KpUjia Ta
BIJICTaHb J0 €KpaHy.

KoedimieHT BIIIMBY CTPYKTypH NIACTHIIBHOI NOBEPXHI HAa MIAHOMHY CHIY

3aIpONOHOBAaHO B Po0OOTI [54]:

_Llaaz ah_lhh_z
ky, = c{,lr‘l(zcy a“ + 2cy ah+2cy h ), (1.13)

e Cf,‘a, c3’}h — YaCTKOB1 MOXIJIHI IPyTOro MopsJKy Bif KoedilieHTa miaioMHOI

CWJIM 32 KyTOM aTakH il BIACTaHHIO B1Jl €KpaHa BiANOBIIHO.
Huni OCHOBHUM IHCTPYMEHTOM JIOCTI/KEHHS aepoJWMHAMIKM arapariB 3a

€KpaHHOTO €(EeKTy € YMCIOBI MeToau. UYMCIIOBI METOJM 3aCHOBaHI Ha METOJax
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YUCEJIHLHOI0 BUPIIIEHHS TPAaHUYHUX 3aJlay Ta 1HTErpaIbHUX PIBHAHbB, K1 OMUCYIOTh
BiAMOBIAHUHN (i3uuHUi nporec. YncenbHl METOIU MOXYTh OYTH PO3JILICHI Ha KOIU
IJIsI, CTIMKUX Ta HECTIMKHMX MOTOKIB, B’S3K1 MOTOKH. JI0 TAKUX METOIIB BITHOCSITHCS:

o« RANS-mogmeni (Reynolds-Averaged Navier—Stokes) — 3acTOCOBYIOTbCS ISt

MONEepPEeHbOT OI[IHKU CUJI 1 MOMEHTIB IIPU Pi3HUX BUCOTAX.

« LES (Large Eddy Simulation) — no3Bonsie MonentoBaTH TypOyJIeHTHI

CTPYKTYPH Ta BUXPOBY JIMHAMIKY B 30HI M1 KPUJIOM 1 IOBEPXHEIO.

o DNS (Direct Numerical Simulation) — 3a0e3nedye HailTOUHIIIE BIATBOPEHHS

(13UYHUX TPOILIECiB, OAHAK MOTPEOYy€E 3HAYHUX OOUUCITIOBATILHUX PECYPCIB.

e« Mogeni 3 pyXoMUMH MEXKaMH — JalOTh 3MOTY BpPaxOBYBaTH B3a€MOJIIIO 3

XBHJILOBOIO TIOBEPXHEIO BOJIM 200 HEPIBHOMIPHUM JTaHAIIa)TOM.

CFD-MeTonu NO3BOJISIIOTH HE JIMINIE OI[IHIOBATH CUJIM, alie ¥ JOCTIIKYBaTU
JIOKaJIbH1 XapaKTEePUCTUKHU MOTOKY, PO3HOILIN TUCKY, B’ SI3KICTh Ta 1HAYKTUBHUN OMIp
y 30H1 J1i rpayHa-edeKTa.

Takoxx € MeToau AOCIHIJKEHHSI NUCKPETHUX BHUXPIB sIKI OyJIM pO3poOIeHHI
JOCUTh  JABHO, HaNpUKIAJ Yy BHUIAJAKY CTIMKHX TOTOKIB  MOHOrpadis
benocepkoBchkoro «ToHKI Kpuiia B JO3BYKOBUX IMOTOKax» CTaja CTaHJIAPTOM JIs
METO/IB BUXPOBOi peunTku [55]. BiH MIiCTUTh HaOlp pe3yJbTaTiB Ha OPSIMOKYTHUX
KpUJiax, sIKi MPOJIITAIOTh Yepe3 TBEPY TPAHUIII0, OTPUMAHy B MeXax JIHIHHOI Teopii.
[licnst mporo mel »ke aBTOp CHIBIpAIlOBAaB B 3aCTOCYBaHHI YHUCEIBHUX PIIIEHb
HeNMHIHHUX 3a71a4 [56].

Karaoka Ta 1Hmi [57] po3mmpuiau ABOMIPDHHUM CTaIllOHAPHUM TMIAXIT IS
PO3B’sI3aHHS  Aa€pPOJIMHAMIKM a€pOJIMHAMIYHOTO TpOQII0, SAKUA PyXaeThCcs B
HaOJIMXKeH1 10 BOAHOI MoBepxH1. Aepornpodisib OyB 3aMIHEHUHN PO3MOJILIIOM JIXKepesa
Ha MOro KOHTYpl Ta BUXPOBHUM PO3IMOJIJIOM Ha Horo JiHii nporuHy. EdexT BiibHOT
MOBEpXHI OYB BpaxOBaHUW NUISIXOM PO3MOAUTY JUKEPENT XBWIb Ha HE30ypeHOMY
nonoxkeHHi rpanuni. IlikaBo, mo 3rigno Kartaoku [57], BiAMIHHOCTI B
aepOJMHAMIYHUX MPOTHO3axX HJs Kpuia MoO0JM3y BUIBHOI MOBEPXHI Ta MOOJIH3Y

BIAMIOBITHOT TBEP/10i TPAHUI]l BUSBUIOCH HE3HAUYHHM.
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KopueB Ta iHmi [58] po3poOUB KOMI'IOTEPHUNM KOJ MOTEHIIaIbHOTO
noToky Autowing y 1988 pori Ta 3acHOBaHUI Ha METOJI BUXPOBOi pemriTku. Lls
nporpama Oyia mepeBipeHa s CTIMKUX Ta HEeCTIMKMX 3adad pi3HuX kopaomiB WIG
[59-61]. Autowing HemoaBHO Oyi10 BUKOopucTano MarBeeBumM Ta JlyOpoBchkuM [62]
JUTSL TOCHIIKEHHSL aepOIMHAMIKHU T1OpUIHOTO TpUMapaHa, sIKUi CKJIaIa€ThCsl 3 TPhOX
XBWJIENOAIOHUX IUIOCKMX KOPIyCIB Ta HanOyaoBu y (opmi kpuia. BaxinBoro
0COOJMBICTIO KOJOBO1 BEpCii € pO3MIIIEHHSI BUXPOBUX MOTOKIB Ta JKEPE HA MOBEPXHI
XOpJIM Kpuja, Ha BIAMIHY BiJ] TOPU30HTaJIbHOI IUlomUHM. Lle y cBO€i cyTHOCTI
MPUBOJUTH 0 3HAYHOI HEJIIHIHHOCTI a€pOJIMHAMIYHUX CHUJI B €KPAaHHOMY e(DEeKTi, IKUi
HE MOXKHa ITHOPYBaTH B MpakTU4Hii po3poodiui WIG [60].

V 3BiTi MaTBeeBa Ta JlyOpoBChKOTO [62] BOHU BIAMITHIIH, IO MPOTPaAMU
SK1 BpaxOBYIOTh B’ SI3KICTh, HAPUKJIAJ, sIKi BUKOpucToByBasnu Hirata Ta Kodama [63],
MOXYTh JaBaTU OUIBII TOYHI PE3yibTaTH, HO iX CKIAIHICTh JJIS PEaTiCTUYHUX
KOH(pirypaiiiii kopabiisi 3 aepoJAMHAMIYHOIO MIATPUMKOI POOUTH METOIU BUXPOBOT
PEUITKY OUIbII MPUBAOIMBUMHU U MPAKTUYHUM IHCTPYMEHTOM.

Coulliette ta Plotkin [64] BigMiTwiM, Mo €(eKTH KyTa aTtaku Oyiau
MEePEBAXKHO TOB’A3aHl 3 PIIIEHHSIM Ji IJIOCKOI IJIACTUHU, y TOW dYac, sIK e(dexT
MPOTUHY Ta TOBUIMHU 3 nipodineM KykoBcbkoro. UucenpHi pimeHHs s npodiiei 3
HYJIbOBOIO TOBIIMHOI BUKOPUCTOBYIOTh ITUCKPETHY BHUXPOBY MOJENb (IABOMIpHa
BUXpOBa pelIiTka), KoTpa e(heKTUBHA JJISI HOCTIKEHHS ABOMIPHUX B3aeMoAil [65].
Jlns aepoanHaMiuHUX Npodieil 3 TOBIIMHOIO BUKOPUCTOBYIOTHCS JIIHIMHA BUXPOBA
MOJIeNb, SIKa HE YYTJMBA JI0 TOCTPO MOAIOHOTO 3amHboro pedpa [66]. Coulliette Ta
Plotkin mopiBHsIM 11 pe3ynabTaTu 3 pe3ysibTaTaMU, OTPUMAHUMHU 32 JIOMOMOTOIO
aHamituyHux MetoaiB Tomotika Ta iHmux, Tuck [67] y BiAHOIIIEHH] a€pOIMHAMIYHUX
npoduIB 3 HYJIbOBOK TOBIIMHOIO Ta y BUNAAKY 3 aepOJMHAMIYHUM HpoduieM 3
HEHYJIbOBOIO TOBILIMHOIO, 3 pe3yiapratamu oTpumanumu Plotkin ta Kennell [68].
ABTOpH 3aMIPONOHYBAIN HACTYITHI BUCHOBKH:

e OJHOMIpHA MOJeJb tuck TOUHA [l HEBETMKUX KYTiB aTakKH Ta MIPOTUHY;



42

e HaOJMKEHHS OJJHOTO BUXOPY € TOUHUM JIJIsI % = 1.0 Ta ycmimHo nependayae
HEJIHINHY MOBEIHKY;

e I MAJIMX 3HAUY€Hb KOe]illieHTa KPUBU3HM Ta KyTa aTaKu HOpMajli30BaHUU
Koe(iieHT MiAMOMHOI CHUIM 30UIBLIYETHCA OIS 3€MJII T4 3MEHIIYEThCS
JaJIEKO B1J 3€MIII;

® HOPMOBaHMI KOe(DIIEHT MITAOMHOI CHJIM 3MEHIIYETHCS 31 30UIBLICHHSAM
KPUBU3HM Ta KyTa aTaKu;

® TOBIIMHA AEPOJUHAMIYHOTO MPOPIIIO 3aBXKIU CTBOPIOE HETATUBHUMN €(EKT

3emiIi, 1, TAKMM YMHOM, HOpMaJli30BaH1 KpUBI KoeilieHTa miaiOMHOI CUIN
MOHOTOHHO 3MIIIYIOThCSI B OIK MEHIIMX 3HAYEHb BHACHIAOK 301IbIICHHS
KoediIieHTa TOBIIUHH.

Onnak He 3Bakaloud Ha TMEBHY €(PEKTHBHICTh LUX METOJIB, BOHM MAaIOTh
OoOMEKEHHA W0I0J0 3a7ad, SKI BOHM MOXYTh BHpIIIyBaTH. ToMy B paMKkax ILiI€i
JTUcepTalifHOT poOOTH MPUMHSATO PIIIEHHS BUKOPUCTOBYBATH OUIBIN YHIBEpPCATbHUN
Ta MEHIII BUOATJIMBUM JIO peCYPCIB METO/I CKIHUEHHHUX €JIEMEHTIB.

OTxe, KOMIUIEKCHE JOCIIIKEHHSI €KPAaHHOTO ePeKTy MOTpedye aHamITUYHUX
Mojenel, (pi3MYHUX EKCIEPUMEHTIB 1 BUCOKOTOUHUX YMCIOBUX CUMYISIINA. Bubip
METOAMKHM 3aJIEKUTh BIJ LUIEH aHami3y: BIJ OIIHKM CHJI JO MOJEIIOBAHHS
HeCTalllOHapHUX €(EKTIB 1 CTIUKOCTI. 3pocTaroya TOYHICTh YHMCEIHBHHUX METOMIB Ta
JOCTYMHICTh BUCOKOMPOJIYKTUBHUX OOUMCIIEHb BIJKPUBAIOTH HOBI MEPCIIEKTUBH IS
OoNTUMI3aIli KOHCTPYKIIH, $IKI €(EeKTUBHO BUKOPUCTOBYIOTH EHEPril0 OJIM3BKO

MMOBEPXHEBOT'O MOTOKY.

1.5 BucHOBKH 32 po31ijioM Ta (POPMYJIIOBAHHS HANIPAMKIB JOCJIiIKEHb

Otxe, po3Butok BITJIA 3 guHaMiYHUM TPUHIMIIOM IMIATPUMKH HaJl
MOBEPXHEI0 MOTPEOYIOTh NOCIKEHb aepOJUHAMIKY 3 METOI0 (POpMyBaHHS
MPUHLUIIB BUOOPY MapamMeTpiB MAJIOPO3MIPHUX JITATbHUX alapaTiB 3 JUHAMIYHUM
MPUHIUAIIOM MIATPUMKU HAJl OBepxHer0. OCHOBHUMU € YHCIIOB1 METO/IH, aJie BOHU

MOTPEOYIOTh EKCIEPUMEHTANIBHOT BEepH(IKaIlii.
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Buxoasuu 3 1poro chopMoBaHi 3aBAaHHs MOJATBIINX TOCTIKEHb
- Po3poOutu MeTOIMKY aepoJAMHAMIYHOIO E€KCIEPUMEHTY Ta MPOBECTH
eKCIEPUMEHTAJIbHI TOCTIPKEHHS aepOAMHAMIUHUX XapaKTePUCTUK HECYUUX
MOBEPXOHB MOOJIN3Y EKpaHy.
- Po3pobOutu Ta BepudikyBaTH METOJIUKY PO3PAXYHKY aepOJUHAMIYHUX
XapaKTEePUCTHK JITATbHUX anapaTiB MOOJIU3Y eKpaHy.
- IlpoBecTu 4KCiIOBI MapaMeTPUUH1 JOCIII)KEHHS a€pOIMHAMIYHUX
XapaKTEePUCTHUK JITATBHUX anapaTiB MO0IU3y eKpaHy, HaJlaThu peKoMeHAaIlli

110/10. BUOOPY MPOEKTHUX MapaMETPIB.
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PO3A1JI 2
EKCIHEPUMEHTAJIBHE JOCIIXKXEHHA AEPOAUHAMIKHU MPO®LJIIO
KPUJIA HAL EKPAHOM

2.1 Orasga eKCHepuMEHTAJBbHUX CXeM JA0CJHiIKeHb AaepOoAHMHAMIYHUX

npouecis Mod0JIM3y eKpaHa

OcHoBOoO  MerooJiorii  (OpMyBaHHS  aepOJAMHAMIYHUX  KOMIIOHYBaHb
TPAHCIIOPTHUX 3ac00IB € MaTeMaTudyHe Ta (Gi3udHe MOJETIoBaHHA. JOCATHEHHS
TEOPETUYHOT U  EKCIepPUMEHTAJbHOI  A€pOMEXaHIKU, PO3BUTOK  METOIB
aepOIMHAMIYHOTO  PO3paxyHKYy, MAaTeMaTUYHOTO MOJICNIIOBaHHSI W  00poOKH
pe3yJbTaTiB  E€KCIEPUMEHTY Jal0Th  MOXMJIMBICTH  PO3POOJSATH  pallioHaIbHI
aepoJMHAMIYHI KOMIIOHYBAaHHS TPAHCIOPTHOTO amapara 3aJIe)KHO BIJ HOro
MpU3HAYeHHsT ¥ pexumiB mnonboTy. Ha choromni 11 3aBIaHHS PO3B’SI3YIOThCS
€BOJIIOLIHUM IUIAXOM: BUOUPAETHCA MPOTOTHUIT TPAHCHOPTHOTO 3acO0y 1 HMIISXOM
MoauQikalii HOro CKIAJHUKIB CTBOPIOETHCS HOBUH. MOJAENIOBAaHHS SIK MOTY>KHHI
METOJ] HayKOBOT'0 MI3HAHHS MAa€ IIUPOKE 3aCTOCYBAHHSI M1J] Yac MPOEKTYBAHHS HOBUX
TeXHIYHUX 3ac00iB. [Ipu HOro BHKOpPUCTaHHI NOCHII)KYBaHHU OO’€KT 3aMIHSETHCS
MPOCTIIIUM 00’ €KTOM — MOJIEIUTIO, 1€ PO3rIsiHyTO Y poboTi [10].

Metoro  MOJIeNIOBaHHSIT € TPOTHO3YBaHHS TOBOJ/DKEHHS Mpoliecy B
JoCHiKyBaHii cuctemi. Lle 103Bosisie BIITBOPUTHU MPOLIECH B CUCTEM1 U BUSBUTH
KpUTEepii ONTUMI3alli] 32 MaTUX MaTepialibHUX BUTpaT. [IpoTe cTBOpUTH MOJIENb, siKa O
BIAMOBiZaNa BCIM XapaKTepPUCTHUKAM JIOCTIKYBAHOTO O00’€KTa, HEMOXKJIHUBO.
BonHouac MopentoBaHHA — (PI3UYHUX  SIBUII  YJOCKOHAIIOETHCS 1 JOINOMAarae
MNPUCKOPUTH  TPOLEC  PO3POOKH  TPAHCHOPTHUX  amapaTiB  pi3HOMAaHITHOTO
MPU3HAYCHHS.

Po3poOka mepcrnekTUBHUX NIBUJIKICHUX TPAHCHOPTHUX amnapaTiB BHUMarae
onTUMI3aIlli X aepoAMHAMIUHMX XapakTepuCTUK. Ha chorojiHi ekcrnepuMeHTalbHe
MOJIETIOBaHHS a€pOIMHAMIYHUX MPOIIECIB MOXKIIMBE 3 BUKOPUCTAHHS TaKUX M1IXO0/1B
[1-4]:

o HaTypHUX BUIIPOOYBaHb;

o MOJICTIOBaHHS B T1JIPOJAMHAMIYHUX OaceiHax;
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o MOJICTIOBaHHS B a€pOJMHAMIYHUX TpyOax;

o MaTeMaTUYHE MOJICTIIOBAHHS 3 BUKOPUCTAHHSAM YUCIOBUX METO/IIB.
Hatypui BunpoOyBaHHS TpaHCHOPTHUX amapariB J03BOJSIOTH OTPUMYBATU
HAaWTOYHIIII TEXHIYHI XapaKTEPUCTUKU. BOHM MOXIIMBI TICIs BUTOTOBIICHHS
MOBHOMACIITAOHOTO TPAHCHOPTHOrO amapara. HatypHi BumpoOyBaHHS 3a3BUYail
BUKOPHUCTOBYIOThCSI HA KIHIIEBOMY €Tarll pO3pOO0KH TpaHCIIOPTHOTO 3aco0y. [Ipukian
HatypHux BurnpoOyBanb WIG-cynen HaBenmeno [5, 6]. lleit miaxin moB'sa3aHuid 31
3HAYHUMU (PIHAHCOBUMH Ta MaTEplalbHUMHM 3aTpaTaMu ¥ BUMarae moBHOTO BUITYCKY
TEeXHIYHOI JokyMmeHTaiii. [IpakThka NOpOEKTYBaHHSA IMOKa3ye, 110 BUKOPUCTAHHS
HAaTypHOTO BHUMOPOOYBaHHS JOILUIBHO MPOBOJUTH TMEpPel 3amyCKOM CepiitHOro
BUPOOHUIITBA JJIsl OTPUMAHHS KOMIUIEKCHOTO OI[IHIOBAHHS TEXHIYHUX XapaKTEPUCTHK.
BusHauenHss aepoJMHAMIYHUX XapaKTEpPUCTUK TPAHCIOPTHUX amapariB B
aepoJMHAMIYHUX TpyOax € MOIIUPEHIUM OOrpyHTyBaHHAM. [IpoTe mMonentoBaHHS
aepoJMHAMIKU TIT MOOJM3Yy eKpaHa MOTpedye BpaxyBaHHS HU3KU OCOOJIMBOCTEH,
MOB'SI3aHUX 3 peaizalli€lo pealibHUX YMOB 00TikaHHS. B imeani Mixk TpaHCIOPTHUM
armapaToM Ta IOBEPXHEI PpO3JUTY peali3yeThCs BIIHOCHUM pyX. 3abe3reueHHs
MOAIOHOCTI BIJHOCHOTO PyXy € HaA3BUYANHO CKJIQJHUM 3aBJaHHSIM 1 BUMAarae
OOTPYHTOBAHOI'0 aHAJ13y EKCIIEPUMEHTATbHUX METO/IIB Ta MOIIYKY JJIsl BAKOPUCTAHHS
IpU IX MPOEKTYBAHHI 3 3a0€3MEUYEHHSIM YacOBUX Ta (DYHKIIOHATBHUX KPUTEPIiB
MOoAI0HOCTI. 3aBAaHHs YCKIAHIETHCS, SIKIIO Ma€ MICIl€ CKIAIHUN MPOQ1Tb MOBEPXHI.
B G11bp110CTI1 €KCIIEpUMEHTATBHUX CXEM Ha MOJIe)Ib Ha0Irae piBHOMIPHUIM MOTIK,
B TOU yac peanbHHIl 00’ €KT nepedyBae B MPUBOJHOMY (IPU3EMHOMY) IPUMEKOBOMY
mapi. OTxke, aepoJuHaMIUH1 XapaKTePUCTUKH JIITAILHOTO anaparta OyyTh 3aJIeKHUMU

BiJI CTaHy NMPUMEXKOBOTO I1apy arMocdepu, ioro npodiito 1 TypOyIEHTHOCTI.
ExcnepumeHTanbHi  JOCHIKEHHS  BUKOHYBAJIUCS B  aepoJUMHAMIYHIN
naboparopii JIHIMPOBCHKOTO HaIllOHAIBHOTO YHiBepcuTeTy iMeHi Onecst ['oHuapa Ha
J03BYKOBIN aeponuHamiuHii Tpyoi T-5. Aepomunamiuna tpyOa T-5, cxemy sxoi
MPEJCTABICHO Ha puUC. 2.1, HANEKUTh 10 a€POJAMHAMIYHUX TPYO MayuX JT03BYKOBUX

IIBUJIKOCTEH 3 BIAKPUTOIO POOOUYOIO YACTUHOIO.
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1 — comyo; 2 — poboya yactuna; 3 — nudy3op; 4 — KUIbLIEBUN pacTpyoO;
5 — BeHTWIISITOpP; 6, 7 — MOBOPOTHI KOI1HA; 8§ — 3BOPOTHUH KaHA;, 9 — dhopKramepa;
10 — xoiitHexoMO; 11 — eneKTpoaBUTYH.

Puc. 2.1. Aeponunamiuynuit KoHTyp TpyOu T-5

JloBxkuHa poOO4YOi yacTUHU TpyOW cTaHOBUTH 1115 MM, diameTp mHOMEpPEedyHOro
nepepizy pobouoi yactuHu — 750 mm. [iametp siapa moToky ctaHOBUTH 600 Mm
BHACJIIOK YTBOPEHHS MOTPAHUYHOIO IIapy 3 HABKOJIUILHIM CepeoBUILEM. TeXHIUH1
MO>KJIUBOCTI TPYOH J103BOJISIFOTh T€HEPYBATH MOTOKH MOBITPS MBUAKICTIO BT 0 M/C 110
60 m/c. IlouatkoBa TypOyJeHTHICTh € ckiagae 2 %, MO € UUIKOM 3aJ0BUIbHHM.
[ToBiTpsiHUN KOHTYp TPyOM CKJIAJa€ThCAd 3 COIIa, poOoudoi yacTuHHU, AUdYy30pa,
3BOPOTHOI0 KaHally 3 IOBOPOTHUMU KOJIIHAMU, (hOpKaMepH 3 XOMHEKOMOOM 1 CITKOIO.
3a poOOYOI0 YACTHHOI pO3TalloBaHWil audy3op, 1o 3abe3neuye TraabMyBaHHS
MOTOKY 3a PaxyHOK YacTHHH, IO PO3MIUPSIETHCA. 3BOPOTHHUI TPAKT € KaHAJIOM
3MIHHOT'O IEpePi3y 3 MOBOPOTHUMHU KOJIHAMHU, 1[0 MICTSITh MPO(D1JIbOBaH1 JIONATKH, K1
PO3BEPTAIOTH MOBITPSIHUM MOTIK Ta 3MEHIIIYIOTh 3aBUXPEHHS HA TOBOPOTAX.

[ToTik y poOouiii yacTUHI TPyOU CTBOPIOETHCS BEHTHISATOPOM, XOMHEKOMO
CIIY>KUTh I BUPIBHIOBAHHS IMOTOKY, 3a SIKUM pPO3TalllOBaHa CIeliajibHa CITKa IS
3MEHIIEHHS TypOyJi3alii MOTOKY 1 HEpPIBHOMIPHOCTI MIBUAKOCTI IO TNEpepizy

dhopkamepu.
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JUis BU3HAaY€HHsI LIBUJKOCTI MMOTOKY BUKOPHCTOBYEThCs TpyOka IliTo, sika BUMIpIO€E

MOBHUM TUCK Yy TIOTOII1, MBUIAKICTh TOTOKY BU3HAYAETHCS 3a CIIBBIHOIICHHSIM

V= /%(po D) 2.1)

ne Do — OBHUI THUCK 3a Moka3zaHHsAM TpyOoku Ilito, [1a;
Do — aTMOCepHult TUCK, [1a.

Kontpons mBuakocti B TpyOl1 3IIMCHIOETHCS 3 BUKOPUCTAHHSIM JIOMATHUX
anemomeTpiB PCE-MAM 2. Jlis BU3HAYEHHS CTYINEHsT HEPIBHOMIPHOCTI MOTOKY B
poOoulil YacTUHI TPyOH, a TaKOX 1HIYKTUBHOI'O OMOPY aepOAMHAMIYHOTO MPOQiito
BUKOpPHUCTOBYIOThCA Tepmoanemomerp FLUS ET.

Jlis mpoBeieHHsI BUNPOOYBaHb MOJIEINl HECYUHX MMOBEPXOHb 3aKPIILUIIOETHCS B
pobOouiii  vacTuHl TpyOu. BumiproBaHHS aepoOJWHAMIYHUX  XapaKTEPUCTHUK
3a0€3MeuyeThC TEH30METPUYHUMHU JTaTYMKaMU (TEH30METPUYHUMU Baramm).

AepoiMHAMIYHI Bark TEH30METPUYHOTO THUIY SBISIOTH COOOI0 TPYXKHY
cucrtemy, Aedopmallii OKpeMHX EIEMEHTIB $KOI MPOMOPIiHHI KOMIOHEHTaM abo
anreOpaiuHiii CyMi KOMIIOHEHT [TIOBHOI a€pOIMHAMIYHO1 CHJIH, 1[0 BILIMBAE HA MOJIENb.
CuiioBHil BIUIMB MOTOKY Ha MOJENIb MPU3BOAUTH JI0 peakilii, sika BIAOMBAETHCS B
nedopMalisx IpyKHUX €JIEMEHTIB, 1[0 MPU3BOAUTH 10 3MIHU €JIEKTPUYHOTO OTMOpY 1
(bIKCYEThCA BUMIPIOBAIBHOIO CUCTEMOIO. SIK MPYKHI €JIEMEHTH BUKOPHUCTOBYIOTHCS
TeH3ogaTunku. Jlepopmarlii  BUMIPIOIOTBCS 32  JONOMOTOK  €JIEKTPUYHUX
nepeTBoproBaviB aedopmariiii B enekTpuyHi BenuunHU. Ha puc. 2.2 cxemMaTu4HO

MOKA3aHO CXEMY BUMIPIOBAJIbHOI CUCTEMHU.
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1 — comno; 2 — mozeni npodiiiB; 3 — TOPIEB] MJIACTHHU; 4 — TEH30JaTYHKU;

5 — mudy3op; 6 — TpyoOka Ilito; 7 — enexTpoHHuit inTepdeiic; 8§ — komm’roTep.

Pucynok 2.2. Cxema po6040i YaCTUHH TPYOH 3 BUMIPIOBAIBLHOIO CUCTEMOIO

Enextponno-mudpoBuit iHTepdeiic s  BUMIPIOBAHHS  aepOJUHAMIYHHUX
XapaKTePUCTUK MPU3HAYEHUN IS 3UUTYBAHHS MOKA3HUKIB KaHAJIB a€pOIMHAMIYHUX
Bar, CTBOPEHUX Ha 0a3l TEH30PE3UCTOPIB Ta BCTAHOBJICHUX Ha METAJIEBY
napajenorpaMHy KOHCTPYKIIIO, sika Mae jaedopMalliifHi XapaKTepUCTHUKHU, 110
BIIMOBIJaI0Th BUMOTraM ekcriepuMenty [10].

Tenzope3ucropu mig'eaHaHi 10 aHanoro-uudpoBux neperBoproBadyis HX711
K1 MaloTh JABOAPOTOBUM iHTepdeiic 3B's13Ky. II[o0 00'eqHaTh nekinbka KaHaliB, B
iHTepdeiici BukopuctoByBancsi MikpokoHTposiep ATMEGA 328P, sxuii mae Garato
MOXJIMBOCTEH MiAKIIOYEHHS Ta PI3HOMAHITTSAM HOMEHKJIATYpH AaTYUKIB. TUM camum
3a  JONOMOTOI0  MIKPOKOHTpOJepa, 30upaloThCsl  IMOKa3HWKM  KaHaliB  Ta
MEPETBOPIOETHCSL B BEKTOpP 3HAUEHb, AKUU uepe3 mikpocxeMy CH340 kotpa siBisie
coboro neperBoproBau iHTepdeiicy UART > USB, Ta nepegae orpuMaHuii BEKTOp B
SerialPort Ha komm’rotepi, cxemy poOOTH Ta 30BHINIHIM BUIJISLA EJIEKTPOHHO-

uudpoBoro iHTEepdeicy nokazano Ha puc. 2.3. — 2.4,



Pucynoxk 2.3. 30BHIIIHIN BUTIISLA €IEKTPOHHO-LU(PPOBOTro iHTEepdeiicy Ha 6a3i

Mmikpornpouecopa ATMEGA 328P

Komn'toTep

MiKpOKOHTpoOnep
Atmega328p

ALM HX711 bapomeTp TaxomeTp

BMP180 (onTonapa)

TeH30-4aT4YMKK

di3nyHa moaens

Pucynok 2.4. Cxema po6oTH enekTpoHHO-IIMGPOBOTO 1HTepPeiicy Ha O6a3i

MikpokoHTposepa ATMEGA 328P
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TapyBaHHS TEeH304aTUYMKIB 1 BUMIPIOBAJIbHOI CUCTEMU B LIJIOMY BUKOHYBAJIOCh
IUIIXOM HaBaHTa)XEHHs NiaBicamu Biaomoi Baru Big 50 r 1o 500 r.

HactynHuM KpOKOM B MIArOTOBLI A€pOAMHAMIYHOTO EKCIIEPUMEHTY OYJIo
BUT'OTOBJIEHHS MOJIEJIEH aepOIMHAMIYHHUX IPO(]1IIB HECYUUX TOBEPXOHb.

Maketn aepoAuMHaMIYHUX NOpPOQUIIB  pO3pOOISIUCS 32  JOMOMOTOIO
TBEPIOTIILHOTO  MOJIENIIOBaHHSI B mporpaMHoMy 3abesneueni  SolidWorks,
BUKOPUCTOBYBaJach NEBHA clelH(ika MPOEKTYBaHHS ISl 3a0€3MEeUEeHHs] MIIHOCTI,
€KOHOMIi Marepiaidy Ta IIBHJKOCTI BUTOTOBJIEHHS. Ha puc.2.5 mpencraBieHO MakeT

mozaeni npodunto Clark YH-12. ITpodine Burotosmisiiu MeroaoM 3D apyky.

Pucynok 2.5. TepnotiinbHa Mozens aepoauHamivyHoro npogimo Clark YH-12

[licnss BUTOTOBJIEHHS MOJENEN BOHHM BCTaHOBIIIOBAJIUCH y poOOYill 4YacTHHI
TpyOu. Ha puc. 2.6 mnokasaHo 3arajJbHUW BUIJISA A€POJMHAMIYHOIO CTEHAA 3

BCTAHOBJIEHUMHU MOJEIIAIMH NMPOQLIiB T4 BUMIPIOBAIBHOIO CUCTEMOIO.

PucyHOK 2.6. 3aranbHuM BUJ EKCIEPUMEHTAIIBHOTO CTEHAY
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2.2 Oco0aMBOCTI MOCTAHOBKH Ta OOPOOKM [JaHUX EKCIEPHUMEHTY 3
BHU3HAYEHHSI AePOAMHAMIYHHMX XAPAKTEPUCTHK NPoijio kKpuiaa nmodamsy
MiICTIIBHOI OBEPXHi
[Topsimok mpoBeeHHS aepOAMHAMIYHOTO EKCIIEPUMEHTY B IIJIOMY 0a3y€eThbCsl Ha
3araJibHONPUMHATOI METOAUKH €KCIIEpUMEHTANIbHOT aepoauHamiku [7, 8, 10].
BuzHaueHo HACTyNHY MOCTIJOBHICTh MPOBEACHHS EKCIIEPUMEHTY:
- Mojelni npoduliB 3aKpIIUTIOETHCS MDK JBOMA IIaildamMu A3€pKaIbHO OJUH
HaIMpOTH JIPYyTOro BIIHOCHO YMOBHOT JIiHII CUMETpIii (€KpaHy), aHAIOT14HO JI0
CXeMU mpejacTaBiaeHoil Ha puc .2.6. [ligroroBieHa Moieab BCTAHOBIIOETHCS
Ha JepkKaBlll aepOoJWHAMIYHUX TEH30METPUYHUX Bar B poOOUid yYacTHHI
aepoJUHaMIYHOI TpyOH;
- 3aIyCKA€ThCA aepoJMHaMiyHa  TpyOa, 3HIMAIOThCA  TOKa3aHHS
aepoJIMHAMIYHUX CHJI 32 BU3HAUYEHUMHU IIBUIKOCTSIMU MOTOKY, BIACTaHHIO
BIJl €KpaHa Ta KyTa aTaku;

- BHU3HAYAIOTHCS TMOXUOKU EKCIEPUMEHTAIbHUX BUMIPIOBAaHb Ta BIUIUB
JOIATKOBUX (DAKTOPIB HA PE3yJIbTaTH BUMIPIOBAHHS.

- aHaJi3 Ta IHTEepPIpeTallisi EKCIEPUMEHTAIbHUX JIAHUX.

JocnipkeHHs B aepoAuHaMiyHii TpyOl HailluacTille BUKOHYIOTh B YCTaJI€HOMY
pexuMi, 0 BiAMOBIAae ymMmoBaM nosiboty WIG anapata B TOpM30OHTANIBHIN TUIONIUHI.
Koedimientn cuit 1 MOMeHTIB, o BIuMBaloTh Ha WIG cynHO 3a mpsMOIIHIIHOTO
CTallIOHAPHOTO PYXY, BUBHAYAIOTHCS OPIE€HTAIIEI0 BITHOCHO €KpaHy Ta 3aJie’KaTh Bij
yucia PeifiHonb/ca 1 CTyNEeHI0 TypOyJIE€HTHOCTI.

Sk Bxke 3a3HauanoCcs pailie, BIAMIHHOIO pucoro aepoaunamiku WIG-amapaty
MOJISITAa€ B TOMY, 1110 OCHOBHI CHJIM Ta MOMEHTH, 110 BIUIMBAIOTH HA JIITAIbHUHN anapar
3aJIe’KaTh HE TUIBKU BiJl KyTa aTakd, aje 1 BiJl BUCOTU MOJBOTY HaJ MiJICTUILHOIO
MOBEPXHEIO.

B excnepuMeHTanbHUX TOCTIIKEHHSAX MOJIOKEHHS MOJENl ImpoduIto Kpuiia
BIJIHOCHO €KpaHy BU3HAYAIOTh KyT aTaku ¥ BIJICTaHb BiJl 3aAHLOTO pedpa A0 MOBEPXHI.

Pesynbratn JOCHIKEHb MPECTABISAIOTH y BUTJISAIL 3aJIEKHOCTEN

¢ (a), cx(l_l), cy(a), cy(i_l),mz(a),mz(i_l). Ane cmig 3ayBakKMTH, IO BIUIMB KyTa
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aTakl B TPUCYTHOCTI €KpaHa MoOxke OyTH MO PI3HOMY BpaxoBaHUU mpu oOpoOii
pe3ynbTaTiB. AJKe OJIHAKOBa 3MiHA KyTa aTakd a MOXE IO PI3HOMY BIUIMHYTH Ha
aepoIMHAMIYH1 XapaKTePUCTUKHU, 3aJIEKHO Bl YNHHUKA, SIKUM MPU3BIB O 3MIHU KyTa
ataku. KyT araku Mo>ke 3MIHIOBATHUCS BHACIAOK TAKUX YNHHUKIB: 3MiHA KyTa TAHTaXy
g, HasIBHICTh BEPTUKAJIIBHOT KOMIIOHEHTH BEKTOPY IIBUIKOCTI, HAMPUKIA] BHACTIIOK
MOPUBY BITPY). 3MIHA KyTa aTakd MPU3BOJUTH JI0 3MIHU MOJIOKEHHS BCIX TOYOK
MOBEPXHI KPHUJIa BITHOCHO €KPaHy, OKPIM TOUKH O0OEpTaHHs, AKIIO0 BOHA 3HAXOIUTHCS
Ha npodimi. TakumM YMHOM, BUHUKAE HEOOXIAHICTh Y KOPEKTHIN I1HTeprpeTarii
pE3yNbTaTIB EKCIIEPUMEHTY.

Ha puc .2.7 mpencrtaBieHa cxema 3MiHM KyTa aTakd OpoduIro BHACIIIOK

BHUHUKHCHHA BepTI/IKaIH)HO'I‘ KOMIIOHCHTH IHBI/II[KOCTi U.

AN\

Pucynoxk 2.7. Jlo BU3HaU€HHS MOJIOKEHHS PO 1Isi BHACIIIOK 3MIHH BEPTUKAIBHOT

KOMIIOHCHTH H_IBI/II[KOCTi

Bigznauumo, 1o B aepoJUHAMIYHUX TpyOax, 3a3BUYail MPUUMAETHCS, IO
BEpTHUKAJIbHA KOMIIOHEHTA IIBUIKOCT1 BIJICYTHSI.

Jlnsi mepeHeceHHs pe3yJsibTaTiB BUIPOOYBaHHS MOJENEH B aepoJMHAMIYHIN
TpyOl Ha HaTypHUM OO’ €KT HEOOXITHO TOTPUMAHHS TE€OMETPUYHOI MOJ10HOCTI,
noai0HocCTI o yncnax Re 1 M, a Takox BBECTH HU3KY MOINPABOK, SIKI MAalOTh BpaxyBaTH
BUKPUBJICHHSI MTOTOKY HABKOJO MOJEN1 BHACHIAOK OOMEXKEHOCTI mepepizy pobouoi
YaCTUHU TPYOHU, BIUIMB MEX MOTOKY, BIUTUB IIPUCTPOIB, 1110 TPUMAIOTh MOJIEJb B TPYO1

Tomo. OKpIM TOro, Ba)KJIMBO BPaxOBYBaTU CTYMHIHb NMOYATKOBOI TypOyJIEHTHOCTI B
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TpyOi, fiKa BIUIMBAE HA aepOJAMHAMIUHI XapaKTepUCTUKU. B 3aranbHOMYy BUNAAKY JJIs
JI03BYKOBHUX a€pOJIMHAMIYHUX TPYO MOTpiOHO poOUTH monpaBkH [7]:
— Ha 3aBaJieHHS (3axapamlieHocTi) poOodoi YacTHUHU MOJACIUII0, 10
MPU3BOAUTH A0 3MIHU IIBUAKOCTI B MICI[1 pO3TalllyBaHHs MOJIEIII;
— Ha rpafileHT CTAaTUYHOTO THUCKY, 1110 3MIHIOETHCS B3JJ0BK MOJIEIII;
— Ha BIUIMB MIAMOMHOI CWJIM, 11O 3MIHIOE TOJIE MIBUIAKOCTI B PoOOUii
YaCTHHI, KyT aTaku Ta J000BUil omip;
— Ha BIUIMB BUMIPIOBAJIBHUX 1 M1IBICHUX MPUCTPOIB AJIsI MOJIEN1, IO Jal0Th
JTWHAMIYHI KOMIIOHEHTH aepOIMHAMIYHUX CHUJI, K1 BUMIPIOETHCS;
— Ha OJOKIHT e(eKT;
— Ha BIUIMB CKOCY MOTOKY B TpyO1 6€3 MojelI.
3riAHO 3 peKOMEHIallisiMU [ 8] BIMOBIIHI MOMPABKU BU3HAYAIOTHCSI HACTYTHUM
YUHOM.
BruuB 3aBaneHHss po0040i YacTMHU MOJEIUII0 MOXE OyTH BpaxOBaHUM Yy BUTJISII

MOMpPaBKU J0 IMIBUAKOCTI, III0 BUMIPsIHA MOIEpe]l MOJEN1 Y HE30ypeHOMY MOTOIIL:

Vier = Voum T+ EuVoo, (2.2)

1€ €y — KOE(IIIEHT, 1[0 BPaXOBYE 3axapalleHicTh poO0Y01 YaCTUHHU.

Jlns mpodiap0BaHOrO Kpuja B IUIOCKOMY MOTOLI B aepoAWHAMIYHIA TpyOl 3
BikpuTO0 po6OUOI0 wacTuHOW ey=—0,411-fc/t)’, ne s3Hauenns Qynkuii f
BU3HAYAETHCS 32 TaOIUIEHO 2.

Tabnuis 2. — 3HaueHHsa QyHKUIT f 1719 BUBHAYEHHS KOoe]illi€eHTa 3aXapaiieHoCT1

c/t

2

4

6

8

10

12

f(c/t)

1,2

1,9

2,6

3,5

4.4

5,1

[TormpaBka Ha BmMB migloMHOI cunu. lled BmiuMB mosisirae y 3MiHI MHOJA

IIBUJIKOCTEHN Yy poOOUiil YaCTUHI TpyOU i MPOSIBISIETHCS HABITH 32 MaJUX BITHOCHUX

PO3MipiB MOJIeJIi, MOBHICTIO 3HUKAE JIMIIE 32 HYJBbOBOI MIAHOMHOI cuiu. s Tpy6 13
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BIIKPUTOIO POOOYOI0 YACTUHOIO KYT aTaKW 3MEHIIY€EThCsS. Y pa3l JBOBUMIPHOI Tedil

JUTSL BIIKPUTOL poOOUYO0i YACTUHU:

1c

2
T (cC
Aa = — 4,_8(7) (CyBHM + 4CmBI/IM) o Z?CyBI/IM : (23)

3MiHa A1MCHOTO KyTa aTaku yepe3 BIUIUB MEXK MOTOKY O3HA4ae, 10 KOoe(illeHTH Cuil

Cx pum 1 Cy pum> MAIOTH OyTH BUIIPABJIEHI:

Cy = Cy . €COS (Aar) — CxpuuSin (Aa),

Cx = Cx pum €OS(AQ) + Cy 5y Sin(Aa), (2.4)

13 OISy HAa MAJIICTh @ MOKHA 3aMKCcaTi y CIPOLIEHOMY BUTJISIL:

Cy - CyBMM’

Cx = Cxpum T Cy pum&®- (2-5)

Benununny ¢y gy @HA3UBAKOTL  OMOPOM,  iHAYKOBAHUM MEXaMU TOTOKY.

3HaYeHHs CKOCYy MOTOKY Aq@, 1HIyKOBaHOTO KPWJIOM, 3aJIeKUTh BiJ BIJTHOCHHUX
PO3MipiB Kpuiia 1 poO0UYO0T YaCTUHH, MIJHOMHOI CHIIM KpUJa, a TAKOXK (OPMHU Ta TUITY
po00YOi YaCTHHH.

BaxnnBuM mapameTpom, 110 XapakTepu3ye SIKICTh MOTOKY B a€pOJUHAMIYHIN
TpyOi € KoeilleHT OIS, AKUW B1IOUBAE CTYIIHb PIBHOMIPHOCTI OBITPSIHOTO MOTOKY
B po0Oouiif yacTuHi (sapi MOTOKY) TpyOu [7]. B sipi MOTOKY BIAXHWICHHS BEIIMUYUHU
IIBUKICHOTO HANoOpy HE MOBUHHO NEPEBUILYBaTH +2 % BiJl CEPEIHBOTO 3HAYEHHS.
Cepenne 3HaueHHs Koe(ilieHTa moJjis poOoYoi 4YacTMHU TpyOM BH3HAYAEMO 3a

dbopmyIioro
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— Zi/impi (26)

€ Mpmp — KOEQIIEHT TOYKH TMOJsS B JOCIIKYBaHIM Toulll poOOYOi YacCTHUHU
aepoIMHAMIYHO1 TPYyOH, Kl BU3HAYAIOTHCS SK BIJHOIICHHS IIBUIKICHOTO HANOpYy B
TOYIIl JO MBUAKICHOTO HANOPY, III0 BUMIPIOETHCS MIEPEIAIOM TUCKY.

[TonpaBka Ha ONOKIHT-ePEKT. Y TpyOax 3aMKHYTOTO TUITY BIIXHJIEHHS ITOTOKY,
[0 BXOAUTh y Judy30p, 4yepe3 BIUIMB MiAMOMHOI CHUJIM HACTUIBKU BEJHUKE, IO
MPU3BOAUTEL 10 3MEHIIECHHS Koe(dillieHTa Y ToJisi TpyOW 3 MOJEJUII0, 110 BOJIOJIE
MIIHOMHOI0 CHUJIOI0, TIOPIBHSHO 3 MOPOXKHBOKO TpyOoro. 3MiHa KoedilieHTa Mmoms
TpyOH BHACIIAOK 3a3HAYEHOTO BIUIMBY MiANOMHOI CUJIM Ma€ Ha3By OJIOKIHT-E(EKTY 1
Mae OyTH BpaxoBaHa M1/ 4ac MiIpaxyHKy BCIX KOE(IIEHTIB a€pOJUHAMIYHUX CHJI, 11O

HaJICXKaTb 10 HIBI/II[KiCHOFO Haropy. BI/IHpaBJ'IeHHSI Ma€ BUIIAA:

Hm
Cicn = Cayin m, (2.7)

ne Ap — nomnpaBka B koe(ilieHTi mosist TpyOou Ha OsokiHr-edexT (Bia3 % mo 5 %).
BruiiB nouatkoBoi TypOyieHTHOCTI Ta unuciia Re gocininy. besnocepeiHbO BIUTUB IIUX
(hakTOpiB HA a€POAMHAMIYHI XapAKTEPUCTUKHU HE BPAXOBYETHCS BBEICHHIM OYIb-IKUX
MOMpPaBOK IMMiJ 4Yac MEPBUHHOI OOpOOKM pe3yibTaTiB BUMIPIOBaHb. AJlle IiJI 4ac
MOJANBIIOTO aHaMI3y 1 31CTaBJIEHHS IIUX XapaKTEPUCTUK HEOOX1THO 3aBKIU OpaTu 110
yBaru 3HaueHHs yucen Re 1 MOYaTKOBOI TypOYJEHTHOCTI ey (Y BIICOTKAX), 3a SIKUX
nposeneHo gociiau. KoedinieHT noyatkoBoi TypOyJIE€HTHOCTI MOK€e OyTH BU3HAUEHUI
3a metozioM cdepu [9].

BruuB nepskaBku mozeni. Ciif BpaxoByBaTH, 110 Jep>KaBKa MOJENI Ta IHIII
KPITUICHHS! BHOCATH JTOAATKOBHM TOOOBUH OITip, 1[0 CIPUUMAETHCA TEH30METPUIHUMU

Baramu. OTxe, ICTHHHHI JT0OOBHIA onlip Mae OyTH BU3HAYEHUH SIK

Cx = Cxsum — Cx gep> (2.8)
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JI€ Cy pep— OIIP JI€PIKABKU BU3HAYAETHCS BUMIPIOBAHHSM 0€3 MOJIEII.
OTtxe, mpu 00poOIIl JaHUX EKCIIEPUMEHTAIbHIUX BUMIPIOBAHb CIIiJl B3ATH /10 yBaru
HaBEJCHI BHINE KOPEKIINHI KOe(IlieHTH NpH BU3HAYEHHI ICTUHHUX 3HAYE€Hb

aepoIMHAMIYHUX XapaKTEPUCTHUK.

2.3Pe3yabTaTl eKCIIEPUMEHTAJBbHUX JOC/IKEeHb

ExcnepumeHTanbHe HOCTIKEHHS TPOBOIUIIOCS 3a YMOB: BUAKICTH 16,5..25 M/c,
uyncna Pelinonbnaca mopsgkom Re = 10°..1,8x10°, temmeparypa 11,2..12,5 °C,
atMochepuuii tuck P = 100625..101325 [la. B excrnepuMeHTI BUKOPUCTOBYBaBCS
npodins kpuia Clark-YH12 3 goBxunoro xopau 0,1 m, Ta noxuHoro kpuia 0,333 m.
[Ipodini Oynu BCTAaHOBIEHHMH MK JABOMAa OOMEXYBaJIbHUMHU IUIACTUHAMM, OJMH
3aKpIMJIEHUA KOPCTKO, 0€3 aepoJWHAMIYHUX Bar, JAPYTUil BCTAHOBJICHUN Ha BICh
i1’ €JHAHY J10 aepOJIMHAMIYHUX Bar, Ta Ma€ MOXJIUBICTh BCTAHOBJIEHHSI TOYHOTO KyTa
aTaky JIJId Kpuia.

B ekcnepuMeHTanbHOMY JOCIIKEHHI OyB 00paHuil Niana3oH KyTiB aTaku Bija 0 10.
10 rpaxycis. [Ticns TectyBanHs pod o 6€3 A3epKAIbHOT0, 0yJI0 BCTAHOBIICHO IPYTe
KpWJIO JA3€pKalibHO Ha BiacTaHi (0,2 M, THM caMHM BCTAHOBJIEHO BiJICTaHb JO €KpaHa
0,1 M, 10 TOp1BHIOE JOBXKUHI XOP/IH.

PesynbTaTu npencraBieHi y BUMISAL rpadikiB KOe(ili€HTIB JIOOOBOTO OMOPY Ta
i gifoMHO1 cuy, 1t urcna Peitronbaca Re = 1,17x10° Ta mopiBHsAHI 3 pe3yIbTaTaMu
0asu nanux Airfoils ma nmpogimo Clark-YH12 3 uncnom Pelinonsaca Re = 10° s

kyTiB ataku Big 0 no 10, gxi npexncrasiieHi Ha puc. 2.8 ta 2.9.
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1,5
1,0
(&)
0,5
0,0
0 2 4 6 8
AoA
== (| AirfoilsTools == CI B 6e3mexHOMy noToui Cl 3 HabnixkeHHsIM 0 ekpaHy

Pucynoxk 2.8. KoeditieHT miaifoMHOI cviin 171t Kpuiia B 0€3MEKHOMY MOTOII Ta

KpuJia 3 HAOJIMKEHHSIM JI0 €KpaHa 3aJIeKHO BiJ] KyTa aTaKu

0,100
0,075
- 0,050
O
0,025 —
0,000
0 2 4 6 8
AoA
== Cd AirfoilsTools == Cd B 6e3mexHomMy notoui Cd 3 HabnixkeHHsIM 4O ekpaHy

Pucynok 2.9. KoediieHT 1060BOT0 Onopy A Kpuiia B 0€3MEXXHOMY MOTOIII Ta

KpuJia 3 HAOJIMKEHHSIM JI0 €KpaHa 3aJIeKHO BiJ] KyTa aTaKu

3a aHaI130M pe3yJIbTAaTiB EKCIEPUMEHTAIBHOTO JHOCIIKEHHS Kpujia B

HaOJIMKEHHI JI0 €KpaHa 0yJ0 MOMIY€HO, MPUPICT MiJI"€MHOI cuiid Ha 7-16% 3anexHo
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Bij KyTa aTaku. Cuia JJ0O0BOI0O OMOPY € BIAMIHHOIO, BiJ] pe3yJIbTaTiB 0a3u JaHUX

Airfoils.tools, 11e 00yMOBIJIEHO MIOPCTKICTIO Ta AKICTIO 0OPOOJICHOT MOBEPXHI KPUJIA.

2.4 BHCHOBKH 32 po3aijioM

Po3pobieno MeTONMKy aepoAMHAMIYHOTO  EKCIEPUMEHTY Ta MPOBEICHO
EKCIEPUMEHTANIbHI  JIOCTI/DKEHHS  aepOJUMHAMIYHUX  XapaKTePUCTUK  HECYUYUX
MOBEPXOHb MOOJU3Y €KpaHa 3a YMOB, Npo(iib HA SKOMY MPOBOAWIM JOCIIIKEHHS
Clark-YH12, mBuakicte Habirarouoro motoky 16,5 m/c, nosxuna xopau 0,1 w,
eKCIEpUMEHT TpoBoAUBCS B Alanaszoni 0..10 kyTa aTaku, 3 BIACTaHHIO MK NPOGUIIMHU
0,1 m. [IpoBeneno moaudikaiio eIeKTPOHHO-IUPPOBOrO IHTEpPENCy s ZHATTS
aepoIMHAMIYHUX HapamMeTpiB Mpod It KpUiia MpU eKCIEPUMEHTAIBHOMY JOCII1I>KEH]
B aepoauHaMiuHii TpyOi. OTpumano rpadiku koedilieHTiB J000BOro OMopy Ta
nigioMuoi cuim aia kpuna 3 npodinem Clark-YH12 no6ausy expana. [lpu ananisi
OTPUMAaHUX PE3YyJbTATIB €KCIEPUMEHTATBHUX JTOCHIIKEHb KpUja B HAOIMXKEHHI J0
eKpaHa OyJi0 TOMIYEHO, MIJIBUIICHHS MiAHOMHOI cuiau Ha 7 — 16 % 3anexHo Big KyTa

aTaKH.
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PO3JILI 3
YUCJIOBI JOCIIUKEHHS OBTIKAHHS MPO®LIIO KPUJIA 3
EKPAHHUM E®EKTOM

MeToro  4YMCEIBHOrO MOJENIOBAaHHA € OTPUMAaHHA  aepoAMHAMIYHUX
XapaKTEePUCTHUK MPOPUII0 KpuJja, 10 po3TalloBaHe NOOIU3y MIACTUIBHOI TOBEPXHI, 3
ypaxyBaHHAM [1i ekpaHHoro egekty. Lle 3aBmaHHs Mae ocoOnuBe 3HAYEHHS IS
PO3pOOKK MaJOPO3MIPHUX JITAIBHUX anapariB, SKI EKCIUTyaTYIOThCS Ha MalluX
BHUCOTaX, € BIUIMB €KpaHy CYTTE€BO 3MIHIOE IOBEIIHKY MOTOKy. Cam mporec
YHCEJBHOI'O COJICIIOBAHHS MOAUICHUN HA IEKIbKA €TaliB Ta MPEeACTaBICHUI Ha PUC.

3.1.

06'eKkT
[ocnigXeHb

AHani3 ®i3nyHa
pesynbTatis moaenb

MaTtemaTnyHa
mogenb

JunckpeTtHa
mogaenb

Mporpama gna
EOM

YucenbHi
MeToau

Pucynok 3.1. ETanu uncenbHOro MOJAEIIOBAHHS

JIJ1s IpOBEIEHHS YMCEIbHOT0 MOJIEIIIOBAaHHS 0yJI0 BpaXOBaHO HU3KY (DI3MUHUX
INPUIYILIEHB, 110 JA03BOJIAIOTh CIPOCTUTH 3a7ady 0€3 CyTTEBOTO BIUIMBY HA TOYHICTb
pe3ynbTaTiB. OJHUM 13 KIIOYOBUX AacHEKTIB CTaJIO BpaxyBaHHS cHEUU(DIKU Pyxy

expanoruianiB (WIG-amapaTiB), sIKl HepeMIIIYIOThCSI HA MAJIUX BUCOTax HaJl BOJHOIO
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NOBEpXHEI. Takuil pexuM MOJbOTY CYNPOBOIKYETHCS TE€HEPALIEID XBUIbOBUX
30ypeHb, 10 MOXYTh JedopMyBaTu BUIbHY mnoBepxHiO Boau. ILli medopmarii
MNOTEHIIHHO 34aTHI 3MIHIOBAaTH PO3MNOALI THCKY Ta CTPYKTYpPY IMOTOKY HaBKOJIO
anapary, BIUIMBAalOYX Ha BEIMYMHU MIANOMHOI CHUJIU Ta OIOpPY.

Onnak y TaHOMY JOCJIIKEHH]1 TPUITYCKAETHCS, IO BIUIUB JAedopMaliiil BUIbHOI
MOBEPXHI € HE3HaYHUM 1 MOKe OyTH 3HEXTyBaHUM y mnepuioMy HaOmwxeHHi. Lle
J03BOJISIE BUKOPUCTOBYBATH (DIKCOBaHY >KOPCTKY MOJENb €KpaHa i aHali3y
aepoIMHaMIKH, 30CEPEIUBIINCH Ha OLIHI[I OCHOBHUX 3aKOHOMIpHOCTEN (hOopMyBaHHS
ekpaHHoro edexty 0e3 YCKIaJHEHHS MOJENl HEeMIHIMHUMU TiIpoAMHAMIYHUMU
aBuaMu. Takui miaxia € oOrpyHTOBAHUM JJIsl MOTIEPEAHIX AOCIIKEHb Ta JO3BOJISIE

OTpHUMATHU I[OCTOBipHi pe3ysibTaT 3 OITUMAJIbBHUMHA 00YHCITIOBAJIbHUMHA 3aTpaTaMu.

3.1 OcHOBHI piBHSIHHS

B po6oti ans po3B’si3aHHS JBOBUMIPHOI 3a/iadi OOTiKaHHS NpoQuis Kpuiia
MOTOKOM B’SI3KOTO ra3y B SKOCTI BUXIJIHOI CUCTEMH PIBHSHb PYXY CTUCIHUBOTO razy
BUKOPHUCTOBYIOThCSI JIBOBUMIpHI piBHsSIHHSA Hap'e-CTokca, 3amucaHi B BEKTOPHO-
IHTErpajJbHOMY BUIJISI 1 SIKI CTAHOBJIATH 3aKOHM 30€peKeHHs y BC1i o0xacTi Teuii [ 1,
2]. B nBoBHMIpHIii IOCTAHOBI B JAOBLIBHIN cucTeMi koopauHat (&,1) ocepenHeHiza

PeiinonbacoMm piBHAHb HaB’e—CTOKCa, sIKI y BEKTOPHOMY BUIJISIII MOKHA 3aIIMCATH:

0 0E = OF 1 (0E OF
—q+—+—:—(— —), (3.1)
Jat ¢  0n Re \d¢  0On
p pU pV
_|pu| L _ 1|pulU +&p _ 1|puV +nxp
T=pv|” ® T 7|pvU + &,p|’ F_Jva+nyp' (3-2)

e (e+p)U (e +p)V
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0 0
. $xTux +8yT R Tyx T 1y T
E:l X xx yxy’F=lnxxx nyxy, (3.3)
J ExTyx + S;yTyy T MxTyx + NyTyy
$xBx + &y By NxBx + My By
U=¢&u+&v, V=nu+nu, (3.4)
2
Ty = ?“ [2(€xu5 + Meup) — (&ve + nyvn)], (3.5)
2
Tyy = 2 [2(&ug +nyuy) — Eve + 1evp)], (3.6)
Txy = Tyx = ,Ll[(fyug + nyun) - (Exvf + nxvn)]; (3.7)
_ L o(my e (g 02 a_az)
Be = Utey + Ty + (B +25) (655 40, 55), (33)
By = Uty + vy, + (L 4 o) (g 00 1 ) 3.9
y = Ulxy Tyy y—-1\Pr; Pnt Y ¢ My on /)’ (3-9)

1€ X,V - OCl JEKapTOBOi CUCTEMHU KOOPJUHAT; P — T'yCTUHA; A — IIBUJKICTh
3BYKY; U, V — KOMIIOHEHTH BEKTOpa MIBUJIKOCTI B HAMIPSIMKaX X, Y; P — THCK; € — [IOBHA
eHeprisi oauHULll 00’emy razy; Pr; — monekynspae uucino [lpannrns; Pry = 0.9 —
TypOynentne uucio Ilpawarns, p =y + Yy — JUHAMIYHUA  KOe(III€HT
«e(eKTUBHOI» B A3KOCTI; [; — TMHAMIYHUN KOE]IIIEHT MOJEKYJISAPHOI B SI3KOCTI; [y —
TUHaAMIYHUHN Koe(]ilieHT TypOyIE€HTHOI B SI3KOCTI1; ¥ — MOKa3HUK a/iabaTu rasy.

MetpuuHi koe]ilieHTH 1 IKOOI1aH MEPETBOPEHHS KOOPAMHAT, 110 BXOJATH 10

(3.1), BU3HaUarOTHC 13 BUpA3iB:

$x =]y77' Ey = _]xn» Nx = _]YE' Ny =]X§, (3.10)
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_9Gm _
/ o(x,y)

$x €y|
Mx Myl

(3.11)

s 3amkHeHHs cucteMu (3.1)—(3.9) HeoOxiqHO BH3HAuYEHHS Koe]ilieHTa
TypOyJIeHTHOI B’s13K0CTi. [InTaHHA 1110710 BU3HAUEHHS MOJIeN1 TypOyJIeHTHOI B’ I3KOCTI
pO3MIIsIHYTO HUXK4Ye B AaHii poOoTi. Cuctema (3.1)-(3.9) 10mOBHIOETHCS TPAHUYHUMU
yMOBaMH, SIK1 (P13UYHO B1AOOpaKarOTh:

- Ha BXiJHI{ rpaHulll 3aJaH1 apaMeTpy Ha0Irarpuoro NoToKy;

- Ha TBepAid moBepxHi Mpod s 3aaH1 YMOBU «IIPWIHIAHHSDY;

- Ha eKpaHl 3a/la€TbCsi yMOBAa — CHUMETpii, OCKUIbKM 3aJlaHHS yMOBU

(IIPUWIHAIIAHHI)> B JTAHOMY BHUIIAJIKY HE € (l)iSI/I‘-IHI/IM.

CdopmynboBaHa 3ajaya € HENIHIMHOIO, HECTAI[IOHAPHOIO 3 MPOOIEMOIO
3aMKHEHHS TypOYJIEHTHOCTI 1 HE MOXe OyTH PO3B’si3aHA aHAJITUYHUMHU METOAAMHU.
JUis po3B’si3aHHS TAKOTO POAY 3aJad BUKOPHCTOBYIOTh YHCIIOBI MCETOAM, 30Kpema
METOJl CKIHYEHUX EJIEMEHTIB, SIKMl € OCHOBOI ISl OUTBLIOCTI Cy4acHUX IAKETIB

00YMCTIOBAIBHOI T1IpoiuHaMikH, 30kpemMa ANSYS.

OTtxe, 3acTtocyBaHHs nporpamHoro komiuiekcy ANSYS Fluent € nominbHuMm 1
e(peKTUBHUM pIIIEHHSIM JUIsI MOJICJIIOBaHHS TIPOIECiB OOTIKaHHA B 3ajadax
ra3oJiIMHaMIKHi, 30Kpema IS amnapariB, sIki BUKOPUCTOBYIOTh AUHAMIUHUM HPUHIUIT
MIITPUMKU HaJ moBepxHew. [Iporpama 3abesmneuye mupokuid Habip 3aco0iB st
TOYHOTO OMUCY (PIZUUHMX SIBUII, 3pYy4HI IHCTPYMEHTH I OOpOOKU PE3yJbTaTiB Ta
MOXJIMBICTb BpaXyBaHHS CKJIaJHUX PEKUMIB TeUii.

Jns peanizaliii MOBHOLIHHOTO YUCEIBLHOTO €KCIIEPUMEHTY HEOOXI1THO MPONTH
HU3KY OOOB’SI3KOBUX €TalliB: CTBOPUTU T'€OMETPUUYHY MOJENb 00'€KTa, 3reHepyBaTu
SAKICHY PO3pPaxyHKOBY CITKY, 0OpaTu BIJIMOBIIHY MOJENb TypOYJI€HTHOCTI, a TaKOX
MPaBUJIBHO 33/1aTH MOYATKOBI Ta TPAaHUYHI YMOBU. JIuille Mpu AOTPUMAaHHI IIUX YMOB
MOXXHa pO3paxOByBaTW Ha JOCTOBIPHICTh Ta (I3UYHY aJIEKBATHICTh OTPUMAHUX

pE3yJbTAaTIB.
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3.2 'eomeTpr4Ha MOJe/Ib

Ha aeponunamiuHi XapakTepUCTUKU JITAJbHUX aapaTiB MalOTh BEJIUKUM BIUB
HacamIepe ] MOBEpPXHI KpuJ, skl MaloTh neBHUM mpodins. Ha chorogani po3pobieHo
BEJIUKY KUIBKICTh aepoJuHamMiyHuXx mpodiniB. Bubip koHkpeTHoro mpodiio
OOYMOBIIIOETHCA PI3HUMHU UYHWHHUKAMH: TPU3HAUYCHHSM amapara, HEOOX1THUMHU
aepoAMHAMIYHUMHU XapaKTePUCTUKAMH, BHUMOTAaMH JI0 MIITHOCTI, IITBHUJKOCTI Ta
MaHEBPEHOCTI, KOHCTPYKTUBHMMHU BUMoOramu touro. Cini 3a3Ha4uTH, L0 MpU
CTBOPEHHI MaJIorabapUTHUX amapariB 3 JUHAMIYHUM HPUHIUIIOM MIITPUMKHU HaJ
MOBEpPXHEI0 HaOyBa€ BaXKJIMBOIO 3HAYEHHS BIJHOILIEHHS BiJCTaHl BiJ MiACTHUJIBHOT
MOBEPXHI JI0 XOPAM Kpuja, OCKUIbKM €(EKTHUBHICTh BUKOPUCTAHHS IUHAMIYHOI
MOBITPSHOI MOJIYIIKUA 3aJI€XKUTh BiJl a0CONIOTHUX 3HAY€Hb T€OMETPUYHHUX PO3MIpiB
Kpuia.

B nmaniit po6oti posrasigaBcs npodins kpuia Clark-YH12 xoutyp mpodiito
300paxeno Ha (Puc. 3.2), ueit npodiyib MIMPOKO BUKOPUCTOBYETHCS B KOHCTPYKIIIAX
JITaKIB 3arajJlbHOTO TMPHU3HAYCHHS 1 BUBYAETHCS B aepOJMHAMIII BXKE 0araTo pOKIB.
[Tpodine kpuna Clark-YH12 mae ToBuuny 12% Bijg xoau, a 3HayHa 4aCTUHA HIDKHBOT
noBepxHi 10 70%, € mnockoro. He 3Baxaroun Ha Te IO HUXKHS MOBEPXHS € HE
ONTUMAJLHOIO /111 BAKOPUCTAHHS B 00MEXEHOMY MOTOLl1, BOHA BUKOPUCTOBYIOTHCS B
0araTb0X KOHCTPYKIIISIX arapariB 3 JUHAMIYHOIO MIJTPUMKOIO HaJl TOBEPXHEIO.

Koopaunatu Touok mpodiito npeacrapieHi B Tadmui 3.1.

Clark-YH12

10

0 ® L —— 100 120

Pucynok 3.2. Koutyp npodinto Clark-YH anst 12% ToBmuHu BiJl XOpIu.
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Ta6muns 3.1. Koopaunatu Touok npodinst kpuia Clark-YH12.

X(%) | YB(%) | Yu(%)
0.25 | 0.852 | -0.714
05 | 126 | -1.02
0.75 | 1.584 | -1.236

1 | 1.836 | -1.398
1.25 | 2.088 | -1.512
1.75 | 2.544 | -1.746
2.5 | 3.096 | -1.992
325 | 3.6 | -2.19

5 | 4578 | -2.508
7.5 | 5.616 | -2.808

10 | 642 | -3.0264

15 | 7572 | 3.4
20 | 8334 | -3.24
30 | 8.856 | -3.144
40 | 8.646 | -2.994
50 | 7.926 | -2.844
60 | 6.7236 | -2.688
70 | 5.076 | -2.424

80 | 3.378 | -1.9776
85 | 2.544 | -1.62

00 | 1.722 | -1.212
95 | 0.9 |-0.6876
100 | 0.072 | -0.072

[ToGynoBana reomeTpisi 0OTIKaHHS TPOPLII0 Kpuia Oyia BUKOHAHA B MOJTYJISIX
Geometry Ta SpaceClaim. Mogaeni siBAsiFOTh CO0010:

e y BuUNaAKy npodias y Oe3MeKHOMY TMOTOIl 1€ MOEAHAHHS
HaMiBOKPYKHOCTI Ta TMPSIMOKYTHHKAa B IIEHTPl HaMIBOKPYKHOCTI
po3TaioBanuii nmpodiib Kpuiia, MoOyIOBaHI JOMOMIDKHI BIAPI3KU IS
CIpOIIeHO1 MOOYAOBH CITKH (puc. 3.3, a);

e y BUNAAKY MpOQ1It0 3 HAOIMKEHHSIM JI0 €KpaHa 1€ YaCTUHA OKPY>KHOCTI
B TO€JHAHHI 3 MPSAMOKYTHUKOM, OpOo(uIb pO3TalllOBaHUN B IIEHTPI

OKPY>KHOCT1 BIAMOBITHO HIKHSI TpaHULS pO3TalllOBaHA Ha TIEBHIM
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BIICTaH1 BHUJ XOpAM Kpuia, NMoOyJoBaHAa JOMOMIKHA TE€OMETpIs st

CIpOILIeHOT MOOYA0BU PO3PaXyHKOBOI CITKH (puc. 3.3, 0).

0)
Pucynoxk 3.3. 'eomeTpruHa MOJIENb 715 @) pO3paxXyHKY Mpodisisi B 0€3MEKHOMY

MOTOII1, 0) pO3paxyHOK Mpod s 3 HAOIUKEHHSIM JI0 €KpaHy

Posmipu mnpodinto Oynu o00paHi Taki cami SIK B EKCIEPUMEHTAIbHOMY
JOCIIIPKEH] SIKi MPOBOAWINCH B MeXax Ii€i poOOTH, BIJICTaHb JO TPaHUIlb B YCIX
HamnpsMKax Bif Tpo@uato BIAMOBIIA€ MIHIMYM JIE€CSITH po3MipaM XOpAu. 3MiHA KyTa

aTaku y BUMAJKY PO3PaXyHKy MpodiI0 B HAOMMKEHI 10 €KpaHa 3/1HCHIOETHCS
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BIJIHOCHO LIEHTPA XOPJAM MO TOPU30HTAIl Ta MO IEHTPY Npodiiito Mo BepTUKAI, Y
BUIMAJIKY pO3paxyHKy npoduiro y Oe3MeKHOMY TNOTOLI 3MIHA KyTa aTaku

3IIACHIOETHCS 32 JOTIOMOTOF0 BCTAHOBJICHHS KOMITOHEHTIB BEKTOPA MIBUIKOCTI.

3.3 Po3paxyHkoBa ciTka

Citka — 1€ MeTOJ| MOJAaHHS MPOCTOPOBOI OOJACTI NUISXOM Ii MOJITY Ha
HEBEJIMKI JUCKPETHI elieMeHTH. SIK 3a3HaueHo B poOoTi [3], Takui MigXia MIHUPOKO
3aCTOCOBYEThCSI MpPU  PO3B’s3aHHI  AU(EpPEHUIAIbHUX  PIBHSAHb, MOOYIOBI
KOMIT' FOT€pHO1 rpadiku, a TaKOX y reolHPopMaIliiHUX cUcTeMax 1 KapTorpadiuHOMy
aHami3l.

CiTkoBa CTPYKTypa A03BOJISIE ATPOKCUMYBATH MOBEIIHKY (PI3MYHUX MPOIECIB Y
MOJIE1 3a I0TOMOT0I0 YHCEIbHUX METO/I1B, PO3B’SI3YIOUH PIBHSIHHS B MEKaX OKPEMUX
eJeMeHTIB. MeXl LHX €JEeMEHTIB MOXKYTh TOYHO BIJANOBIAATH T'€OMETPUYHUM a0o
¢$13uyHUM Mexam 00’ €KTa.

Y mpoueci BHU3HAYEHHS A€pPOJMHAMIYHUX XAapaKTEpUCTUK amapara 3
JUHAMIYHUM MPUHIMUIOM MIATPUMKH HaJl MMOBEPXHEIO OJIHUM 13 KIFOUOBHUX €TaMiB €
CTBOpPEHHS OOUYMCIIOBalbHOI CiTkM. Ha 1pboMy eTami reoMeTpuyHa MOJEIb
KOHCTPYKIIIi 3aMIHIOETHCS] HA CITKOBY CTPYKTYPY, III0 I03BOJISI€ BUKOHYBATH YHCEIbHE
MozemoBaHHsA. 1106 pe3ynpratu OyiauM KOPEKTHHMH, JO CITKM BHUCYBAaIOThCS IEBHI
BUMOTHU:

o 00uHcCIIOBaJIbHA CITKA Ma€ OyTH BUCOKOI SKOCTI;
e B 00yacTAX 3ITKHEHHS 3 TBEPJAUMH I[IOBEPXHSAMHM TMOTPiOHA TMiJBUIIECHA

IIIIBHICTD CITKH ISl TOYHOTO BIITBOPEHHS XapakTepy PO3MOALLY IIBUAKOCTEN

y IPUKOPAOHHOMY IIapi.

OCKUIBKH 4YHCENIbHE MOJCIIOBAHHSI OOTIKaHHS MepeadavyaeThCcsi MPOBOAUTH B
nporpamuomy cepenoBuilli ANSYS Fluent, came 10 1poro mnporpamMHoro
3a0€3MeUeHHs] 1 3aCTOCOBYIOTHCS BIJAMOBIHI KPUTEPli OIIHKKA SKOCTI CITKH.
OcHoBHUMU 3 HUX € [3, 10]:

1. Orthogonal Quality (opTOroHa/ibHa AKICTH)
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— BusHauae piBeHb HAOMMXXEHOCTI HOpMayiel TrpaHel 10 OPTOrOHAIBHOTO
pO3TalllyBaHHS.
— 3HaueHHs KoauBaeThes Bl 0 10 1; yuM Onmxye 10 1 — TUM Kpaia SKiCTb.
— MinimansHo pomyctume 3HaueHHs — 0.1; 3HauenHs Humxde 0.01 €
KPUTHYHUMU.
Skewness (CTyniHb IepeKocy)
— Iloka3zye reoMeTpuYHy BUKPUBIICHICTh €IEMEHTIB BITHOCHO 1/1ealibHOI (hOpMHU.
— 0 — imeanmpHMil enemeHT, | — MaKCHMaJbHO BUKPHUBICHHUII.
— PexomMeH10BaH1 3HaYEHHS:

o 10 0.25 — BHCOKa SKICTB;

o 0.25-0.5 — ponycrtuma;

o moHax 0.5 — HuU3bKAa SKICTh, SKA MOXE CHPUYMHUTH MpoOIeMU

3015KHOCTI.

. Aspect Ratio (ciBBiZHOIIeHHSI CTOPiH)
—  BuznHauae  BIJHOIIEHHS  JOBXHHU  JIO  BHUCOTH  €JIEMEHTIB.
— Y 6i1p1I0CTI BUNAAKIB CII1JT YHUKATH 3HA4Y€Hb, 110 NEpeBUIly0Th 5—10, 3a
BUHSITKOM IIapiB 3TYIIEHHS B IPUKOPOHHINA 001aCTI.
Cell Volume (00’eM KJIITUHKH)
— O0’eM eneMEHTIB HE IMOBUHEH OyTH HYJIbOBUM a00 HAATO MAaJIUM.
— Pi3ki 3MiHM 00’ €MIB MK CYMI>KHUMH OCEPEIKAMU CJIiJI YHUKATH, OCKLIIBKY 11€
3HUKY€E TOYHICTh PO3PAXYHKY.
Smoothness (IUIaBHICTH MepexoaiB)
— Ilepexing MiX eIeMEHTaMH PI3HOTO PO3MIpY NMOBHHEH OYTH IOCTYIIOBUM.
— Pizki 3MiHM pO3MIpIB MOXKYTh CHPUYMHUTU TMOTIPIIEHHS 301KHOCTI
PO3paxyHKYy.
Inflation Layers (muapu 3ryumeHHs)
— Y 30HI TBEpI01 MOBEPXHI MOBUHHI OyTH MPUCYTHI MPU3MATUYHI IIApH, 1110
B1100pakaroTh MPUKOPJAOHHUM 1Iap.
— Bucora mnepuioro mapy BHU3HAYAEThCA 3 YpaxXyBaHHSIM KpUTEpilO Y+

(manmpukinan, aist moaeni SST k-w: y+ < 1).
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3HaYeHHsI KPUTEPIiB SIKOCTI PO3PAXYHKOBOI CITKH, 3aJ0BOJIBHSIIOUOI BUMOTaM

ANSYS Fluent naBeneno y tabmnuin 3.2.

Tabnus 3.2. Kputepii sKocTi po3paxyHKOBOI CITKH, SIK1 3aJJ0BOJIBHSIIOTh

umoram ANSYS Fluent.

IMapamerp ciTkn OnrumajibHe 3HAYECHHS JomycTumi mexi
Orthogonal Quality binpme 0.3 0.1-1.0
Skewness (mepekic o 0.5 (Mmakcumym a0

Menme 0.25 _
€JIEMEHTIB) 0.85 B okpeMHX JIISHKAX)
5—10 gnst oCHOBHOT
Aspect Ratio _ o 1000 pu BUTATHYTHX
obmacri, 10 100 y _
(BiZHOILIEHHS CTOPiH) €JIEMEHTAX y3JI0BXK CTIHOK
MPUKOPJOHHUX IIIapax
006’em komipkmu (Cell [1naBHUIT epexia Mix
Volume) CYCIIHIMH €JIEMEHTAMHU
Smoothness (maaBHicTh | 3MiHA PO3MIPY €IEMEHTIB .
_ _ Ho 2 pasis
3MiH) He OuTbie HIXK y 1.2 pa3a
Ilapu 3rymenns
y=1 B mexax 0.3 -1.0

(Inflation, nas SST)

[Ticns 3aBepiienHs reHeparii citku B ANSYS Fluent ii sakicTb MoxHa
npoaHali3yBaTH UUISIXOM Tneperyisiny Qainy pesynbtaTiB  (out-paitimy) abo
0e3nocepeHbO Yy BIKHI MOCTOOPOOKH. J[JIsI KOXKHOTO KPUTEPIO, 110 XapaKTEpHU3ye
CITKOBY CTPYKTYypy (Hampuknan, Skewness, Orthogonal Quality TOMO), BUBOIUTHCS
HaWripuie 3HAYEHHs, JIOMOBHEHE OI[IHKOI pIBHA SKOCTi, SKa IO3HAYA€ThCS
Criel1aIbHUM MapKEPOM.

VY Fluent nependaueHo YOTUPUPIBHEBY CUCTEMY YMOBHOTO MapKyBaHHS, sKa
JO3BOJISIE IIIBHJKO OIIIHUTH TPUAATHICTh CITKA 10 TPOBEACHHS YHUCEIHLHOIO
MOJICTIOBAHHS:

1. Excellent (BinmiHHa SIKICTB)
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CiTKa MOBHICTIO BIAMOBIJa€ BUMOTraM MO0 TOYHOCTI Ta CTaOUIBHOCTI
po3paxyHky. He moTpedye 101aTKOBHUX 3MiH.
2. Fair (3agoBiibHA SKICTb)
3arasioM ciTka npuaaTHa sl MOJETIOBaHHS, MPOTE B OKPEMUX JIIISTHKAX
MOXYTh OyTH He3HayHl TOXHOKU. PeKoMeHIyeThCsi TEepeBIpUTH
npoOJieMH1 00JaCTI.
3. Poor (He3anoBinbHA SIKICTh)
Jlesiki 3 eJ1eMEHTIB CITKM MAarOTh MOTaHi T€OMETPHUYHI XapaKTEPUCTUKH,
[0 MOX€ BIUIMHYTH Ha TOYHICTh Ta 30DKHICTh po3paxyHKy. [loTpiOHE
JOOTPAIFOBAHHS.
4. Unacceptable (HenpuiiHsaTHa SIKICTb)
CiTka Ma€ KpUTUYHO HU3BKY SIKICTh 1 HE MIIXOJUTh I BAKOPUCTAHHS Y
cumyianii. [lorpiOHa cyTTeBa KOopekiis abo MOBHA T'eHepallisl 3aHOBO.
JlomaTkoBUM KpUTEpiEM, 110 BIUIMBA€ HA SKICTh PO3PAXyHKOBOI CITKH, €
O0e3po3MipHa TOBIIMHA TMEepHIoi  KOMIpKH, BigomMa sk Y+. Bona mnoka3zye
CIIBBIJTHOIIEHHS PO3MIPY MEPIIOro IIapy CITKH, pO3TAlllOBAaHOTO MOOJU3Y TBEPO1
MOBEPXHI, /10 JIOKATbHUX XapaKTEPUCTUK MOTOKY, TAKUX SIK IIBUJIKICTD 1 B’ SI3KICTb, L0
JI03BOJISIE€ OI[IHUTH, HACKUIbKY aJIEKBATHO CITKA OMUCY€E MPUKOPAOHHUI 1Iap.
OOuncnenHs Y+ 301HCHIOETHCSA HA OCHOBI CIIBBITHOMICHHS (P13UYHOT TOBIITUHU
Mepiioi KOMIpKU 10 XapaKTepPHOI TOBIIMHU MPUKOPIAOHHOTO IIAPY, SIKa 3MIHIOETHCS
3aJIeKHO Bij yucia PeliHonbaca. BuzHaueHHs BpaxoBye MapaMeTpu MOTOKY, TaKi K
IIBUJIKICTh, B’SI3KICTh Ta T'€OMETPUYHI PO3MIpH, 1100 OTpUMATH MICIIEBY TOBIIUHY
MIPUKOPJOHHOTO IIapy, BIIIHOCHO SIKO1 1 pO3paxoBYy€eThCsl Oe3po3MipHuil mapametp Y +.
[IpaBuibHe HanamTyBaHHs Y+ € BaXJIMBUM JUIsl aJIEKBATHOTO MOJIETIOBAHHS
PO3MOLTY HIBUJIKOCTI B MPUKOPJIOHHOMY IIapl, TOYHOT'O BpaxyBaHHS TypOyJIE€HTHUX
mpoIieciB OUIsI TMOBEPXHI, a TakoX I 3a0e3meueHHs CTaOlIbHOCTI Ta BHCOKOL
TOYHOCTI YHCEIBHUX PO3PAXYHKIB.
Busnauennss 0e3po3MipHOi TOBIIMHM MEPIIOrO IIAPy KOMIPOK MOKHA
BUKOHATH, 0a3ylOYUCh Ha 3aJIEKHOCTAX XapaKTEPUCTUK MPUKOPAOHHOTO IIapy Bif

3HaueHHd uyucia PeliHonbsaca:
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VoL
Re, = pT (3.12)

ne Voo — MIBUAKICTH BIILHOTO (HE30YpEHOI0) MOTOKY;
L — xapaktepHuil reOMETpUUHUN pO3MID;
L — JUHAMIYHUI KOe()IIlieHT B’ SA3KOCTI.

MicueBuii koedilieHT TEPTS PO3PaXOBYETHCS 3a (POPMYIIOLO:

1

¢, = 0.025-Re,’ (3.13)
abo
pUZ Ur\*
o =2 m=2 <K> (3.14)

Jie X — MOTOYHA KoopAuHaTa ado ToUKa, B sIKiii BU3HAYAETHCS YnciIo PeliHombaca.

Bucota nepiioi koMmipku IpUKOPAOHHOTO IIAPY PO3PAXOBYETHCS 32 POPMYIIOIO:

Ay = —2—— (3.15)

bepyun no yBaru ¢gopmyny (3.14), MOKHa BUBECTH HACTynHY (hopmyJis i

3HaYeHHT Y+

Ay = Ay* - ié (3.16)

Hageneny ¢gopmyny mist obuncineHHss Y+ ciif BBaXaTH HAOIMKEHOIO, TOMY
(akTUYHE 3HAYEHHS LILOTO MapamMeTpa 00OB’SI3KOBO MOTPIOHO MEPEBIPATU Y MOJYIII

Results, 1110 BUKOpUCTOBYETHCS AJIA aHAJI3Y PE3YJIbTATIB YHCEIBHOIO MOAEIIIOBAHHS.
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IcHye Tpu OCHOBHI THUNH PO3PAaXyHKOBUX CITOK, II0O BUKOPUCTOBYIOTHCS B
YUCEJIBHOMY MOJICIIOBAHHI: CTPYKTYPOBaHi, HECTPYKTYPOBaHi Ta riOpuaHi CiTKH
[4].

CrpykrypoBana citka (puc. 3.4) BIOPI3HIETHCA  BIOPSIKOBAHUM
pO3TalllyBaHHSIM OCEpEKIB 13 (PIKCOBAHOIO TOIOJOTIEI0 3’€IHAHHS. Y JIBOBUMIPHUX
3alayax 3a3BUYail 3aCTOCOBYIOTHCS YOTHPUKYTHI €JIEMEHTH, y TPUBUMIPHUX —
mecTurpanHi. Taka ciTka 3a0e3nedye e(eKTUBHE BUKOPUCTAHHS IIaM’ STl Ta CIIPOILLY€E
O0OYUCITIOBATIbHI aJITOPUTMHU.

Jlo KJIF0UOBHX IepeBar CTPyKTYpPOBAHOI CITKM MOYKHA BIJTHECTH:
e BHMCOKY TOYHICTb IpH (PIKCOBaHIN KUIBKOCTI €JIEMEHTIB;
¢ Kpally 301KHICTh YHCEIbHUX METO/IIB,;

e peryjsipHy r€OMETpII0, 110 CIPHsIE ONTUMI3ZALT PO3PAXyHKIB.

Pucynoxk 3.4. CtpykTypoBaHa ciTKa

HecTtpykrypoBana citka (puc. 3.5) BiApI3HSA€TbCS THM, IO 1i €JIEMEHTHU
3’€/lHaHl 3a HEMOCTIMHOI, HEPETYJSIPHOI CXEMOIO, II0 HE MiIJIA€ThCsl MPOCTOMY
IIPEACTABICHHIO Y BUIVIAAI CTaHAAPTHHUX JBO- UM TPUBUMIPHUX MACHBIB y IaM ATi
KOMIT FOTEpA.

Take po3ramryBaHHs 3a0e3nedyye MaKCHMAaJbHY cB00OAy y BHOOpI THHIB

eJIeMeHTIB, IKI MOXXYTh OyTH BUKOPHCTaHI BIAMOBIAHO 10 MOXKJIMBOCTEW OOpaHOIO
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MPOTPAMHOTO PO3B’si3yBada. 3aBASKH I[IbOMY HECTPYKTYpOBaH1 CITKHM OCOOJIMBO
e(eKTHBHI1 JJI CKJIaTHUX a00 HEPIBHOMIPHUX F€OMETPUYHUX 00IacTe.

Haituacrime y 2D-mMo1enX BUKOPUCTOBYIOTHCS €IEMEHTH TPUKYTHOT (popMH, a
B 3D — TeTpaeapuuHi ocepeliku, M0 JI03BOJISIE TOYHO aJanTyBaTH CITKY 10 GOpMU

00'ekTa MOJEMIOBAHHS.

Pucynok 3.5. HectpykTypoBaHa ciTka

I'iopuana citrka — e KoMmOlHaIis CTPYKTYpPOBAaHUX 1 HECTPYKTYPOBAHHUX
€JIEMEHTIB, AKa JJO3BOJISIE aJalITyBaTH CITKOBY CTPYKTYPY 10 OCOOJIMBOCTEN Fr€OMETPIi.
VY ginsHKax 3 TOPOCTOI, pPEryJsipHOI (OPMOIO JOIIILHO BUKOPHUCTOBYBATH
CTPYKTYpOBaH1 CITKM, TOIl SK [Js CKIQJHUX a0o0 HeperyisipHuX oobyacteit
3aCTOCOBYIOThCSI HECTPYKTYpoBaHi CiTkH. [Ipu 1boMy CITKOBI OJIOKH MOXYTh OyTH
HEKOH(OPMHUMU, TOOTO iXH1 MEK1 HE 3000B’13aH1 TOUHO 30iratrucs abo MoeTHyBATHUCS
OJIMH 3 OJHUM.

B naniii po0oTi Oyi0 3acTOCOBaHO:
® y BUIAJKY pPO3paxyHKY NpoQLI0 B 0€3MEKHOMY MOTOLl CTPYKTYpOBaHa CiTKa,

NOTrpaHUYHUI 11ap OyB peanizoBaHUi 3a 1onoMororw GyHKuii Sizing 3

napameTpoM 3ryuieHHs (Puc 3.6, a), kiapkicTh By3miB 183 350 (KiIbKICTh

enemenTiB 182 500);

® y BUIAJKY PO3paxyHKy NpoQuIt0 3 HAOIMKEHHSIM J0 €KpaHa

BUKOpPHUCTOBYBajJach riOpuaHa ciTka, B HaOJIMKEHHI 0 MpoQLI0 o0y 10BaHa
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CTPYKTYpOBaHa CiTKa 3a JOIMOMOIor0 (yHKUIT Sizing 3 mapaMeTpoM 3TyLIeHHS,
a B OUIBIIIN YaCTHHI pO3paxyHKOBOI 001acTi MOOY/I0BaHAa HE CTPYKTYpOBaHA
citka (Puc 3.6, 6), KibKICTh BY3iB Bij 227 263 110 232 586 (KUJIbKICTD
enemeHTiB Bia 319 373 no 330 030).

0.000 0100 0.200(m)
I 20 a0 )

6)
Pucynok 3.6. Burnsia citku a1 a) po3paxyHKy npogiisi B 0e3MeKHOMY MOTOII],

0) po3paxyHKy npodisis 3 HAOIMKEHHSIM 10 €KpaHy

TakuM YUHOM pO3paxyHKHU NPOBOAMINCS JUIS 3a3HAYEHHUX CITOK JUIsSl MPOQLITIO

KpuJia B HEOOMEXKEHOMY IMOTOII1, Ta JUIsl TPO(II0 Kpuiia B HAOJIMKEH1 10 3eMITi.

3.5 Moaeanb TypOyJIEHTHOCTI
ITi7 yac YrCceabHOr0 MOAEIIOBAHHS OJIHIEIO 3 OCHOBHHX IIPOOJIEM 3aIMILAETHCS

MpaBUJIbHE BpaxyBaHHS TypOyJEHTHOCTI. I[CHyrodl MIIAXOAM A0 MOJEIIOBAHHS
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TypOyJICHTHUX T€4ill YMOBHO MOJUISIOTHCS HAa TPU OCHOBHI rpymnu. llepma — 1e
METO/H, 110 0a3yroTbes Ha piBHAHHAX Hap’e—Crokca, ocepeanenux 3a PeitHonabacom
(RANS). Jlpyra rpyna oXOIUTIO€ KJIaCHYH1 METOIUKU: MPSME YUCEIIbHE MOJIETIOBAHHSI
(DNS) ta mogentoBanus Benukux BuxopiB (LES). Tpets kaTeropis Bkitouae riopuiHi
Moeni, ikl moeAHy0Th ocoonuBocTi RANS 1 LES nns 3acTocyBaHHS B pI3HUX 30HAX
MOoTOKYy [12].

OckunbKH AJIs 3a]1a4, MOB’A3aHUX 13 BUBYEHHSAM €KPAaHHOTO €(EeKTy, HE ICHYE
€IVMHOTO MIiAXO0MY 10 BUOOPY MOedl TypOyJIeHTHOCTI, OyJO MPOBEAEHO JT0JaTKOBE
MOJIETIOBaHHS 3 METOI0 BUBHAUYCHHS HaOUIbIII MPUATHOTO BapiaHTa. ¥ X0O/i aHali3y

Oynu npoTtecToBaH1 Taki Moaeni: Spalart—Allmaras, k- SST, a Takox moxaenb SST.

Mopeas TypOyJenTtHocTi Spalart-Allmaras. Mogens TypOyJaeHTHOCTI
Spalart-Allmaras 3acHOBaHa Ha OTHOMY PIBHSIHHI IEPEHECEHHS ISl BEIMUUHU V, KA
€KBIBAJICHTHA TypOYyJIEHTHOT B'SI3KOCT1 V; BJAJIUHI Bl CTIHKU. PIBHSIHHS IEpeHECEHHS
OyJIO OTPUMAHO €MITIPUYHUM IUIAXOM, IMIPU I[bOMY HEXTYIOUHM YMOBaMH JIaMIHAPHO-
TypOYJIEHTHOTO MEPEX0/ly Ta OCHOBHOIO METOI CTAaBWJIOCS BIATBOPEHHS MOTOKIB 31
CKJIQTHICTIO 1110 HapocTae [2, 5]:

DV v

5 2
o¢ = 015V = Cwafu (ﬁ) + i [div([V + vlgradV) + cp,gradv - gradv] + Vs,

(3.17)

1e d — B1JICTaHb J10 HAMOJIMKUYOI CTIHKH, T, Cp1 Ta Cp, — CTAHJIAPTHI KOHCTAHTH MOJIET1
Spalart-Allmaras. Monenb TypOyJI€HTHOCTI HajalITOBaHA TaKUM YUHOM, IO fK
noOaKn3y TBEpAOi CTIHKM, TaK 1 3a TPAHUISIMU B'sI3KO1 00JacTi, BOHA BIHCYETHCS B

norapudmiuyny o0JaacTh, TOOTO:

V=ukd, § == (3.18)
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ne k — xoncranta Kapmana. TypOyneHTHa B'S3KICTh V; TOB's3aHa 31 3MIHHOIO

MEPEHECEHHS V BIIHOIICHHSIMHU:

- x3
Vi=fuV, fri === X=

3
X +Cv1

< I

(3.19)

ou .
Ta 3 BaBI/IXpeHHHM S (HKC 3BOAUTHCA 10 |$| B TOHKHUX CABHUI'OBHUX TGLIIHX)

B1HOIIICHHSIM [6]:

~ v X
S=S+gapfe fon=1-1 (3.20)

Hapemrri, f,, € byHKIiero KoedimieHTa

<X

ﬁ
1]
R

e (3.21)

Ta T OOPIBHIOIOTH OIUHUII morapudmiuaomy 1mapl. PiBasuaus (3.17
w p y p y p

3HaXOJIUTHCS Yy PIBHOBA31, 3a0€3MEUYEHOI0 CIIBBIIHOLIECHHSM [2, 5]:

Cuy = 222 4 02 (3.22)

g

Takox, y 6a30By monenb TypOynaeHTHOCTI Spalart-Allmaras niisi BpaxyBaHHS
CTUCIMBOCTI CepeloBHINAa Yy piBHSAHHI mnepeHocy (3.17) Moxe OyTH BBEACHO

JTOJAaTKOBUM TOaHOK [S]:

e C5 = 3.5.
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Mogaeanb TypOyenTHocTi k-g. Y 1960-x pokax Oynu po3po0iieHi nepiii
Moienl TypOyJIeHTHOT B’ I3KOCTI, 1[0 IPYHTYBAJIUCS HA KOHLEMIIIT TaK 3BaHOL
«BUXPOBOI B’SI3KOCT1». BOHU Hanexanu 10 anreOpaidyHuX MiAX0iB 1 BKIIOYAIN K
OJIHO-, TaK 1 IBO-pI1BHSIHHI MoJieni [3, 4, 7]. JIBo-piBHSIHHI MOjieni Oa3yBanucs Ha
B32€MO3B 513Ky MK TYpOYJIEHTHOIO B’ SI3KICTIO, TypOYJIEHTHOIO KIHETUYHOIO €HEPTIEI0
k Ta mBuaKicTIO 11 AMCUNALI €.

{1 miaxoauM MBUAKO 3100YyJM HOMYJSPHICTH 1 3 YACOM CTaJId OCHOBOKO IS
6araTbOX Cyd4acHHX Mojeleil TypOyjleHTHocTi. IX KimrodoBa 0COOIMBICT —
OpIi€HTAIlisl HA YCePETHEeH] XapaKTEPUCTUKHU MOTOKY, 110 JI03BOJISIE OOIMTH CKIIQHICTh
onucy ApiOHOMAacHITaOHMX Ta IIBUAKOIUIMHHHUX TYpOYJEHTHUX CTPYKTyp. B Takux
MoJensX eheKTU TypOyJIEHTHOCTI OI[IHIOIOTHCSI HA OCHOBI CepeJIHIX (yCepeIHEHUX 3a
4acoM) 3HaY€Hb IIBUJKOCTI Ta TUCKY.

[Tepuioro MaciiTaOHOIO peanizalielo [bOro MIAXOAY B OOYUCITIOBAILHIN
riApoAMHAMILI CTana Moodenb k-¢, sika JO3BOJISIE BU3HAYATU TYypOYJEHTHY KIHETUYHY

EHEPrito, BUXOA4U 3 PIYKTyallid MBUAKOCTI B TPUBUMIPHOMY MPOCTOPI:
1 E— _ _
k=2 W'? +v'2 +w'?) (3.24)

Tob6to k — nomarkoBa TypOyJ€HTHA €HEPrisl, sIka BAHUKAE BHACII1IOK
KOJIMBaHHA yacy TypOyJeHTHUX pyXiB. TypOyJleHTHY KIHETUUHY €HEPIIIO

CYHpOBOJIXKY€E TypOyJIeHTHA AUCHUTIALIIS €, IKY MOXKHA pO3paxXyBaTH SIK

€= (3.25)

JUTsl IOTOKIB y TpyOax aiametrpom D [8].
3B’30K KIHETUYHOT €Heprii TypOyJIeHTHOCTI Ta TypOyJIeHTHOI Aucunaiii Oye
3a0€e3Me4eHo 3a pIBHSIHHAMU pyXy. [1o CyTi, OCHOBHUMU PIBHAHHIMU PYXY €

30epeKEeHHs MacH, sIKa 3a CTalllOHAPHUX YMOB:
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6ul~

ox, 0 (3.26)

30epeKEeHHS IMITYJIbCY, 3alUCAHE Y BUTJISI/L:
p(wil) = — 2+ =+ u)5l,j =123, (3:27)

1 pIBHSIHHS 3aMUKaHHS JIJ1s1 TYpOYJI€HTHOCTI:
o (%) = P+ Py —pe + = [(u ;’f] (3.28)

p (%) = [+ E|+ (Pt CP) - Cp (329)
TypOyneHTHa B'A3KICTh pO3pax0OBYEThCS 3
Up = pC — (3.30)
Pk — e TypOysieHTHa KiHETUYHA €HEpPris BiJ BUAKOCTI Aedopmallii 3cyBy, a Pb —

TypOyJIEHTHA KIHETUYHA €Heprisl BHACHIOK e(eKTiB 1aBydocTi. TypOyneHTHY

KIHETUYHY €HEPTi0 OTPUMYIOTh 3 YCEPEAHEHOIO 3a 4aCOM IOJI LIBUIKOCTEH 3:

C Ous .
P, = u (a—” + a—’;f) o _ Z”" (But 2k + pk) (3.31)

an ax]'

Mopeas TypOyJjaeHTHOCTI k-0. X0ua Mozens k-¢ 3apekoMeHayBaia cede sk
e(PEeKTUBHUI IHCTPYMEHT Yy YHCEJIbHOMY MOJIETIOBaHH1 TYpOYJE€HTHUX Teulid, BOHA HE

no30aBieHa NEBHUX HeAoiKiB. Haiikpanii pe3yapTaTé BOHA IEMOHCTPYE Y BIIBHOMY



85

MOTOIIi, HAa 3HAYHIH BIJICTaH1 BiJ] TBEPJUX MOBEPXOHb. [IpoTe ii TOUHICTH CYTTEBO
3HMIKYETHCS TOOJIU3Y CTIHOK, OCOOJIMBO Yy BUIAJKaX, KOJIH JIOKAJbHE YHCIIO
PeitHonbaca € HU3bKHUM.

VY 1poMy KOHTEKCTI i urcioM PeitHonbica MaeThCs Ha yBasi He 3arajbHe, 110
0a3yeTbCsl HA TEOMETPUUHMX PO3Mipax (HaNpuKiIad, MIaMeTp TPyOu UM JOBXKHHA
IJJACTUHU), a JOKaJbHE 4KciIo PeliHONb/CA, SKE 3MEHIIYEThCS MPU HAOJIMKEHHI 10
CTIHKH 4Yepe3 A110 TPaHUYHO1 YMOBH B1JICYTHOCTI KOB3aHHSI.

BaxinBuM eTanom y BJOCKOHAJEHHI TYpOYJIEHTHOTO MOJEIIOBaHHS CTajo
BOpOBa/DKeHHS Moaedi k-o. VYV miii Momeni 3aMicTh PIBHSHHS JJI JUCHIAIIT €
BUKOPHUCTOBYETHCS PIBHSHHS JUIsl MUTOMOI IIBUIKOCTI PO3CIIOBAaHHS TypOyJIEHTHOT
eHeprii o [3, 9]. Takuii miaxiJ 3HaYHO MOKPAIIUB 3JJaTHICTh MOJI€JI1 TOYHO OMUCYBAaTH
MPUKOPJIOHHI IIapu Ta 30HU 3 HUBBKUM piBHEM TypOyneHTHOCTI. [loHOBIEHH1

piBHHHHH MAarOTb BUIJIAA:

d(uik) dk
ToZ = Py + pPy — pPek + 7= [( ax] (3.32)
a(u; a )
pZoi = (i +£2) 22| + 22 P - Bpw? (3.33)

TypOyneHTHa B'SI3KICTh PO3PaXOBYETHCS SIK:

pe=py (3.34)

Mopeas TypOyaenTHocTi SST (Mmoxens MenTepa). OCKUIbKY KOXKHA 3
Mojenel — k-¢ Ta k- — Mae siK nepeBaru, Tak 1 He1oJiku, 0yJji0 po3po0JIeHO HOBY
KOMO1HOBaHY MOJI€JIb, SIKa JIO3BOJISE MOEIHATH iX CUIIbHI cTopoHH [3, 10]. Leit
BJIOCKOHAJICHUH MIJX1] OTPUMAaB Ha3By MOJAeJb IePeHOCY 3CYBHUX Hanpyx eHb (SST
— Shear Stress Transport).

Mogens SST 3abe3rneuye rHy4YKe MOEAHAHHS JBOX MIAXOMIB: Y TPUKOPAOHHUX

00J1acTsIX MOTOKY BOHA MpAIlO€ Ha OCHOB1 Moieni k-, sika Kpalie BpaxoBYy€e MOBEIIHKY
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no0OJM3y CTIHKHM, a Y BIJAJIaJIEHUX BIJ CTIHKM pPErioHax IMOCTYNOBO MEPEXOIUThH 0
Mozeni k-g, o € e(PEeKTUBHILION /Il OITUCY OCHOBHOTO MOTOKY.

VY 1poMy MiAXO01 PIBHSHHS U1l pO3paxyHKy Aucumauii TypOyJIeHTHOI eHeprii
TpaHchopmyeTbest y (HOpMy 3 BUKOPUCTAHHSM MUTOMOI IIBUAKOCTI JAUCHIIAII] .
OcHOBHI piBHSIHHS 1€l Mojenl (GOopMati3yloTh MOBEIIHKY TYpOYJIEHTHOTO MOTOKY 3

ypaxyBaHHSAM LIUX OCOOIMBOCTEM:

f’(ﬁ;_l;ziw)z a3%Pk—ﬁ’2pa)2+%[(M+S—L)Z—Z]+2(1—F1) ﬁa%ig—: (3.36)
1 TypOyJIEHTHA B'I3KICTh BUBHAYAETHCS TaK:
yp— (3.37)

max(aw,SF,)

Sk 1 B momepenHix miaxogax, Pk mpencramisie reHepaiiio TypOyJIeHTHOT
KIHETUYHO1 €Heprii, TOAl SK © XapaKTEepu3ye€ MNUTOMUN piBEHb JUCHIIAILI]
TypOynentHocTi. TypOynenTHi uucna [Ipanaris, no3HadeHi K G, BIANOBIAAIOTH 3a
TPAHCIIOPTYBAHHS BIJMOBIIHUX 3MIHHHUX 1 BUBHAYAIOTHCS 1HAEKCAMU y (opMyJiax.

3mimyBasibHa PyHKIIsA F1 BUKOHYyE KIHOYOBY poOJIb y TUIABHOMY NEPEMUKAHHI
MDXK JJBOMa peKUMaMH MOJIETI1: BOHA aKTUBYE MOJIEIb k- y IPUTIOBEPXHEBIH 30H1, a B
OCHOBHOMY TNOTOLI 3abe3nedye mnepexia 10 pexuMy k-¢. KommoneHnta S onucye
IIBUJIKICTh 3CYBHOI1 AedopmMallii, 1110 BILUIMBAE HA IHTEHCUBHICTh TYPOYJIEHTHOCTI.

Xoua monens SST 3a3Buuail po3po0iieHa s NOBHICTIO TypOyJIEHTHUX TEYiH,
MPaKTUYHI Pe3yJbTaTH CBIAYATh MPO ii yHIBEPCAIbHICTh, 30KpEMa 3/IaTHICTh TOYHO

MOJIETIOBATH SIK JIaMiHApHI1, TaK 1 MEPeXiJIHI peKUMH TOTOKy [11].

Pe3yabTaTu nopiBHSIHb MoJeJIel TYpOyJI€HTHOCTI.



87

B pesynbTaTi AOCTIIKEHHS MOieNiel TypOyJIeHTHOCTI AJis pouUTio Kpuia
Clark-YHI12 sxuit pyxaerbcsi B 6€3MeXHOMY MOTOI 31 IIBUAKICTIO 16,5 M/c OyIio
OoTpUMaHoO rpadiku 3a1eXHOCT1 KOedIIi€HTIB JIOOOBOTO OMOPY Ta MIAHOMHOI CUIIU
3aJIEKHO BiJ KyTa aTakd, Bif -4 10 10 rpamyciB KyTH aTaku siKi po3risaanucs (puc.
3.7 ta puc. 3.8).

Pekomenpmamii moao BHOOpY Mojenl TypOYyJIEHTHOCTI MiJi 4ac BHUBYEHHS
ekpaHHOro e(exTy Ha pasi He mae. [TopiBHsIIbHUE aHani3 Moaenent k-w SST, Spalart-
Allmaras, Ta mogens SST, siki HaillyacTillie BAKOPUCTOBYIOTHCS B JIITEPATYPl BUKOHAHO
y npatii [ 12] mis aepoaumnamiunoro npodiato S814 B HeoOMexkHoMy noTolli. OTpumani
pe3yibTaTh TMoKa3alu, o Mojaenb Spalart-Allmaras kpaiie mnokazana cebe 3a
HEBEJIMKUX KYTIB ataku, k- SST mokaszana Kpaie pe3yJbTaTh NpH BUIIUX KyTax
aTakKH.

B 3apmaui siky po3riasiHyTo B Ii poOOTI 3aBAaHHS YCKJIAJHEHO TUM IO MOJIT
Bi10yBaeThCcs B oOMexkeHoMy motoii. Hampukmnaag B poGoti [13] mist po3paxyHKy
eKpaHHOTO edekTy OyJl0 BHUKOPUCTAHO Mojnelb k-¢, B mpami [13] moOpe cebe
3apexkoMeHIyBana cebe moxaenb k- SST, aBTopu B poOoTi [14] CTBEpAXKYIOTh, 110
po3paxyHku 3 Mojeiunto SS7T € HaWOIMKYMMU 10 €KCIEPUMEHTIB 3 BU3HAUYCHHS
KoedimieHTa MANOMHOI CUIM, mpote Monem Spalart-Allmaras ta k- SST xpami

MOPIBHSIHO 31 CTAHJIAPTHOIO MOJIEIUTIO K- y pO3paxyHKy CHIIH OIOPY.

== Spalart-Almaras == k-omega SST SST == LIATI

1,00
0,75

0,50

Cl

0,25

0,00 =

-0,25

AoA [deg]
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Pucynok 3.7. I'padik nopiBHsSHHS KoedilieHTa MIJHOMHOI CUJIU 3aJIEKHO B KyTa

aTaky Ta MOJieJl TypOyJIEHTHOCTI
== Spalart-Almaras == k-omega SST SST == LIATI
0,100
0,075

0,050

Cd

0,025

0,000
-4

AoA [deg]

Pucynok 3.8. I'padik nopiBHsHHA KoedillieHTa JIOOOBOTO OMOPY 3aJIEKHO Bl KyTa

aTaky Ta MOJieNl TypOyJIEHTHOCTI

VY pesynbTari ompalfoBaHHS HAyKOBO-TE€XHIYHOI JIITEpaTypH, a TaKOX MICIs
MPOBEJEHHST Ccepii TECTOBUX UMCEIbHUX EKCIEPUMEHTIB, OyJlo 3AiiiCHEeHO
NOPIBHSUIBHUM aHaji3 pIi3HUX Mojeleld TypOyJIeHTHOCTI 3 METOK BU3HAYEHHS
HaWOUTbII TPUIATHOI JUIsi MOJCNIIOBAaHHS OOTIKaHHS amapara MoOJu3y TBepaol
noBepxHi. Oco0IuBY yBary mpUAUIEHO 3JaTHOCTI MOJieNel BijoOpaxaTu MOBEAIHKY
MOTOKY B NPUKOPAOHHOMY Ilapi, OMHCYBaTH SIBUIA BIAPUBY, MEPETIKAHHS Ta
MOBTOPHOTO MPUJIUIIAHHS MOTOKY /10 TOBEPXHI.

Cepen po3riisiHyTHX BapiaHTiB caMe Mojienb TypOyneHTHocTi SST (Shear Stress
Transport) TpOJEMOHCTpyBalla HaWKpallle MO€IHAHHS TOYHOCTI, CTIHKOCTI
pPO3paxyHKIB Ta 3JaTHOCTI /10 afanTallii B yMOBax sIK JaMIHapHOi, TaK 1 TypOyJEeHTHOT
Teuli. 3aBASKU CBOiMl TIOpUAHIN OPUPOII, SKa MOENHYE mepeBard mojenei k—o
noOiKn3y CTIHOK Ta k—¢ y BIIbHOMY MOTOIIl, BOHA 3a0e3neuye HalliHe BITOOpaKEHHS
peasbHOi CTPYKTYpU Tedii B KPUTHYHUX 30HAX, TaKUX SK BIIPUBU Ta 30HU

MPUCKOPEHHSI TIOTOKY.
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3 ornsiy Ha HaBEACHI MepeBaru, a TaKOX MO3UTHUBHI PE3YJbTATH MOMEPEIHIX
po3paxyHkiB, Mojenb SST Oyna oOpaHa s YKUCENBHOTO MOJEIIOBaHHS, IO

BUKOHYBAJIOCS] B M€XaX JJaHO1 pOOOTH.

3.4 IloyaTkoBIi Ta rPAHMYHI YMOBH

[lin 4ac mpoBeAEHHS YUCEIBHOTO MOJEIIOBaHHA Oynu 3a7aHl BiAMOBIJIHI
IrPaHUYHI YMOBH, SIKI BIJMOBI/IalOTh peajbHUM (DI3UYHUM YMOBaAM 3ajadi OOTIKaHHS
amapara mooyn3y TBEpJ0i HOBEPXHI.

Ha BxizHOMy KOHTYpi oOuncmoBanbHOi o6nacti (Inlet) Oyno 3agano nocriiine
3HAQYeHHS MIBUJKOCTI MOTOKY — 16,5 wm/c, mpu Temmeparypi HaBKOJMIIHbOTO
cepemoBumma 12 °C. Taka mnoCTaHOBKAa JO3BOJIS€E 3MOJCIIOBATH CTAOUTHBHUM
HaOlirarounii motik mnoBiTpss. Ha BuximHomy kopmaoni (Outlet) BcTraHoBieHa ymoBa
MOCTIHHOTO TUCKY, 1110 3a0e3meuye 0e3MnepenIkoJHUNi BIATIK MOBITPS 3 PO3PAXyHKOBOT
obJacti 0e3 CHOTBOPEHB Y PO3MO/ILIIl TapaMETPIB MOTOKY.

BepxHio Mexy o0nacTi 3a/laHO SIK CUMETPUYHY, L0 JO3BOJISIE MOJEIIOBATH
YMOBH HaOJUXKEHOTO 10 HEOOMEKEHOro mpoctopy. HuxkHIO Mexy, sika BpaxoBYe
HasiBHICTh TBEPJIO01 M1ICTUJILHOI TOBEPXHI (€KpaHa), TAKOXK 3aJaHO0 3 YMOBOIO CUMETPIi.
Ile nae 3Mory BpaxoByBaTH epeKT ekpaHy (rpayHia-epeKT), ikuil 3MIHIOE CTPYKTYpY
MOTOKY TI1J] arapaToM, 10 0COOJIMBO BaXJIMBO HA MaJIUX BUCOTAX HaJl 3€MJICIO.

JUis MonentoBaHHs TypOyJeHTHOCTI Oyno Bukopuctano mozaenb SST (Shear
Stress Transport), sika epeKTUBHO MOEIHY€E TOUHICTh MOieN1 k—® mo0a13y MOBEpXOHb
1 cTallIbHICT, MoOAeNl k—€ y 30BHIIIHIX IMapax noToky. lle 3a0e3medye BUCOKY
JIOCTOBIPHICTb PE3YyJIbTATIB AK y PEKUMI JaMIHAPHOI TeUli, TaK 1 MiJ] 4ac Mepexoay 10
TypOyJI€HTHOTO pexxumy. Taka MoAeNb J03BOJISIE€ BUSBIISITH JOKaJIbHI HECTAOITLHOCTI
MOTOKY, BUXOPHU Ta 30HU BIJPUBY, L0 MAIOTh BAXKIIMBE 3HAUYECHHS JUIS JOCIIIKCHHS
o0TiKkaHHs 00'€KTa B yMOBaX 0OMEXKEHOI0 MPOCTOPY.

Takum 4yKMHOM, MOE€IHAHHS BIAMOBIIHO 33JaHUX T'PAHUYHUX YMOB 1 BUOpaHOl
TypOyJI€HTHOI MOJIEl AO3BOJISIE 3 BUCOKOIO TOYHICTIO BIATBOPUTU YMOBU OOTIKaHHS
anmapata 3 JIWHAMIYHUM TPUHIIMIOM MIATPUMKUA HaJ TOBEPXHEI0 Ta JOCIIAUTH

0COOJIMBOCTI B3a€MO/I11 IOTOKY 3 TEOMETPIEI0 00'€KTA.
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3.6 Pesyabratn CFD MoaenoBaHHs

B pesynprari 00UMCIIOBANbHUX EKCHEPUMEHTIB OyJIO OTPUMAaHO KapTHHY
obtikanns npoduto Clark-YH12 qyis 6e3MexkHOro noToky, Ta B HAOJIMKEH1 10 eKpaHa
IUISL PI3HUX KYTIB aTaku. Pe3ynbTaT po3paxyHKy y BUIJISIIL TIOJIIB IIBUAKOCTI T TUCKY
HaBKOJIO MPOoQUIIO 10 pyXaeThes 31 MBUAKICTIO 16,5 M/c Ha BiacTani h = 0,1 M Haf

IIOBCPXHCIO B 3aJI€KHOCTI BiI[ KYTYy aTaKHW HaABCJICHO HUXKXYC.

0)
Pucynok 3.9. ITons mBuakocti AoA 2: a) npoduib B 0€3MeKHOMY MOTOII, 0)

npodiab 3 HAOIMKEHHSIM JI0 eKpaHa

Ha puc. 3.9 npencraBiieHO pe3ysbTaTH YUCEILHOIO MOJIEIIOBAHHS OOTIKaHHS
aepoIMHAMIYHOTO TPOQLII0 B ABOX BIAMIHHMX KOH(ITYypallisiX: MpU po3TallyBaHHI y
BIIKpUTOMY (0€3MEKHOMY) MOTOILIl Ta 32 YMOB OJIM3bKOr0 pO3MILIEHHS O TBEPAOTO
€KpaHa, SIKU MOJIETIO€ HAsIBHICTh 36MHOT MOBEPXH1 200 1HINOI MITOCKOI MEePEIIKO/IH.

VY nepuiomy Bunaaky (puc 3.9, a) npodiiab po3MilIeHO Yy BUIbHOMY MOTOII1, 1110

HE 3a3HA€ BIUIMBY CTOPOHHIX MeX. OOTIKaHHA XapaKTEPU3Y€EThbCS CUMETPUYHOIO
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CTPYKTYpOIO TMOTOKY 3 BHUPaXEHUM TMPUCKOPEHHSIM HaJl BEPXHHOIO YACTUHOIO
npodiIto, MO CBIAYUTH MPO 3HIKEHHS THUCKY Ta (QOpMyBaHHS MiAMOMHOI CHIIH.
[ToBiTpstHUN TOTIK 3aJMIIAETHCS MPUKPIMUICHUM 10 MOBEPXOHb MpoduI0 mo BCid
JOBXKHHI, BIICYTHI O3HaKU BIAPUBY YU TypOYJIEHTHOCTI, 1110 BKa3y€ Ha CTAOUIbHUI Ta
e(hekTUBHUIN aepoAuHaMIUHUI pexuM. Po3moain mBUIKOCTEH MIATBEPIXKYE POOOTY
npodiI0 y MITATHOMY, ONITUMATIEHOMY PEXHUMI.

Ha (puc 3.9, 0) npodins po3zramoBanuii y Oe3nocepe/iHiii OIM3bKOCTI 10
TBEP/IOi MOBEPXHi, MO Mojaentoe edext "exkpanyBanHs". Y Takiil koH(Irypari
MOMITHO 3MIHIOETBCS XapakTep OOTiKaHHS: MiJ npoduieM (PIKCYeTbCs MiBUILICHHS
THUCKY, @ HaJl BEPXHHOIO MOBEPXHEIO CIIOCTEPIraeThCsl PO3BUTOK 00JIACTI 3HUKEHUX
IIBUJIKOCTEN 1 SIBHE YTBOPEHHS 30HU BiAPUBY NOTOKYy. DOpMyeThCcs cuUcTeMa
PELUPKYIALINHUX Ta BUXPOBUX CTPYKTYP, IO CBIIYUTH MPO HACTAHHS 3BAJFOBAHHS
abo Moro mnepenyMoBH. Taka TOBEIIHKA € THUIOBOK JJISI PEXKUMIB, Yy SKUX
aepoJMHaMIYHE HAaBaHTAXKCHHS 3HAYHO 3MIHIOETHCS II1JI BILIUBOM OJIM3BKOI TBEPOi
MTOBEPXHI.

[TopiBHsUIbHUM aHami3 000X PEXKHUMIB JIEMOHCTPYE MPHUHIUIIOBY PI3HULIO B
CTPYKTYpl MOTOKY Ta B aepoJUHaMiyHIA e(deKTUBHOCTI Mpodinto. Y O0e3MeKHOMY
MOTOII1 3a0€3Meuy€eThCs MPOTHO30BAHUM PO3MOALT TUCKIB 1 IBUAKOCTEN, XapaKTEpHUI
IUIsL YMOB KpencepchKoro nojboTy. HaToMicTh y HaONMKEHHI 40 €KpaHa BUHUKAIOTh
JOAATKOBI aepoAuHaMiuH1 e(PEKTH, 1110 MAIOTh K MO3UTUBHI (MMOTEHITIIHE 301IbIIICHHS
MiIAOMHOI CUJIM B OKPEMHX PEXKUMaX), TaK 1 HEraTUBHI (HECTAOIbHICTh, 3POCTAHHS

OTOpY, pPU3UK 3pUBY MOTOKY) HACTIIKH.
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0)

Pucynoxk 3.10. ITonst mBuakocti AoA 4: a) mpodinas B 0e3MexKHOMY TOTOII1, 0)

npodiab 3 HAOIMKEHHSIM J0 eKpaHa

Ha (puc 3.10, a) neMoHCTpy€eThCA OOTIKaHHSI KpuJia MOBITPSIHUM MOTOKOM B
yMOBax 0€3MeKHOTr0 MOTOKY, TOOTO KOJIH Mpod ik nepedyBae AaneKo BiJ OyaAb-sIKUX
TBEpAUX NOBEPXOHb 1 HE 3a3Hae iX BIUIMBY. lIpu KyTi arakum 4 rpagycu MOTIK
pIBHOMIpHO oruHae npodine 0e3 mopyuieHb CTpyKTypu. Haa BepXHBOIO 4aCTHUHOIO
KpuJia BUJHO MPUCKOPEHHS MOTOKY (30Ha YEPBOHOTO KOJHOPY), IO CBIIYUTH MPO
3HWJKEHHSI TUCKY. 3HM3Yy IOBITPS PYXAa€ThCs MOBUIbHIIIE (KOBTO-3€JI€H1 00JacTi),
TOMY THUCK TaMm BuIMM. Takuil po3nmoAin CTBOPIOE MIANOMHY CHUIY, SiKa J03BOJISIE
npodimro €hEeKTUBHO MpaIfoBaTH B MOTOIll. [IOTIK HE BiAPHBAETHCS, 3AIUIIAETHCS
MPUKPIMICHUM JI0 TOBEPXOHb KpUJIa, 1 1033y MPOQLII0 3aMUKAETHCSI PIBHOMIPHO —
O3HaKa aepoJAMHAMIYHO1 CTaOLIBHOCTI.

Ha (puc 3.10, 6) kyT araku 3aJuIIaeTbcsi TUM camMuM (4 rpagycH), OJHaK
npoditk HAOMMAKEHO [0 TBEPAOI MOBEPXHI, IO MNPU3BOAUTHL 10 BUHUKHEHHS
ekpaHHoro edexty. Y Iii curyalii HOBITPS MiJ KPUIOM CTHUCKY€ETHCS, OCKIIBKH
IpocTip MiX mpoduieM 1 MOBepxHE oOmexeHuid. lle migBuillye THUCK y HIDKHIN
YacTUHI KpWJia i BIANOBIAHO 30UIbIIyE MAHKOMHY cuily. Pasom 3 TUM Haa Kpuiom
(GbopMyIOTbCSI 30HM 3aBUXPEHHS W TYypOYJEHTHOCTi, IO BUJHO 3 HECTaOUILHUX
KOHTYpPIB TOTOKY Ta YTBOPEHHs BHUXOpIB. XOua SIBHOTO 3pUBY HEMae€, CTPYKTypa

MOTOKY 3HAYHO CKJIAJHIIIA, HDK Y BUNAAKY 0€3MEXKHOr0 OOTIKAHHS.
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aaaaaa

0)
Pucynoxk 3.11. Ilons mBuakocti AoA 6 a) npodiins B 6e3MeKHOMY MOTOIIL, 0)

npodiab 3 HAOIMKEHHSIM JI0 eKpaHa

Ha (puc 3.11, a) nokazaHo oOTiKaHHSI aepOJUHAMIYHOTO MPO(DIII0 B yMOBax
0€3MEXHOT0 MOTOKY, KOJIM KPUJIO PO3TAIIOBAHE JNANEKO Bl OyAb-IKUX MEPEHIKO.
IIpu kyTi aTaku 6 rpagyciB MOBITPSIHUN MOTIK HAJl BEPXHbOIO MOBEPXHEI Mpodiito
3HAYHO MPUCKOPIOETHCS, 110 BUAHO 3 ICKPaBO-Y€PBOHOI 00J1aCTI — II€ CBIIYUTH MPO
ICTOTHE 3HM>KEHHSI TUCKY. 3HU3Y, HAaBIIAKH, IIBUJIKICTh MEHIIIA (3KOBTO-3€JI€H1 TOHN), a
TUCK BUIIMUA. Takuil po3MOAIT THCKY CTBOPIOE MiAHOMHY CHILYy, IO CIpUsE
yTpUMaHHIO Kpuiia B oBITp1. [[0TiK HE BiApUBAETHCA BiJl HOBEPXHI KpHiia, 30epirarouu
JaMIHApHUN PEXHUM 1 CTaOUIbHY CTPYKTYpy 3a mnpoduieM, M0 XapaKTEepHO s
OOTIKaHHS B YUCTOMY, HE3aBA)KEHOMY CEPEIOBHUIIII.

Ha (puc 3.11, 0) aeponunamiyHuid Tpodiiab PO3MIIIEHO MOOIU3Y TBEPAOL
noBepxHi (expana). He3Baxkaroun Ha Te, 110 KYT aTakd 1 MIBUAKICTh 3aJUIIAIOTHCS
HE3MIHHUMHU, KOH(DIrypalis MNoTOKy MOMITHO 3MiHIOE€ThCS. Uepes oOMexeHuit MPOCTip
MDK KPUJIOM 1 TOBEPXHEIO MOBITPS i1 TPO(1JIEM CTUCKAETHCSA, 1[0 MPU3BOAUTH J0 IIE

OLIBIIOT0 TUCKY B HIDKHIA vacTuHi. lle mocwiioe migilomMHy cuily, 110 BHUIHO 3a
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3MIHOIO TPaJIIEHTIB MIBUAKOCTI: HAJ| MPO(d1JieM — IHTEHCUBHIILIE TPUCKOPEHHS TOTOKY
(sickpaBo-uepBOHAa 30HAa cTaja OuUIbIIa), a Mg nOpodiaeM — TOTIK Maibke
"BuIITOBXYeThCs". BonHouac Ha KpuiioM GOpMY€EThCSl HECTIMKUM MOTIK, BAHUKAIOTh
3aBUXPEHHA 1 BUXOPH, 10 CBIIYUTH MPO MOYATOK TypOyii3alli Ta JOKaJIbHY BTpaTy

MPUKPITICHHS.

0)
Pucynoxk 3.12. Tlons mBuakocti AoA 8 a) npodins B 6e3MeXHOMY MOTOIIL, 0)
npodiab 3 HAOIMKEHHSIM JI0 eKpaHa
Ha (puc 3.12, a) npencraBiaeHO pO3MOJAUT MIBUIKOCTI MOBITPSHOTO MOTOKY
HaBKOJIO aepOJUMHAMIYHOTO MPO(UII0 Kpuiia, pO3MIIIEHOTO B YMOBaX 0O€3MEXHOTO,
TOOTO BUIBHOTO TOTOKY. [lOMITHO, 10 Haja BEPXHBOI MMOBEPXHEW MNPOoPiIo
YTBOPIOETHCS 30HA 3 MIABUIIEHUMHU IIBUIKOCTSIMHU, 1110 MPOSBISETHCS YEPE3 YEPBOHO-
*KOBTe 3a0apmieHHA. lle cBimUUTH MpO Te, IO MOTIK, OTMHAIOYU NMPO(disib 3BEPXY,
MPUCKOPIOEThCA. Bo/lHOUWAC, HA HUXKHIM YAaCTUHI Kpujia IMIBUIKICTh MOTOKY 3HAYHO
HIDKYa, 10 TTO3HAYEHO 3eJICHUMU Ta CBITJI0-0JJaKUTHUMH BIATIHKaMH. Takuil XapakTep
PO3MOLTY MIBUAKOCTI € TUTIOBUM JIJISl KPUJI 3 TIO3UTUBHUM KYTOM aTaKd — Yy LbOMY

BUMNAAKY 8 TpajyciB. Y XBOCTOBIM 4acTHHI MpO(DIIIO CHOCTEPITa€ThCA 3BYXKEHHS 1
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B1IOKpPEMJIEHHS TTOTOKY, 1110 ((OPMY€E BUTATHYTUM 30HY CIiAY (BILUIUBY), 1€ MIBUIKICTh
MOCTYINOBO cTaOuI3yeThed. JIiHIT MOTOKY B Il 00JIacTi BUPIBHIOIOTHCS 1 CTaKOTh
napajieJIbHIMH, 110 B1ANOBI/Ia€ 3aKIHYEHHIO BIUIMBY KpUJjla HA HABKOJIMILIHIN MMOTIK.
Ha (puc 3.12, 6) 3MOAenbOBaHO aHAJIOTIYHY CHUTYAIlll0, HPOTE KPHIIO
po3TamioBaHe B Oe3MocepeiHiidi OJIM3bKOCTI 10 TBEPIOI TOPU3OHTAIBHOI OBEPXHI —
exkpany. lle 3HayHO 3MiHIOE€ NOBEAIHKY MOBITPSHOIO MOTOKY. Y BEpPXHIA YaCTHHI
npod1It0 TPOJIOBKYE CIOCTEPIraTUCh IHTEHCUBHE MPUCKOPEHHS MOTOKY, OJJHAK BOHO
€ OUIBII JIOKAJII30BaHUM 1 CKOHIIEHTPOBAHUM OJIMK4Y€ 10 NEPEIHbOI KPOMKH Kpuiia.
[Ipoctip mix mnpodigeM OOMEXKEHH €KpaHOM, TOMY YTBOPIOETbCS CHIIbHIIIE
raJIbMyBaHHS MOBITPS, IO HPOSABISIETBCS B 00JAacTl MOHMKEHUX IIBUAKOCTEH 13
XapakTepHUM OJIaKUTHO-3eJIeHUM 3a0apBiieHHsIM. Takuil eekT CTBOpIOE€ 3MiIHEHUMU
PO3MOLT TUCKY HaBKoJIO npodiito. KpiMm Toro, Ha 3aH1id KpoMIll MpodiI0 MOMITHO,
IO CJiJ 332 KPUJIOM CTAa€ aCUMETPUYHUM Ta Ma€ 3MiHEHY (opMmy, BIIMIHHY Bij
NoNepeHbOro BUNaaAKy. [1oTik y HIKHIN 4acTHHI HE MOKE€ BUIBHO PO3IIMPIOBATHCH,
TOMY BIH YaCTKOBO BIJIITOBXYETHCS B1J MOBEPXHIi, M0 (GOPMYE CKIIAJHI BI3EPYHKH
IIBUIKICHOTO MOJsI. YCe 1€ BKa3ye Ha CYTTEBHM BIUIMB OJIM3BKOCTI JO €KpaHa Ha

CTPYKTYpY OOTIKaHHS KpHJIa.

- -
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0)

Pucynoxk 3.13. Ionst Tucky AoA 2 a) npodinbs B 6e3MekHOMY NOTOL1, 0) Tpodiis 3

HaOJIMKEHHSIM JI0 eKpaHa

Ha (puc 3.12, a) mpencrtaBlieHO PO3MOALT a0CONIOTHOIO THUCKY HAaBKOJO
npoduIro Kpuia, sike 3HaXOJUThCS Y BUIBHOMY, HEOOMexeHoMYy npocTopl. [TomiTHO
KJIACUYHY KapTUHY a€pOJIMHAMIYHOTO OOTIKAHHS: Ha BEPXHIi MOBEPXHI IPOPLIIO TUCK
3HAQYHO 3HUXKEHUM (BIATIHKM CHUHBOTO), IO CIpPUSIE BUHUKHEHHIO MITHOMHOI CHIIU.
HuxHs moBepxHS Mae o MiIBUIIEHUN TUCK (3€J€HO-KOBTa rama), 110 J01aTKOBO
MI1JICUITIOE 0 CUITY.

Po3snmogin THCKy € AocuTh cUMETpUYHUM 1 cTabuibHuM. [loTik 3nmerka
nedopMyeTbCa HaBKOJIIO MNpoduIto, ajne Michsd MOPOXOKEHHS TUla IMIBUAKO
MOBEPTAETHCS /10 TOYATKOBOr'O CTaHy. BuxopiB un 30ypeHp 1o3aay Kpuiia NpakTUYHO
HE CIIOCTEPIraeTbCs, MO CBIAYUTH MPO JIaMIHAPHUW, OPraHi30BaHUN XapakTep
0OTiKaHHS.

Ha (puc 3.12, 6) moka3zaHo poO3MOJIA IIBUIKOCTI HABKOJIO TOTO * CaMOIo
pod 110, PO3TALIOBAHOIO MOOIU3Y TBEP0T TOPU3OHTAIIBHOI MOBEPXHI — CHUTYAIlis,
HaOJIMKEeHa 10 371bOTYy a00 MONbOTy MOOIM3y 3emill. TyT YITKO CIOCTEPIraeThes
SBUIIIE, BIIOME K EKpaHHUH €(eKT.

[IBuAKICTE MOBITPS. NI KPHJIOM 3HA4YHO 3pOCTa€ (BIATIHKKA >KOBTOIO Ta
YEepBOHOI'0), LI0 CBIAYUTH MPO MOMITHE 3MEHIIEHHS THUCKY B LI 30HI. BepxHda
MOBEPXHS IIPU LILOMY HE JJEMOHCTPY€E TaKOTO IHTEHCUBHOT'O MIPUCKOPEHHS MOTOKY, 110
BKa3ye Ha aCUMETPUYHUNA PO3MOLT HABAHTAKEHHS. 3aBISKH I[bOMY BUHUKAE CYTTEBE

30UIBLIEHHS N1JAOMHOI CUJIM y TIOPIBHAHHI 3 YMOBAMH BUIBHOTO MOTOKY.
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Taxoxx MoXxHa BiI3HAYUTH (POPMYBaHHS CKIAIHIIIOI CTPYKTYpH MOTOKY MO3aLy
KpHJIa, 110 BKJIIOYAE BUXOPU Ta 30ypEeHHS — HACHIJOK B3a€MOJIl 3 MOBEPXHEIO Ta

00OMEKEHOTO TIPOCTOPY.

6)

Pucynok 3.14. ITonst Tucky AoA 4 a) mpo¢ins B 6e3MeKHOMY MOTOII1, 0) Tpodiis 3

HAOJIMDKEHHSIM JI0 €KpaHa

[Torik HaBkomo mpodimo (puc 3.14, a) po3BUBAETHCA Yy TNPUPOIHHX,
HeoOMexxeHnX ymoBax. [loBiTpsHUI MOTIK BUIbHO OOTiKae mpodinp SK 3HU3Y, TakK i
3BepxXy, (opmyroun KIacHUYHUI po3mofin TucKy. Ha BepxHili uwacTuHi mpodimto
CTHIOCTEPIraeThCsl 3HAYHE 3HIDKEHHS THCKY, IO BigOOpakeHO CHHBO-OJAKHUTHOIO
00J1acTI0O — TIe pe3yJIbTaT MPUCKOPEHHSI MMOTOKY HAJl OMYKJIO YaCTHHOIO MPOdLTIO.
[Tig HUKHBOIO MOBEPXHEIO MPOQLITIO TUCK BUIIMN (3€JIeHA 30HA), TOMY YTBOPIOETHCS
edeKTUBHA MMiTHOMHA CHJIA, SIKa cTipsiMoBaHa Bropy. [1oTik mo3any Kpuiia 3aauiiaeTbes
CUMETPUYHHUM, O€3 3HAaUYHUX 30H BiApWMBY ab0 BUXPOBUX CTPYKTyp. Taka kapTuHa
XapakTepHa a7 CTaOiIbHOTO, JaMiHAPHOTO OOTIKaHHS aepompodiIlo MpH MaluxX

KyTax aTaku.



98

PozramyBannsa npodino nmobmmsy TBepAoi moBepxHi (puc 3.14, 6) icTOTHO
3MIHIOE KapTUHY 00TiKaHHA. Uepe3 oOMeXeHU NpoCTip Mk IpodiieM 1 TOBEPXHEIO
€KpaHy MOBITPsI CTUCKAETHCA MiA MPodiieM, 10 TPU3BOIUTH J0 PI3KOTO MiABUILCHHS
TUCKY B 11}l 30H1 (3KOBTO-3€JI€H1 BIATIHKHK). Y TOM K€ 4yac, HaJl BEPXHHOK YACTUHOIO
Ipo(UII0 CHOCTEPIraeTbCsl 3HAYHO OLIbIIE 3HMKEHHS TUCKY, HDK Yy O€3MeKHOMY
MOTOI[l — 11€ TOMITHO 3a IIMOOKUM CHHIM BIJITIHKOM. Takui poO3MOJI CTBOPIOE
MOCWICHHUH Mepenaj TUCKY, a OTXKE, CYyTTEBO 30UIblIye MigAoMHY cuity. Lleil edexr
n00pe BIIOMUM y aepOIMHAMIII 1 HA3UBAETHCSL EKPAHHUM €(DEKTOM.

KpiM miiBUILIEHHS T1AMOMHOI CUJIH, Ha IPYroMy 300pa)K€HH1 MOKHA TOMITHTH
JIeAKy aCUMETPII0 MOTOKY 1o3aay mpodiato. GopmyroThest 30HU 30ypeHb ad0 HaBITh
BUXOPH, 110 BKa3y€ Ha MIJABUIIEHHS HECTAOIIbHOCTI MOTOKY, BUKJIMKAHE B3a€EMOIIEIO
3 ekpaHoM. Takuii e(eKT BaXJIIMBO BpPaxOBYBAaTH, 30KpEMa, B yMOBaxX OJHM3bKOTO
MOJBOTY 10 3eMJli (Hampukiajd, MiJ 4ac 3JIbOTY, MOCAAKU YU PyXy MO BOAHIN

MTOBEPXHI).
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0)
Pucynok 3.15. Tlons tTucky AoA 6 a) npodisib B 6€3MeKHOMY MOTOII1, 0) mpodisib 3

HaOMMKEHHSIM 710 €KpaHa

Ha (puc 3.15, a) nokazaHo po3moJiiyl TUCKY HABKOJIO MPOQIII0 Kpuiia, SIKUM
PO3TaIIOBaHMI y 0€3MEKHOMY NOTOLI 17 KyTOM aTaku 6°. IIoBITpsIHUI MOTIK OrMHAE
KpWJIO, YTBOPIOIOYM HA MOro BEpPXHIA MOBEPXHI 00JIaCTh 3HMKEHOTO THUCKY — II€
BHUJIHO 3 TIEPEBaKaHHS CHHIX 1 OJAKUTHUX KOJILOPIB Hana npodiiem. BogHouac Ha
HIDKHIM TMOBEPXHI KpWjia CHOCTEPIraeThCcsl 30HA MIJBUIIEHOTO THUCKY — 3€JleHl
KOBTO-3€JIeH1 BIATIHKU. Takuil xapaktep po3Mnoaily € TUIOBUM JJis MiANOMHOI CUJIH,
KA BUHUKAE B PE3yJIbTATl PI3HUII TUCKIB MK BEPXHBHOIO 1 HMKHBOIO MOBEPXHIMHU.
[ToTik HaBKOJIO MPO(D1JII0 PIBHOMIPHHI, CHMETPUYHO PO3XOJIUTHCS MO3ay KpHIIA, 1110
CBIIYUTH MPO BIJCYTHICTh BIUIMBY 30BHILIHIX MEPEIIKO] a00 MOBEPXOHb.

Ha (puc 3.15, 0) 300paxeHno Toif camuii mpodiib Kpuiia Ipu TUX CaMUX YMOBaXx
MOTOKY Ta KyTi aTakH, MPOTE 3 PO3TaIlyBaHHSIM MOOJN3Yy €KpaHa — TOPU30HTATBHOT
TBEPJI0i MOBEPXHI MiJ KPUJIOM. 3MIHU B MOJ1 TUCKY CTAlOTh OJpa3y nmoMiTHUMU. Ha
BEpXHIM 4YacTuH1 npoduio 30epiraeTbesi 00JaCTh HUBBKOIO THUCKY, MOJI0HA 10
MepuIoro BUOAAKY. AJie MiJi KPWIOM, Y BY3bKOMY MPOMIXKY MK mpodiiem 1
MOBEPXHEIO EKpaHa, yTBOPIOETHCS BUPa3Ha 30HA M1JBUILIEHOTO TUCKY, SIKa OXOILIIOE K
npocTip 0e3nmocepeAHBO MiJ KPUIOM, TaK 1 HABKOJIMIIIHIO AUISTHKY MOOIHU3Y epeaHbOoT
KpoMkHu. lle moB’si3aHO 3 yTpyAHEHUM BiATIKAHHSIM MOBITPS BHU3 Yepe3 0OMeKeHUM
MPOCTIP MK KPUJIIOM 1 TOBEPXHEIO.

Konbopu B HUXkHIM yacTuHI Kajpy (KOBTI Ta YE€pPBOHI 30HU) BKAa3yIOTh Ha

KOHLIEHTPALI}0 BUCOKOT'O TUCKY, SIKMI IMOCTYNOBO 3MEHILYETHCS MO MIpl BIIAAJICHHS
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BiA npodinto. Takok MOMITHO, IO 1300apUyYH] 30HU MAlOTh 1HITY T€OMETPil0: BOHU
PO3ILIUPIOIOTHECST BHU3 1 YTBOPIOIOTH XapaKTEpHY CHUMETPI0 BIJIHOCHO TUIONIUHU
ekpana. lle cBiqUUTH PO B3a€MOJIiI0 MOTOKY 3 MOBEPXHEIO, SIKa BIJOMBA€E MOBITPSIHI
MOTOKU, CTBOPIOIOYM CBOEPIIHE «I3€pKaJbHE» JyOJIOBaHHS aepOJAMHAMIYHOT

KapTUHH.

A

0)
Pucynok 3.16. Ilons tTucky AoA 8 a) npodisib B 6€3MeKHOMY MOTOII1, 0) mpodisib 3

HaOMMKEHHSIM JI0 €KpaHa

Ha (puc 3.16, a) mokazaHO pO3MOJLT TUCKY HABKOJO AaepOJWHAMIYHOTO
npodro, 0 3HAXOAUTHCS y O€3KpallHbOMY MOBITPSIHOMY MOTOLI MiJ KyTOM aTaku 8
rpanyciB. IIOBITpsSHUI TOTIK IJIaBHO OOTIKA€ IMOBEPXHIO Kpujia, MPU LbOMY Ha
BEPXHbOMY KOHTYpi (OpMyeThcs OOIIMpPHA 30HA MOHUKEHOTO THUCKY (BIATIHKU
CHUHBOI0 Ta OJAKUTHOTO), 1110 BUHUKAE BHACIIIJIOK MPUCKOPEHHS MOBITps. HaltHmxunit
THUCK CIIOCTEPITA€ThCS BIApa3y Micisl NEPeAHbOT KPOMKHU MPOUI0 — 1€ TUIOBUU
e(eKT A1 O0TIKaHHS NMPOQLIIO MPU T0AATHOMY KYT1 aTaKH, 1110 CIIPUYHHSIE YTBOPEHHS

nigiimMansHol cuim. Ilin kpuiioM, y HUXKHIA 4YacTUHI, MOXXKHA MOOAUUTH NUISHKY
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M1JIBUIIIEHOTO TUCKY (AOBTO-3€JI€H1 KOJLOPH), A€ MOTIK CIIOBUILHIOETHCS. Y XBOCTOBIN
YacTHHI MPOQUI0 THUCK MOCTYNOBO BHUPIBHIOETHCSH, a MOTIK cTaOUII3yeThed. [30iiHIl
PO3MOLIY TUCKY CUMETPUYHO BIIXOMASTH BiJ MPO(diNito, 10 XapaKTePHO AJISI YMOB,
KOJIM BIJICYTHI 30BHIIIHI MepemKoAd abo BIUIMBHM Ha TMOTIK, Takl sSIK OJIM3bKe
pO3TalllyBaHHS TBEP01 TOBEPXHI.

Ha (puc 3.16, 6) 306paxeH0 THCK HaBKOJIO TOTO caMOTro MpodiTto, po3MIIIEHOTO
noOin3y eKkpaHa (HampHUKIaJ, 3eMHOI MOBEpXHI abo 1HIIOI TBepaoi Mexi). Xoya
3arajibHUil XapakTep OOTIKaHHS 3 YTBOPEHHSAM 30H BUCOKOIO Ta HU3BKOTO THUCKY
30epiraeTbcsi, HasBHICTh €KpaHA BUKIMKAE CYTTEBl 3MIHUM B CTPYKTypi NmOTOKY. Ilix
KPUJIOM, Y IPOCTOP1 MK TPO(1JIeM Ta EKPAaHOM, CIIOCTEPITa€THCS 3HAYHO BUPaXKEHIIIIa
30Ha MIJBUIIEHOTO THUCKY — TOMITHAa MO HACHYEHUM KOBTHUM 1 MOMapaHUYE€BUM
BIJITIHKaM, 1110 BKa3y€ Ha CTUCKAHHS MTOTOKY i OOMEXEHHS 0oro BUIbHOIO OOTIKaHHS.
[ToTik 4acTKOBO CHPSIMOBYETHCS Bropy, 3MIHIOIOUHM CTPYKTYpY OOTIKaHHS BEPXHBOT
MOBEpXHI. Xoda 30HA PO3PULKEHHS HaA mnpodiiem 30epiraerbcs, ii TeOMeTpis
nedopMoBaHa — 1300apu BUTSTHYTI Bropy, a o0JacTb HU3BKOTO THCKY Ma€ OUIbII
BEPTUKAJIBHUN XapakTep. Y 3a/iHiil yacThH1 TpOo@UII0 PO3MOALT THCKY TaKOXK 3a3HA€
3MiH — 130J11H1i MEHIII PIBHOMIPHI, 1110 CBITYUTH PO CKIIAJIHINLY CTPYKTYPY B3aEMOI1
MOBITPSIHUX Mac. BIUIMB ekpaHa MOMITHO 3MIHIOE TMOJIE THUCKY, 3MEHIIYIOYU HOTo
CUMETPUYHICTh Ta MIACUIIOIYHN TUCKOBI I'PAJIIEHTH B 30HI IT1]T KPUIIOM.

VY mporeci YUCENbHOTO JOCTIKEHHS aepOJUHAMIYHOTO OOTIKAaHHS MpodiIro
OyJI0 MpoaHaIi30BaHO JBA XapaKTEepPHI PEXKUMU: BUIbHE OOTIKaHHS Ta OOTIKaHHS 3a
HAsiBHOCTI >KOPCTKOi MIJACTUJIBHOI TMOBEpPXHI, 10 Mojentoe edekT exkpany. [lpu
CUMYJISILI YMOB BUTBHOT'O TTOTOKY BCTAHOBIICHO, 1[0 OOTIKAHHS 30€pirac CUMETpUUYHY
CTPYKTYPY, MOTIK 3aJIUIIAETHCS JTaMIHAPHUM Ta CTIMKUM, 0€3 (OpMYyBaHHS BIAPUBHUX
30H a00 3HayHUX NopylieHb. [‘a30uHaMIYHI XapaKTEPUCTUKHU BIAMOBIIAIOTH
OUIKyBaHOMY KIJIACUYHOMY pPO3MOJIIY THCKY HaBKOJO Mpodiito, 03 BHUSIBICHHS
BUXPOBHUX YTBOPEHb Y 30HI 32 MPOPiIeM.

VY Bunmaaky HasBHOCTI TBEPAOi MOBEPXHI MiJ NpodiieM MPOCTEHKEHO CYTTEBI
3MIHM CTPYKTYpH TIOTOKY, 3YMOBJIEHI €KpaHHUM e(eKToM. byio BCTaHOBIEHO

30UIBIIEHHS TUCKY B 00J1acTi miJ npodijieM, 0 MPU3BEo 10 MiJCUICHHS T1AHOMHOT
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cunu. OHaK MpU IbOMY TaKOoX 3a(iKCOBAHO BUHUKHEHHSI 30H BUXPOYTBOPEHHSI Ta
JOKaJIbHOTO  BIAPUBY TMOTOKY HaJ BEpPXHBOIO MoBepxHew mnpodumo. Taki
TIAPOJMHAMIYHI 3MIHM BIUIMBAIOTh Ha CTaOUIBHICTh Ta €(PEKTUBHICTh OOTIKAHHS,
YCKJIaJIHIOIOUH MPOTHO3YBAaHHS MOBEIHKU 00’ €KTa B peaIbHUX YMOBaX.

OTpumaHi  pe3yJabTaTd MOIATBEPIXKYIOTh CYTTEBUH  BIUIMB  OJM3BKOTO
pO3TalllyBaHHS >KOPCTKOI MEX1 Ha XapakTep OOTIKaHHA aepoAuHaMiuHoro Tiuna. Lle
JI03BOJIsI€E 3pOOUTH BUCHOBOK PO HEOOXIAHICTh BpaXyBaHHSI €KPAHHOTO €(EeKTy Mpu
MPOEKTYBAHHI Ta pO3paxyHKaX aepoJMHAMIYHUX CHUCTEM, OCOOJMBO B YMOBax
HaOJIMKEHOTO MOJIOTY /10 36MHO1 MOBEPXHI 200 1HIIUX KOHCTPYKIINA. Takum 4uHOM,
YUCeIbHE MOJICIIIOBAHHS JIaJI0 3MOTY HE JIUIIIE SIKICHO OI[IHUTH 3MIHY XapaKTEePUCTUK
MOTOKY, ajieé ¥ BUSIBUTU KPUTHUYHI aCMEKTH, 1[0 MalOTh BaXJIUBE 3HAYCHHS MpHU
ONTHMI3aIlli aepOIMHAMIYHOTO TTPOIITIO.

3a pe3yapTaTamMy YUCIOBUX JOCIIIKEHb 0YJI0 MO0y A0BaHO Ipadiku 3aJIeKHOCTI
KoedilieHTiB 1000Boro onopy (puc. 3.18) ta migitomuoi cuu (puc. 3.17) Big KyTa
ataku, s npodino kpuna Clark-YH12 B 6e3mexxHOMY MOTOII Ta B HAOIMXKEH1 710

eKpaHa.

1.5

Cl

0 2 4 6 8

AoA [deg]

== LIAl'| ekcnepumeHT B 6e3MexxHOoMy noToli == Po3spaxyHok Clark YH12 3 ecbekTom ekpaHy
PospaxyHok Clark YH12 B 6e3MexHOMy MoToLi == EKcrnepuMeHT T5 3 edbeKToM ekpaHy

Pucynok 3.17. I'padik nopiBHSIHHS Koe]illi€eHTa MiAHOMHOT CUITN

CKCIICPUMCHTAJILHOT'O Ta PO3PaXyHKOBOI'O
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== LIAT| ekcnepumeHT 6e3 ekpaHy == Po3spaxyHok Clark YH12 3 ekpaHom
PospaxyHok Clark YH12 B 6e3mexHoMy notoLi == EkcnepuMmeHT T5 3 echekToM ekpaHy

Pucynoxk 3.18. I'padik nopiBHsiHHSA KoedillieHTa JIOO0BOTO OMOPY

CKCIICPUMCHTAJILHOI'O Ta PO3PaXyYHKOBOI'O

Takox Ha rpadikax OpPUBEIECHO PE3yIbTaTU €KCIEPUMEHTAIBHUX JTOCIIKEHb
npodinto Clark-YH12 IIAT'T [15] B mopiBHSIHHI 3 pe3yibTaTaMH €KCIIEPUMEHTATBHUX
Ta YUCIOBUX JOCIIJI)KEHb, sIKi OyJI0 MPOBEJICHO.

3a a”amizoM pe3yibTaTIB YUCIOBUX JOCIHIJKEHb, OYyJIO BHUSIBJIECHO MPUPICT
niIHOMHOI cuiau Ha 6 — 30% 3aiexHo BiJ KyTa aTaku, NpoQiIt0 Kpujia B HAOIMKEeH1
710 €KpaHa B MOPIBHSHHI 3 TpodijeM B 0e3MexKHOMY MOTOI. € BiAMIHHOCTI rpadikiB
Koe(]ili€HTIB T0O0BOTO OMOPY Ta MiAHOMHOT CUJIH, 11€ 00YMOBJIEHO JBOMA (haKTOPaAMH:
nepuMi e Te, 10 EKCIePUMEHTaIbHI JOCHIKEHHS 3 SKUM OyJI0 MOPIBHSHO
pesynbratu Oymu mposeneHi mpu Re = 7,4-10°, Tomy rpadiku koedilli€HTiB MOXKYTh
OyTH 3pylIeHI BIIHOCHO OJTHE OJIHOTO, ApYTe 1€ T€, 10 KoedIllieHT JIOOOBOTO OMOpy
3aBXIU, IPU po3paxyHKax Oyje OLIbLIMiA, BHACTIAOK BIUIUBY IMIOPCTKOCTI Kpujia Ta

npodito, ane e Gaxktop B JaHiid poOOTI HE PO3TIATAETHCS.

3.7 BuCHOBKH 32 po3aijioM

Po3pobneHo Ta BepU(PIKOBAHO METOAMKY PO3PAXyHKY aepoAMHaMIYHUX
XapaKTePUCTUK JITAJbHUX amapariB MoOJHM3y €KpaHa 3a YMOB, IpOoQiib Ha SIKOMY
npoBoawin gociikenas Clark-YH12, mBuakicts Halirarouoro motoky 16.5 wm/c,

noBxuHa xopau 0.1 M, ekciepuMeHT MpoBoauBcs B aianaszoni (..8 kyra aTtaku, 3
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BificTaHHIO Mk mpodiasimMu 0.1 M, OyJi0 MpPOBEAEHO AOCIHIKEHHS TPhOX MOJENen
TypOyJIEHTHOCTI Ta 3a pe3yJibratamu oopano SST. Ak pe3ynbTat Oyj0 OTpUMaHO MOJs
po3MnoaLTy MBUAKOCTI Ta TUCKY 1J1s ipodutto Clark-YH12 B 6e3MexxHoMy moToIIl, Ta
3 HAOJIM>KEHHSM JI0 €KpaHy, o0y 10BaH1 rpadiku 3ajeKHOCTI KOe(ILIEHTIB T000BOTO
OMopy Ta MIANOMHOI CHJIM, BIIHOCHO pe3yibTaTiB ekcriepuMenTy LAIT anst uporo
npodiato. 3a pe3yabTaTaMHl YUCIOBUX JOCHTIIXKEHb CIIOCTEPIraeThCs 3pic MIAHOMHOT
cuu Ha 6 — 30% 3amexHo BiJ KyTa aTaku, Npoduio Kpuiia B HAOIMKEH1 O eKpaHa B

MOPIBHSIHHI 3 Tpo(dijieM B 6€3MEKHOMY MOTOII].
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PO3JILI 4

YUCJIOBI IAPAMETPUYHI JOCJIIKEHHS JITAKOBOI CXEMHU
EKPAHOIIJIAHY

4.1 ITocTanoBka 3axaui

3 MaTeMaTUYHOTO MOTJISTY, MPOLIECH AePOJUHAMIKY MPU OOTIKaHH1 JITAILHOTO
anapaTy OTOKOM MOBITPS ONMUCYIOThCA YCEpEIHEHUMU 32 PeHOIBICOM PIBHSIHHSAMHU
Hag'e-Ctokca, siki Jyisi TOBUIBHOI KPUBOJIHIMNHOI cuctemMu koopauHat (t, &, m, ()

OyIlyTh 3alMCaHl HACTYITHUM YUHOM:

@ a(E_Ev) a(ﬁ_ﬁv) a(é_év) 2
6t+ T + o + o7 = H, 4.1)

A ooAaAooAa

Jle Q — BexTop HeBimommx 3minnux; E,F,G — BekTOpU HEB’SA3KHX HOTOKIiB; E, =
$xEy + Eva + .Gy, F‘v = NxEy + 77va + 1,Gy, Gv = (xEy + (va + {, G, BeKkTOpH

B’sI3KUX TOTOKIB; H = H /] BEKTOp BUXiTHUX yMOB.

Bexktopu Q, E, F, G, E,,, E,, G, BU3BHAYalOTHCSI TAKUMHU CH1BBITHOIICHHSIMHU:

rpU- [ pU ] I pV
qlew| o q| PUMEEGP | | puV D
Q==|pv|,E==| pUv+&p |[F==| pvV+np |
J | pw J pUw + &,p / pwV +n,p
By L(E; + p)U — & L(E + p)V — np]
pW
puW + {up
G=-| pvW+Gp (4.2)
pwW + (;p
L(Et + p)W — {;p]
0 0
1 Txx 1 Txy
E, =—- Tx B, =~ lyy y
J ijz, / Tyz
(UTyx + VTxy + WTyy — [(UTyy + VTyy + WTy, — qy ]
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G‘U = Tyz R (43)

(UTyy + VT, + WT,; — (]

Je p- TYCTUHA;, U,V,W - KOMIIOHEHTH BEKTOpa IMIBUIKOCTI B JEKAPTOBIM cHUCTeMI
KOOPAMHAT, P - THCK; &y, Sy, &2 My My Nz §xr §ys { — MaTpuuni KoedimienTn; | =
d(&,1m,{)/0(x,y,z) — sx0OiaH TIEPETBOPEHHS KOOPAWHAT; X,Y,Z — OCl JEKapTOBOi

CUCTEMH  KOOPIMHAT;  Tyy, Tyys Tzz Txys Tz Tyxs Tyz — KOMIIOHEHTH — TEH30pa

HANpYXEeHb; (y,(qy, ], — KOMIIOHCHTH BEKTOpa TEIJIOBOTO TMOTOKY, E; = p [e +

%(u2 +v? + WZ)] [5].

4.2 I'eomeTpr4Ha MO/I€JIb

[Tin yac moOy10BU KOMI'FOTEPHOI MOJIE1 OYJIO MPUNHATO Psif NPUMYIIECHb. Y
NEepIIOMy HAOJMKEHHI MM IPUIIYCKAEMO, 110 MIACTHIA0Ya MOBEPXHS 1/1€aJbHO
IUIOCKA 1 PeXHUM MOJBOTY MPHU HYJIBOBOMY KyTi araku amapaty. LlIBuakicts pyxy
3HAYHO MEHIIa 3a MBUJKICTh 3BYKY. 3a OCHOBHMH MapaMeTp, IO XapaKTEpHU3ye
epextuBHy 00nacth il WIG-edekty, Bi3bMeMO 6€3p03MipHY BETMUUHY KIIIPEHCY, KA
XapaKkTepu3ye BIIHOLIECHHS BiCTaHI M1k 3aJJHbOI0O KPOMKOIO KpHUJa 1 MiJICTUIIAI0Y0I0

nmoBepxHero h 1o aepoauHaMiuHOI XOpAH C:

(4.4)
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Pucynok 4.1. [lapameTrpuyHa reoMeTprU4Ha MOJI€NIb €KpaHOIUIaHa JIITAKOBOI CXEMH,

rabapuTHI po3MIpHU NpUBEAEHI y TabnuLi 4

Ta6nuis 4. IIpoekTHi rabapuTHI apaMeTpy eKpaHOIIaHa

[Tapametp 3Ha4YeHHS
Hopxuna L, Mm 5100
Po3max S, mm 6240
Bucora H, mm 2550
[Tnoma kpuna S, M2 13,85
CepenHs aepoJHaMIUHa XOp/Ia KpUiia 1560
C, MM

Take KOMIIOHYBaHHs JITAIBHOrO anapaTy Oyio oOpaHa, 3 ypaxyBaHHSIM TOTO,
110 HasIBHICTh TaKOi XBOCTOBOT YACTUHU POOUTH JITAIBHUI anapaT OuIbII CTAOUIBHUM,
TOMY, 110 CTAaOUIBHICTh L€ OJJHA 3 OCHOBHUX Npo0OsieM ekpaHoruiaHiB. [IpumnymieHHs
10 HasBHICTh V-MOMIOHMX TOPILIB MOXE 3amo0iraTH MEPEeTIKAHHIO BlJ HUKHBOI

MOBEPXHI KPHWJI 0 BEPXHBOI.
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4.3 Po3paxyHkoBa ciTka

[Ipn BUKOpUCTaHHI HECTPYKTYpOBAHOI PO3PAXyHKOBOI CITKH PO3paxyHKOBa
00J1aCTh MAaTEMAaTHYHOTO MOJICJTIFOBAaHHS OOTIKaHHS €KpaHOILIaHIB cKjajanacs 3 7 794
177 By3niB (20 728 398 enementiB) puc. 4.2. [Ipu ekcnopTi po3paxyHKOBOI CITKU B
pO3B'si3yBau KOMIPKM OyJiM TMEpPEeTBOPEHI B moiieapuuHi Komipku. I[lopiBHsSHO 3
TeTpacAPUIHUMH a00 TIOPUIHUMH CITKAMH, TaKe IIePETBOPEHHS JO3BOJISIE 3MEHIITUTH
3arajibHy KUIbKICTh KOMIPOK MTPHU 30€peKeHH1 TOUHOCTI PO3PAaXyHKY Ha €KBIBaJICHTHUX
TPUKYTHUX ciTKax. KpiM TOro, 301IbIIEHHS KUIBKOCTI 3B'SI3KIB OaraTorpaHHUX
KOMIPOK TMOKpaliye 301KHICTh MPOLIECY PO3paxyHKY MOPIBHSHO 3 TPUKYTHOIO CITKOIO
[1]. Po3paxyHKoBa ciTKa 3ryuyBajgacsa nooiau3y oOTIYHOT TOBEPXHI TAKUM YHHOM, 100
y B'a3koMy miamapi Oyiao He MeHme 12 By3niB po3paxyHKOBOi CITKH. TOBLIMHA
B'SI3KOTO MIIIApy BU3HAYAIACS:

+ — u;Ayq
%

(4.5)

Pucynok 4.2. Burnsija citku A1 eKpaHoIUlaHa JIITaKOBOi CXeMU

4.4 Moaeanb TypOyJIEHTHOCTI
Jlns 3amuikanHs cucteMu piBHsHB (4.1), (4.2) Tta (4.3) BUKOpPUCTAaHO MOJIEIb
typoynentHocti SST (Shear Stress Transport)[2], sxa qoBena CBOIO €PEKTUBHICTH Y

pO3paxyHKax aepoJIMHAMIKH JiTalbHUX anapaTiB [3]. 3 iHIIOro 00Ky, SIK MOKa3aHO B
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[4], BuOip Momeni TypOyJEHTHOCTI CYTTEBO BIUIMBAE Ha PE3yJbTaT PO3PAXYHKY
aeponuHamiku anapata WIG nuine mpu mManux 3HaueHHsX h abo Big'€eMHUX KyTax
ataku. Cucrema piBHsHB (4.1), (4.2) Ta (4.3) NONMOBHIOETHCS TPAHUYHUMH YMOBAaMH,
K1 CKJIAJAIOThCS 3 YMOB «IPUIIMIAHHS» HA TBEPAUX IOBEPXHAX, YMOB 3aJIaHOI
IIBUJIKOCTI Ha BXIJHOMY Iepepi3l PO3paxyHKOBOI OOJACTI Ta «M'SKUX» TPaHUUYHUX
YMOB Ha BUX1JIHOMY niepepisi oonacti. YucenbHa peanizaiis moaeni (4.1), (4.2) ta (4.3)
3 BIAMOBIJHUMH TPAaHUYHUMHU YMOBaMH MPOBOJUJIACA 32 JOMOMOTOI MPOrPaMHOTO
3abe3neueHHss ANSYS Fluent. [IpoctopoBy Mozenb po3paxyHKOBOi 00J1acTi 00paHo y
BUTJISA/II TTapajieNieninesia, B CepeIuHi SIKOro PO3MIIIEHO TEOMETPUUHY MOJIENb CyHA

Ta IpyHTY [5].

4.5 Pesyabtatn CFD moaentoBaHHi

B pesynbrari 00UMCIIOBaNbHUX EKCHEPUMEHTIB OyJO OTPUMAHO KapTHUHY
oOTIKaHHS €KpaHOIlIaHa M1J] Yac MOJIbOTY MOOIN3Y MOBEPXHI IS PI3HUX IIBHUJIKOCTEN
Ta PI3HUX BUCOT MOJBOTY HaJ MOBEpXHEI0. Pe3ynbraTu po3paxyHky nois Tucky (Puc.

4.3) ta mBuakocti (Puc. 4.4) HaBkono amapaty, 1m0 pyxaerbcs 31 mBuAKicTIO 100

km/rop Ha BiacTani h=0,4 M Hax MOBEpXHEIO, HABEACHO HIDKYE[S].

Pressure

4 0e+03 . '

. 3.4e+03 -
2.8g+03 =
220403 ~>
1 Be+0d
110403
4. 7e+02
-1 20402
7. 1e402
1.3e403
190403 /,

254400
-3.1=+03
-36e+03

420403
-4 80403
-5 4u+03

£.0a+03
[Pa)

Pucynox 4.3. Ilosie TUCKY JITaIBHOTO anapaTy nooiu3y eKpaHa
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Ha puc. 4.5 mokazaHo pe3yibTaTH pO3paxyHKiB JiHii cTpyMy, a Ha puc. 4.6 —
BUXPOBY CTPYKTYpY, fKa yTBOPIOETHCS TO03a7y amapary B pe3yJbTaTi OOTiKaHHS

KOHCTPYKIIii TOTOKOM.

Pucynox 4.4. Ilose MBUAKOCTI JITATBHOTO anapary mooym3y ekpaHna

Pucynox 4.5. Jlinii ctpymMy OOTiKaHHS JIITATLHOTO anapary moOau3y ekpany
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Pucynok 4.6. Cxema yTBOpEHHsI BUXOPiB HAaBKOJIO JIiTaKa

Pesynpratu po3paxyHky ¢i3MUHUX TONIB 3a IHIIWX IIBUJKOCTEH IMOKa3aiu
AKICHO TOMIOHY KapTHUHY po3mnoiiny ¢izuyHux BenwduH. OTpuMaHi pe3yiabTaTH
PO3pPaxyHKIB J03BOJSIOTH OMIHUTH (Di3MUHY 3aKOHOMIpPHICTH, II0 BHHHUKAE TiJa Yac
pyXy amapary no0iu3y MoBepxHi.

Ha puc. 4.7 ta 4.8 moka3aHo pe3yibTaTH IOCHIKEHHS BIUIUBY BiJCTaHi Bij
amapary JIo 3eMJTi Ta IBUIKOCTI pyXy Ha aepOJUHAMIYHI XapaKTePUCTUKU: KOSDIIli€eHT
migAoMHOI cwin, Koe(irieHT JI000BOTO Omopy, Koe(dimieHT aepoauHaMidHOTO
MOMEHTY, a TaKOX IOJIO)KEHHS IIEHTPY THUCKY amapary. BinmoBigHi aepoaumHamiuHi
XapaKTePUCTUKU HEOOX1THO BU3HAUHTH [6].

Bupasu ans aepoaumHaMiuHuX KOe(IlieHTIB MaIOTh BUTJISIA:

c o= 2X,
¥ pvESy
2Y,
Cy =—5—,
Y pV2Sy
2M
Crm !

- pV2Syc
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ne X,, Y, — cuia aepoliMHaMI4yHOTO ONOpY Ta miAiliManbHa cuna, M, -—
aepoJMHaMiYHUi MOMEHT; C, — Koe(iuieHT onopy, €y, — KOe(ilieHT miaidiManbHOi
cud, C,,, — KoeQIilieHT aepoAMHAMIYHOTO MOMEHTY, p — IIUIBHICTh HMOTOKY, V —
IIBUJIKICT; S — IUIOIIA MEAlalbHOTO mepepi3dy amapary. [is 3pydHOCTI aHaAmizy
pe3yibTaTh TNPEACTaBICHI Y BIJHOCHUX 3HAYEHHSAX, B SKUX AaepoJMHAMIYHI
XapaKkTepUCTUKKW TOOJMU3y 3€MJIl TOB'A3aHI 3 BIANOBIJHUMHM 3HAYEHHSMH B
HeoOMexxeHoMy noToii. Ha puc. 4.7 nmokazaHo BIUIMB BiJICTaH1 10 3€MJIl HA OCHOBHI
aepoJMHAMIYHI XapakTepucTuku amapaty. Ha pwuc. 4.8 mnokazaHo pe3yJbTaTH

PO3PaxyHKy SMIIICHHS IMOJIOKCHHA Xp LOCHTPY THUCKY IIPU UOTO HaOIVDKCHHI J0 3EMII1

BITHOCHO ITOJIOXKEHHS, 1[0 BIAMOBIIA€ MOJBLOTY B HEOOMEKEHOMY TOTOL Xp oo [3].
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Pucynok 4.7. 3a5exxHiCTh aepOIMHAMIYHUX XapaKTEPUCTHUK BIJ] BIICTaH1 0 3eMII1
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Pucynok 4.8. 3ajie’kHICTh BIIHOCHOI KOOPAMHATH PO3TAIlyBaHHS IIEHTPY TUCKY
Xp/Xpoe Bl BiACTaH1 10 3emi h/c
Ha puc. 4.9 nokazaHo pe3yJbTaTH pO3paxyHKy CHIBBIIHOIICHHS MigiHMalIbHOL
CUJIM JI0 CUJIM aepOJMHAMIYHOTO OMOpY, IO BiAoOpa)kae aepoJuHAMIUHY SKICTh

anapary, aiua mBuakocrei 40 km/rox ta 100 km/ro.
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h/c

Pucynox 4.9. 3anexHicTs aepoauHaMiuHo1 sKOCTI Y, /X, BiA BiAcTani 1o 3emii h/c

rst mBuakocteit: 1-40 km/rox; 2—100 km/rox
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Pe3ynbTaTu po3paxyHKy MOJIB MIBUJIKOCTI Ta TUCKY IMOKa3ylOTh, 10 B
HOCOBIM 4YacTHUHI (PIO3esiKy TOTIK CHOBUIBHIOETHRCA Ta YTBOPIOETHCS 30HA
MIJIBUIIIEHOTO TUCKY. [1OTIM MOTIK OrMHA€e KOPIYC 1 MPUCKOPIOETHCS HaJl BEPXHBHOIO
YaCTUHOIO (DI03ETISHKY Ta HaJl OMOPHUMU MOBEPXHAMHU, 110 MPU3BOIUTH 10 YTBOPEHHS
30H HU3BKOTO THCKY. Y 3a30pi MDK JITQJIbHUM amapartoM Ta 3€MJICI0 MOTIK
CIIOBUIBHIOETHCS, @ THUCK 3pPOCTA€, OTXKE, CTBOPIOIOTHCS YMOBU ISl 30UIbIIEHHS
M1THOMHOI CUJIN.
HasiBuicth V-mogiOHUX TOPIIB 3amobira€ MepeTiKaHHIO BiJl HIXKHBOT

MOBEPXHI KPUJI 10 BEpXHbOI (puc. 4.5), 1110 3anobdirae 301IbIIEHHIO HABEIEHOTO OTIOPY.
Ha puc. 4.6 BuaHO, 10 32 ONOPHUMH IIOBEPXHSIMH YTBOPIOIOTHCA JBA
BEJIMKOMACIITA0H1 BUXPH, 110 00EPTAIOTHCS B PI3HUX HAMpsIMKax. AJie MiJi BIUIMBOM
MOBEPXH1 00U]IBa BUXPHU CIIPSIMOBAH1 Bropy. BUXpoBuii ciaij mOCTynoBO 301IbIITY€E€ThCS
B MIONIEPEYHOMY TIEPEPi3i B Mipy BiJAaJICHHS anapary.

KoedinieHT onopy Maii’ke He 3MIHIOEThCS MPU HAOJMXKEHH1 anapaTy J10 3eMIli
(puc. 4.7). BoaHouac cmocTepiraeTbesi 30UIBLICHHS MIAMOMHOT CUJIM B Mipy
HaOMMKEHHS 10 3eMuTl. BrumiB 3emuti mposBIsSIEThCS Ha BifacTaHsax h/c < 1,3, mpu h/c =
0,3 30inblIeHHS MAKOMHOT cwid jgocsrae 48 % TOpIBHIHO 3 IMOJBOTOM Y
HEOOMEXKEHOMY MOTOII1. 3ayBaXKMUMO, 10 JJIsl MaJIOPO3MIPHUX €KPaHOIUIaHiB B 00J1aCT1
h/c < 0,2 € npobieMaTHYHUM, OCKUIBKM aOCONIOTHI 3HAY€HHA BUCOTH h OyayTh
HE3HAYHUMU. TOMYy Yy BUIIAQJIKy HE3HAYHUX CIIOTBOPEHb IOBEPXHI CTBOPIOIOTHCS
PU3UKH [Ji1 CTiMKOCTI amapaty. MoXHa peKOMEHIyBaTH BIANOBIIHUN iana3oH
po6ounx Bucot 0,3 <h/c <0,7.

3riAHo 3 oTpuMaHuMHu Janumi (puc.4.7, nidis 3, puc. 4.8), mij yac HaOIMHKEHHS
70 3eMJIl LEHTP THUCKY 3MIIIYEThCS, a 3HAYCHHsS Koe(il[leHTa aepoJUHAMIYHOTO
MOMEHTY 30UIbIIY€eThCsl OUThIN Hik y 2 pa3u npu h/c=0,3. Lleit daxrt € BaxiuBuM 3
MOTJISINYy Ha 3a0e3NedeHHs CTa0lIbHOrO MOJbOTY Ta MOBUHEH BPaxOBYBATHCS B
cucteMi KepyBaHHs amapatoM. OTxe, Halll pe3yJbTaTh CTBOPIOIOTH OCHOBY JUIS
BU3HAYCHHS aepOJMHAMIUHMX Ta KOHCTPYKTUBHUX IMapaMeTpiB MaiaorabapuTHUX

€KpaHOTIJIaHIB.
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AepoauHaMivHa SIKICTh 3HAYHO 3POCTA€ B MIpYy HAOIMKEHHS €KpaHOILJIaHaA JI0
MOBEpXHI. 3riHO 3 JaHUMHM Ha puc. 9, skicth 3poctae B 1,5 pasza mis h/c = 0,3
MOPIBHSIHO 3 HEOOMEXEHUM MOTOKOM. CHif 3a3HAYUTH, IO PEXKUMH 3 BHUIIUMU
IIBUJIKOCTSIMU BIAMOBIAIOTH Kpalllid aepoauHaMivHii sikocTi. O4eBUIHO, IO 00CAT
OTPUMaHUX PEe3yJbTaTiB OOMEKEHUIN PO3TISHYTOI KOHCTpYyKIiero. OgHaK 3araibHi
3aKOHOMIPHOCTI TOBHICTIO Y3TOJDKYIOTHCSL 3 a€pOJMHAMIYHOIO TEOPIE€I0 MOJIbOTY
no6nu3y 3emii. Ciify 3a3HAYUTH, 110, HA BIAMIHY BiJl 0aratboX 1HIIUX JOCHIIKEHBb
aepOIMHAMIYHUX XapaKTepUCTHK OKPEMHUX €JIEMEHTIB EKpaHOIUIaHa, Yy I[bOMY
JOCIIIPKEHH] PO3MISIAAIOCS TOBHE KOMIIOHYBAaHHSI MajorabapuTHOrO JITAIbHOTO
amapary [5].

Hwxue mnpencraBieHi pe3yiabTaTH YKCEIBHOTO aHajidy, 10 JAEMOHCTPYIOTH
BIUIUB IIBUJKOCTI PyXy Ta BHCOTH MOJILOTY €KpaHOIUIaHA HaJ MOBEPXHEI0 Ha MOro
aepoJMHAMIYHI XapaKTepUCTUKU. Bylo mpoBeAaeHO cepit0 MOJAENIOBaHb ISl PI3HUX
IIBUJIKICHUX PEXUMIB Ta BIJCTAHEHW BIJl €KpaHy, IO J03BOJISIE JAETaTbHO BUBYUTH
3MIHY MIJIHOMHOI CWJIHM, CUJIM JOOOBOr0 OMOpPY Ta aepOJUHAMIYHOTO MOMEHTY.
OTpuMaHi pe3yJabTaTh MalOTh 3HAYCHHS JIJIs1 BJOCKOHAJIEHHSI KOHCTPYKIli Ta BUOOpY
ONTUMAJbHUX YMOB €KCIUTyaTallli eKpaHOIUIaHa 3 METO MiJBUILECHHS HOro

MPOAYKTUBHOCTI Ta €(PEKTUBHOCTI MOJIBOTY.
4000
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w= H=04 == H=06 H=08 w= H=1 B 6eamexHomy notoui

Pucynok 4.10. 3anexHocTi cuiii 1000BOTO OMOPY €KpaHOIIaHa BiJl IIBUAKOCTI HOTO

pYyXy IpH Pi3HUX 3HAYEHHSX BIJIHOCHOI BUCOTH MOJIbOTY.
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Ha puc 4.10 mpencraBieHO pe3yJIbTaTH YHCIOBOTO MOJEIIOBAHHS CHJIA
n060Boro onopy X, sika i€ Ha €KpaHOIUIaH MiJ 4ac pyXy 3 PI3HOI HIBUJKICTIO MPHU
3MIHHUX BIJHOCHHUX BHCOTax MOJbOTY Haja ekpaHoM. [lo oci abcuuc BiJIKIIaJ€HO
IIBUJIKICTh TIOJILOTY V, KM/TOA, @ IO OCl OpJuHAaT — cuja JioboBoro omnopy X, H.
Po3paxyHku BHKOHAHI IJig M’SITU BapiaHTIB: YOTUPHOX 3HAYEHb BIIHOCHOI BHUCOTHU
H=h/c (H=0,4; 0,6; 0,8; 1) Ta yMOB 10J1Ib0TY B 0€3MEKHOMY MOTOII1, 1110 BiJ0OpaX)KaroTh
CUTYAIlil0, KOJIM BIUIMB MOBEPXHI BIJICYTHIN.

VYci oTpuMaHi KpuB1 JEMOHCTPYIOTh MPAKTUYHO 1ACHTUYHUN XapaKTep 3MiHU
CUJIM OMOpY 31 3pOCTaHHSM MIBUAKOCTI. B Mexax nocmimkyBaHoro gianazony (150—
350 km/roa) cHoCTepiraeTbcsi MOHOTOHHE 3POCTAaHHS CUJIM JOOOBOTO OMOpY, WIO
MOBHICTIO BIATIOBIJIa€ a€pOAMHAMIYHIN 3aKOHOMIPHOCTI, 3a KOO OIip MPONOPLIHUN
KBaJpaTy IBUIKOCTI. Pi3HMIIS Mk 3HAYEHHSIMU CHJIM ONOPY JIS PI3HUX BUCOT HE
MEPEBUINY€E KITbKOX BIJCOTKIB, MPUYOMY HaWOLIbIA BIIMIHHICTH CHOCTEPIraeThCs
MpU MaIUX MBUIAKOCTAX, Ae¢ cuia omopy npu H=0,4 € He3nauno menmoro. I3
M1ABUIIEHHSM MBUAKOCTI BIIMB BUCOTH ITOBHICTIO HIBEIOETHCS, 1 KPHB1 3JTUBAIOTHCS.

[leit pe3yabTaT CBITYUTH MPO T€, 1110, HA BIAMIHY BiJ MiIHOMHOI CUJIU, BEJIMUUHA
71000BOTO OMOPY MPAKTUYHO HE 3aJeXKUTh Bl eheKkTy ekpaHa. B ymoBax OJIu3bKOCTI
710 TIOBEPXH1 3MIHIOEThCS KOH(Irypallis NOTOKY MiJi KpUIOM, OJHAK JOOOBHI OIip,
AKUA (OpPMyeTbCSI B OCHOBHOMY TMEPEIHBOIO MPOEKIIEID KOPMYCY Ta Kpuia,
3ayniIaeTbest crtaauM. lle nmo3Bosisie 3poOUTH BaXKJIMBHIL BHCHOBOK MpO T€, IO
30UIBIIEHHS MIAMOMHOI CHJIM 32 PaXyHOK €KPaHHOTO €(EeKTy HE CYNpPOBOKYETHCS
CYTTEBUM 30UIBIIEHHSAM CUJIM OTOPY, IO € KIOYOBOIO MEPEBAror0 Mpu MPOEKTYBAHHI
BUCOKOE()EKTUBHUX PEKUMIB MOJIHOTY €KPaHOTIAHIB.

Takum yuHOM, OTpUMAaHI pe3yJIbTaTU BKa3ylOTh Ha JOIIbHICTh BUKOPUCTAHHS
OJIN3BKOTO 10 MOBEPXHI PEXHUMY IMOJBOTY 3 TOYKHM 30py AEpOAMHAMIYHOI Ta
eHepreTuyHoi e(eKTUBHOCTI. BUCOKI 3HAaYEHHS MIIHOMHOI CHJIM TMPU MPAKTUYHO
HE3MIHHOMY PiBHIi JIOOOBOTO OMOPY CTBOPIOIOTH MEPEAYMOBH MJI 3HUKEHHSI BUTPAT
€Heprii Ha OJAMHUII0 KOPUCHOTO HABAHTAXXEHHSI, 1[0 € aKTyaJlbHUM 3aBIAAHHSAM JUIs

Cy4aCHUX TPAHCIIOPTHUX CUCTCM CKPAHHOI'O THUITY.
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Pucynoxk 4.11. 3anexHOCTi MiAMOMHOI CHJIM €KpaHOIIaHa B1Jl IBUAKOCTI HOTO pyXy

MIPU PI3HUX 3HAYEHHAX BIJIHOCHOI BUCOTH MOJIHOTY.

Ha puc. 4.11 npeacraBieHo pe3yJbTaTH YUCIOBOTO MOJICTIOBAHHS 3aJI€KHOCTI
MIIHOMHOI CUJIM €KpPaHOIUIaHA BiJ MIBHAKOCTI HOTO pyXy MpU PI3HUX 3HAYEHHAX
BIJIHOCHOI BHCOTH NOJBOTY HajJ ekpaHoM. Ha oci aOcuuc BIOKJIQAEHO HIBUIKICTH
noiboTy V, KM/TO/I, @ Ha OCl OpJIMHAT — BIAMOBIAHI 3HAaY€HHs miaiiomMHoi cuim Y, H.
Jlocnii>KeHHsT MPOBEACHO ISl I’ ATH BUMAAKIB: YOTUPHOX 3HAYEHBb BITHOCHOT BUCOTH
H=h/c (ne h — Bucora nonwoty, c — xopaa kpuna) — H=0,4, 0,6, 0,8, 1 a Takox 115t
YMOB 0€3MEXHOT0 MOTOKY, SIKI MOJENIOIOTh MOJMTIT 3@ BIACYTHOCTI €EKPAaHHOTO €(DEKTYy.

Ananmiz rpadiyHUX 3aIEKHOCTEM CBIIYUTH MPO MOHOTOHHE 3POCTAHHS
MITAOMHOI CUJIM 31 30UIBIIEHHSM HIBUJIKOCTI JIJIsl yCIX PO3TJISHYTUX BapilaHTIB, IO
BIJIIOB1IA€ KJIACUYHUM aepoaMHAMIYHUM 3aKOHOMIPHOCTSIM. Bongnouac,
CIIOCTEPITa€eThCS YITKA 3aJICKHICTh BEIMUYMHU MITAOMHOI CHJIM BiJlI BUCOTU MOJBOTY
HaJl ekpaHoMm. HaliOuiblii 3HaYeHHS MIAHOMHOI CHJIM JOCSTAalOThCS MPU HAWMEHIIH
po3rsHyTid BucoTi H=0,4, 110 3yMOBJI€HO MaKCUMAaJIbHUM MPOSBOM EKPaHHOTO
edexty. [1pu 1ilt BUCOTI BiIOYBA€ETHCA IHTEHCUBHE CTUCHEHHS ITOBITPSIHOTO MPOIIAPKY
MDK KpWJIOM arapaTta Ta MOBEpPXHEI0, IO CIPHUSE 3POCTAHHIO TUCKY MiJl KPUIIOM 1,

BIJIIIOBIJIHO, 301JIBIITIEHHIO IMITHOMHOI CUIIH.
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[3 migBumenHsM Bucotu nonaboTy (A0 H=1) BmmB expaHHOro edexTy
MOCTYNOBO 3MEHIIYETHCA, 1 3HAUYCHHS MIANOMHOI CHJIM HAaOJIMXKAIOTHCS JO THUX, IIO
CIIOCTEPIraloThCsl Yy BHUIAJKY TMOJBOTY B OE€3MEXHOMY TMOTOII. 30Kpema, MpHu
mBUaKOCTI 350 kM/roa pi3HUI MK migiomMHoro cuioro st H=0,4 ta 6e3mexHOro
MOTOKY cTaHOBUTh TOHaA 30 %, mo maATBepaXKy€e €(EeKTUBHICTh BUKOPUCTAHHS
€KpaHHOTO €(EeKTy MPU ONTUMAIBHUX PEKUMAX MOJIbOTY.

OtpuMaHi pe3ylbTaTH AEMOHCTPYIOTh, IO MOJIT HAa Mallii BUCOTI JO3BOJIsIE
CYTTEBO 301IBIINTH MIAHOMHY CUITy 0€3 OAaTKOBOIO €HEPTe€TUYHOT0 HABAHTAXKEHHS,
[0 € HAA3BUYAHO BaXJIMBUM 3 OTJAly Ha MiABUIIEHHS aepoJIUHAMIYHOT
€(EeKTUBHOCTI Ta €KOHOMIYHOCTI (PYHKIIOHYBaHHSI €KpaHormuiaHiB. Lli 1aHi MOXYTb
OyTH BUKOPHUCTaH1 NpU OOTPYHTYBAHHI ONTUMAIBHUX MTaPaMETPIB BUCOTH MOIBOTY i

4yac MPOEKTYBaHHS Ta €KCIUTyaTallil JTITAIbHUX anapaTiB eKpaHHOTO THUITLY.
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Pucynok 4.12. 3aneHOCTi aepoAMHAMIYHOTO MOMEHTY €KpaHOIJIaHa BiJl IIBUAKOCTI

HOTO pyXy IpH Pi3HUX 3HAYEHHSAX BIJIHOCHOI BUCOTH MOJIBOTY.

Ha puc 4.12 npeacraBieHO pe3ylbTaTH YUCIOBOIO  MOJEIIFOBAHHS
aepoIMHAMIYHOTO MOMEHTY M, 110 i€ Ha €KpaHOIUIaH IMiJl Yac TOPU3OHTAIBHOTO
MOJBOTY B 3aJ€XKHOCTI BiJ MIBUIAKOCTI PyXy V, KM/TOJ, MpPHU PI3HUX 3HAYEHHSX

B1JIHOCHO1 BUCOTH noaboTy H=h/c, ne h — abcontoTHa BUCOTa MONBKOTY, @ ¢ — XOpAa
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kpuna. [lo oci opauHAT BiAKIaACHO BIANMOBIAHI 3HaueHHA MomeHTy M, H-m. V¥V
JTOCHIPKeHH]1 Bpax0oBaHO I’ SITh CIIeHapiiB: mojaboTH Ha BucoTax H=0,4; H=0,6; H=0,8;
H=1, a Takox noiiT y 6e3mMexHOMY MOTOIIi, 1[0 IMITY€ YMOBH B1JICYTHOCTI €KPaHHOTO
edexry.

AHani3 OTpUMaHUX 3aJIEKHOCTEH IOKa3ye, MO0 AepOJUHAMIYHUNA MOMEHT
3pocTae 31 30UIBIIEHHSAM IIBUAKOCTI PyXy JMJIsI BCIX PO3TISHYTUX BHCOT, IO €
OUIKYBaHHM pE3YyJIbTATOM y KOHTEKCTI KJIacH4YHOI aepoiauHamikud. OJHaK BeJIHMYMHA
MOMEHTY CYTT€BO 3MIHIOETHCS 3aJI€KHO BiJI BUCOTH MOJbOTY. HaifOunbiii 3HaYeHHS
MOMEHTY (DIKCYIOThCSI TIpU HaWMeHI po3rasiHyTid Bucoti H=0,4, 1m0 3ymMoBiIeHO
IHTEHCUBHUM BIUTMBOM €KPaHHOTO €(eKTy, 30KpeMa — Mepepo3MOoIijIoM THCKY Ha
BEpXHIN 1 HIDKHIA MOBEPXHSIX KpUJa, OCOOJMBO B HOCOBIM YAaCTHHI, 110 CTBOPIOE
J0JJaTKOBY MOMEHTHY CKJIJIOBY.

VY Mmipy 30UIbIIEHHS] BUCOTH MOJIBOTY CIIOCTEPITa€ThCs MOCTYNOBE 3HMKEHHS
3HaueHb MomeHTy. Ilpu H=0,8 kpuBl MOMEHTY HaOMMXAIOThCA [0 pIBHS,
XapaKTEepHOIro Jisi YMOB O€3MEXHOro MOTOKY. Tak, mpu MMIBHAKOCTI MoJboTy 350
km/ro1 3HaueHHst MomeHTy juist H=0,4 na 3040 % nepeBuiilye aHanoriyHe 3Ha4CHHS
IUIsL MOJBOTY B Oe3mexxHoMy motoui. Lle Bka3dye Ha HEOOXIIHICTh ypaxXyBaHHS
MOMEHTHOI HECTaO1IbHOCTI, III0 MOK€ BUHUKATH IPU MOJbOTI MOOIN3Y MOBEPXHI.

3 OTpUMaHUX pE3yJbTATIB BUIUIMBAE, 110 €KpaHHUU €(pEeKT, KpIM CYyTTEBOIO
BIUIMBY Ha MIANOMHY CHJYy, TAaKOX ICTOTHO BIUIMBAa€ HA MOMEHTHI XapaKTEPUCTUKHU
€KpaHoIIaHa. 30KpemMa, MpH MOJbOTI Ha MaJIUX BUCOTAaX BUHUKAIOTH J10JATKOBI
o0epTaroyl MOMEHTH, sIKI HEOOX1JHO BpaxoBYBaTH MiJ 4ac MPOEKTYBAHHS CHUCTEM
KepyBaHHs 1 ctabimizanii. HasBHICTE Takoro edexty BUMarae miJBUILEHOI yBaru Ji0
3a0€3MeueHHs] MOMEHTHOI pIBHOBaru Ta CTIMKOCTI amapaTa Ha pexumax 3
IHTEHCUBHUM €KPaHHUM BILJIUBOM.

TakumM 4YuHOM, pe3yJdbTaTH YHCIOBOTO MOJEIIOBAaHHS MIATBEPIKYIOTh
JOIUTBHICTh KOMIUJIEKCHOTO aHaJi3y aepoAMHAMIUHUX XapaKTePUCTUK €KPAHOILIAHIB
MIpU BapiaTUBHIN BHUCOTI MOJBOTY, 30KpEMA — 3 ypaxyBaHHSAM HeE JIUIE MiAHOMHOT
CUJIH, alie ¥ aepoJIMHAMIYHOTO MOMEHTY, IO IPSIMO BIUIMBA€ Ha KEPOBAHICTh Ta

0€3MEeYHICTh NOJIbOTY.
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OTxe, pe3yJbTaTH NPOBEIECHOIO YHCEIbHOTO MOJIEIIOBAHHS JO3BOJSIOTH
c(hopMyIIOBaTH HU3KY KIIOUOBUX MOJIOKEHb, 110 XaPaKTEPU3YIOTh BIUIUB BiJJHOCHOT
BHUCOTH IMOJIbOTY Ha aepoJIMHaMIYHI XapaKTepUCTUKM eKpaHoruiaHa. Hacammepen,
BCTAHOBJIEHO, 110 CHJIA JOOOBOTO OMOPY JIEMOHCTPYE CTAILy TEHAEHIIO 10 3pPOCTaHHS
31 30UIBIIEHHSAM IIBHJAKOCTI MOJIbOTY, IO € THUIOBUM JUIsl PYyXy TLI y MOBITPSHOMY
cepenoBuili. [IpoTe BaXXJIMBOIO OCOONMBICTIO € MPAKTUYHO MOBHA 1HAUGEPEHTHICTh
Ll€i CUIM A0 3MIHM BHCOTHM B MEXKaxX PO3IJIIHYTOro Aiana3oHy. Jluie Ha HMKHIX
IIBUJIKOCTSIX CIOCTEPIraeThCsl HE3HAUHE 3MEHIIEHHS OMOpY MpPHU MOJIbOTI HA Maiit
BHCOTI, aJie 31 3pOCTaHHSAM IIBUIKOCTI Il PI3HULA 3TIaKy€eThbes. 1le cBiqUuTh mpo
BIICYTHICTh CYTT€BOTO BIUIMBY €KpPaHHOTO €(eKTy Ha CHiIy J0OOBOro Omopy, IO
BIIKpUBAE MEPCIEKTUBH JJI peanizallli eHeproe()eKTUBHUX PEKUMIB MOJIBOTY.

[liniioMHa cuma, HaBMaKU, BUSIBUIIA BUCOKY 3aJIE’KHICTh BiJ BIIHOCHOI BUCOTH:
HaWO1IbIII1 11 3HAYEHHS IOCATAaI0ThCs Ha HaimeHInii Bucoti H=0,4, ne edext B3aemoii
Kpujia 3 OJU3bKOIO JO0 HBOTO TOBEPXHEI TMPOSBISETHCS HANIHTEHCHUBHIIIE.
®opMyBaHHSA 10JaTKOBOTO TUCKY B HMKHIM YaCTHHI KpUJjla MPU3BOAUTH O 3HAYHOTO
MPUPOCTY MIAAOMHOI CHJIM, 11O OCOOJIMBO TMOMITHO MpPU BUCOKUX IMIBHUAKOCTAX
nonboTy. [Ipy 1bOMy 3 MIJBUIIEHHSM BUCOTH BIUIUB €KpaHy MOCTYMOBO 3HHKAE, 1
XapaKTEePUCTUKU HAOIMKAIOTHCA JO YMOB MOJbOTY O€3 1ii MoBepXHi. TakuM YMHOM,
MOJILOT Ha Maliii BHCOTI 3a0e3nedye CYTT€BHM MNpUPICT MNiAMOMHOI cuiu 0e3
HEOOX1THOCT1 30UIBIIICHHS €HEPreTUYHOTO HaBaHTAXKEHHS, 110 JO3BOJISE MIIBUIATH
3arajibHy e(EeKTUBHICTh (PYHKIIIOHYBaHHS amapara.

[Ile oaHMM BaXJIMBUM pE3yJbTAaTOM CTAJIO BHSBICHHS  3aJ€XKHOCTI
aepOJMHAMIYHOTO MOMEHTY BiJl BUCOTHU MONbOTY. [Ipyu MiHiManbHuX 3HaueHHs X HHH
BUHUKA€ 3HAYHUU JOJATKOBUN OO0EpTarouuii MOMEHT, 3yMOBJICHUHN MEPEpPO3NO1TIOM
THUCKY Ha HOCOBI1# YaCTHHI KpHUJIa, 1110 BUKIUKAE 3pOCTaHHS HECTA0ITbHUX MOMEHTHHUX
CKJIaJIOBUX. [3 MiABUIIIEHHSM BUCOTH BIUIMB IIbOTO YNHHUKA MOCIA0IIOETHCA, TPOTE HA
MajJuX BHCOTax Taka OCOOJIMBICTb BUMAara€ JOJAaTKOBOI yBaru INpU NPOEKTYBaHHI
CTaOUTI3YIOUMX Ta Kepyrouux cucteM. lle miaTBepkye BaKIMBICTh ypaxyBaHHS
MOMEHTHOI PIBHOBAru MmijJ 4yac poOOTH €KPaHOIUIAHIB y pEXHMaxX 3 1HTEHCHBHUM

MPOSIBOM €KPaHHOTO e(eKTy.
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VY migcymky, aHani3 pe3yJibTaTiB YKHCEIbHOTO MOJICNIOBAHHS Ja€ MiJACTaBU
CTBEP/IKYBaTH, 1[0 BUKOPUCTAHHS PEAKUMIB MOJIHOTY B Oe3mocepeHii O1U3bKOCTI 10
MOBEPXH1 J03BOJISIE JOCSITHYTU ONTUMAJILHOTO OajaHCy MiIX MHiJHOMHOIO CHUJIOIO Ta
cuioro onopy. Lle cripusie miIBUIIEHHIO aepOJMHAMIYHOI IOCKOHAJIOCTI anapara 0e3
CYyTTEBUX BUTpaT JOAATKOBOi eHeprii. BoaHouac, BaXJIMBO BpaxoOBYBaTH 3MIHY
MOMEHTHHUX XapaKTePUCTHUK, 1[0 MOXYTh BIUIMBAaTH Ha CTaOLIBHICTH 1 KEPOBAHICTh
nonboTy. OnepkaHi pe3yibTaTH MOXKYTh OyTH BUKOPUCTaHI SIK TEOPETUYHE MIATPYHTS
JUTSl IPOEKTYBAHHS eHeproe()eKTUBHUX Ta CTa0LIbHUX JITATbHUX anapaTiB eKpaHHOTO
TUITY, & TaKOX 711 (DOPMYBaHHS PEKOMEHJAIH 110/10 BUOOPY ONTUMAaIbHOI BUCOTHU

MOJIBOTY.

4.6 BucHOBKH 32 po3aijiom

3a pe3ynbTaTH PO3pPaxyHKy MOJIB HIBUJKOCTI Ta TUCKY IOKa3ylOTh, IO B
HOCOBIM 4YacTHUHI (PIO3esiKy TOTIK CHOBUIBHIOETHCS Ta YTBOPIOETHCS 30HA
MIJIBUIIIEHOTO TUCKY. [1OTIM MOTIK OrMHA€e KOPIYC 1 IPUCKOPIOETHCS HaJl BEPXHBOIO
YaCTUHOIO (DI03ETISHKY Ta HAJl OMOPHUMU MOBEPXHAMHU, 110 MPU3BOIUTH 10 YTBOPEHHS
30H HHU3BKOTO THUCKY. Y 3a30pi MDK JITaJbHUM amaparoM Ta 3€MJICI0 TMOTIK
CIIOBUIBHIOETHCS, @ THUCK 3pPOCTa€, OTXKE, CTBOPIOIOTHCS YMOBU ISl 30OUIbIIEHHS
M1THOMHOI CUJIN.

[TokazaHo, 10 HasABHICTH V-MOAIOHMX TOPIIB 3amo0irae MepeTiKaHHIO Bif
HIKHBOI MIOBEPXHI KPWJI JI0 BEPXHBOI, 1110 3a100irae 301IbIIEHHIO HABEJEHOTO OTOpY.
[Toka3zaHo, MmO 3a OMOPHUMH MOBEPXHSIMHU YTBOPIOIOTHCS JBa BEJIUKOMACIITAOHI
BUXpPH, 10 00EPTAIOTHCS B PI3HUX HaIMpsMKax. AJie MiJ BIUIMBOM MOBEPXHI 00HIBa
BHUXpPU COPSIMOBaHI Bropy. BuxpoBuii ciiiji HOCTYMOBO 30UIbIIYETHCSA B MOMEPEUHOMY
nepepisi B Mipy BiJIJaJICHHS anapary.

Koediuient onopy maiike He 3MIHIOEThCS IPU HAOJIMXKEHH1 anapaTy A0 3€MJIL.
BonHouac cnoctepiraerbcsi 301IbIIEHHS MIAMOMHOI CUJIM B Mipy HAOJWKEHHS 10
3emJi. BrmuB 3emii mposiBaseThes Ha BiacTansx h/c < 1,3, mpu h/c = 0,3 3011bIIeHHS
MiIAOMHOI crin ocsarae 48 % MOPIBHSHO 3 MOJIBOTOM Y HEOOMEKEHOMY MOTOII.

3ayBaxxuMo, 10 JUIsi MaJOpPO3MIpHMX €KpaHomiaHiB B obnacti h/c < 0,2 e
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npoOJIeMaTUYHUM, OCKIJIbKM aOCOJIOTHI 3HAY€HHS BUCOTH h OyIyTh HE3HAUHHMHM.
Tomy y BUMaAKy HE3HAYHUX CIOTBOPEHb MOBEPXHI CTBOPIOIOTHCS PHUBUKU JJIS
CTIMKOCTI anapaty. MoKHa peKOMEH1yBaTH BIANOBIAHMI Alana3oH poOounx Bucot 0,3
<h/c<0,7.

3riIHO 3 OTPUMAHUMHM JTAHUMH, M1 Yac HAOIMKEHHS 0 3€MJIl LIEHTP TUCKY
3MIILYEThCSA, a 3HAYEHHsS Koe(illeHTa aepoJMHAMIYHOIO MOMEHTY 30LIbIIY€EThCA
ounbIn HIX y 2 pa3u npu h/c=0,3. Lleit paxTt € BaxiIMBUM 3 NOMISAY Ha 3a0€3MeUeHHS
CTaOILHOTO TOJILOTY Ta MOBUHEH BPaxOBYBATUCA B CHUCTEMI KEpyBaHHS amapaToM.
OTtxe, HalIl pe3yJabTaTU CTBOPIOIOTH OCHOBY [IJIi BU3HAUEHHS a€pOJMHAMIYHUX Ta
KOHCTPYKTUBHUX MapaMeTPiB MajJoradapuTHUX €KpaHOIIAHIB.

AepoauHaMivHa SIKICTh 3HAYHO 3POCTA€ B MIpy HAOIMKEHHS €KpaHOIUJIaHaA 0
MOBEPXH1. 3riJHO 3 JAaHUMHU Ha, SIKICTh 3pocTae B 1,5 pa3u ans h/c = 0,3 nopiBHSHO 3
HeoOMexeHUM MoToKoM. Clif 3a3HAuMTH, 10 PEKUMHU 3 BUIIUMHU IIBUIKOCTSIMHU
BIAMOBIAIOTh Kpallliii aepoauHaMidHIi skocTi. O4eBUAHO, IO OOCIT OTPUMAHMUX
pe3ynbTaTiB  OOMEKEHUH  PO3IJSHYTOI  KOHCTpyKuiero. OnaHak  3arajbHi
3aKOHOMIPHOCTI TOBHICTIO Y3TOJDKYIOTHCSL 3 a€pOJMHAMIYHOIO TEOPIE€I0 MOJIbOTY
no6nu3y 3emii. Ciif 3a3HAYUTH, 110, HA BIAMIHY BiJl 0aratboX 1HIIUX JOCHIIKEHBb
aepoIMHAMIYHUX XapaKTePUCTHUK OKPEMHUX €JIEMEHTIB E€KpaHOIUIaHa, Yy I[bOMY
JOCIHIIPKEHH] PO3MISIAQIOCS TOBHE KOMIIOHYBAaHHSI MajorabapuTHOrO JIITAIbHOTO
amapary.

Pexomenpariii miisi po3poOHHMKIB JIITaJbHUX amapariB JITaKOBOI CXEMH 3
JUHAMIYHUM TPUHIIUAIIOM MIATPUMKU HAJl TOBEPXHEIO:

e JIns mocimiKeHHs aepOoAMHAMIYHMX IMPOIIECIB, IO BIAOYBAIOTHCA Mij Yac pyxXy
MaJIOpO3MIPHOTO  €KpaHoIUlaHa moonu3y 3emii, Oyno Bukopucrano CFD-
MozentoBanHss y 3D-dopmari. Byno mnokazano, mo mig yac pyxy O€3MiIOTHOTO
MaJIOpO3MIPHOTO €KpaHOoIUIaHa MOOIN3Y 3eMIIl CTBOPIOIOTHCS YMOBH JIsl 301JIbIIICHHS
MIIAOMHOI CUJIM TIOPIBHSIHO 3 BHUIIAJIKOM HEOOMEXEHOro NOTOKy. ToMy uepe3
nucOanaHc MOJIB TUCKY Ta IIBUJKOCTI 3BEpXY amapaTy Ta B 3a30pi MIXK 3eMJICI0 Ta

HIKHBOIO TTOBEPXHEIO anapaTy BUHUKHE JOJAaTKOBA MiiioMHa cuia. J{Jig 3MeHIleHHs
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HaBEJICHOTO OMOPY PEKOMEHIYETHCS BUKOPUCTOBYBATH V-1I0/110H1 TOPII HA OMIOPHUX
MOBEPXHSX.

e 3MEHIIEHHs BIJCTaHI JO 3€MJII CYTTEBO HE BIUIUBAE Ha KOE(DIIIEHT
aepOIMHAMIYHOTO OIMOpY MaJIorabapuTHOTO €KpaHOIUIaHa, BOJHOYAC KOEQIIIEHT
MiIIMManbHOT CHUJIM Ta KOE(IIEHT aepoOJMHAMIYHOTO MOMEHTY 30LIbIIYIOThCS.
JlominbHOIO 00JACTIO eKCIUTyaTallli MajaorabapuTHOIO €KpaHOIIaHa MOXe OyTH
niana3oH Bucot 0,3 < h/c <0,7. HabnuxeHHs 0 TOBEPXHI MPU3BOAUTH J0 3MIIICHHS
LIEHTPY Baru amapary, 110 NPU3BOAUTH A0 3MIHU a€pOJAMHAMIYHOIO MOMEHTY, 1 IIe
HEOOX1JHO BpaxOBYBATH IiJi 4ac PO3POOKH CHUCTEMHU KEpyBaHHS AJis 3a0€3MeUeHHS
CTaOUILHOTO MOJIbOTY. Pe3ynbTaTu MOOCHIIKEHb MIATBEPIKYIOTh €(PEKTHUBHICTD
3aIpONIOHOBAHOT  aepOJWHAMIYHOI  CXeMH  OE3MIJIOTHOTO  €KpaHoIulaHa 3

BUKOPUCTAHHSAM €(EKTY 3eMJII.
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BUCHOBKUA

B X071 BUKOHAHHS KOMIUJIEKCHUX AUCEPTAIIMHUX JOCIII)KEHb OYJIM OTpUMaHI1
HACTYIIHI HOB1 HAyKOBI1 Ta MPAKTUYHI PE3yIbTATHU:

1. IIpoBeneHo orisiq Ta MOpOaHANI30BAHO CY4YaCHUM CTaH 3 JIOCIIIXKEHb
aepoJIMHAMIKH arapaTiB 3 TUHAMIYHUM MPUHITUIIOM PYXY HaJl MOBEPXHEI0, OTPUMAHO
[0 MaJoOpO3MIpHI JITAJbHI amnapatd 3 JAWUHAMIYHUM OPUHIUIOM MIATPUMKH HaJ
MOBEPXHEI0 TMOTPEOYIOTh JOCHIIKEHb AaepoJIMHAMIKM 3 MeTol (HOpMyBaHHS
MPUHIUIIB BUOOPY MapaMeTpiB MATIOPO3MIPHUX JIITAJbHUX anapariB 3 JUHAMIYHUM
MNPUHLIUIOM TIATPUMKH HaJ MoBepxHEer. OCHOBHUMU METOJAMHU JOCHIIKEHb €
YHUCJIOB1 METO/IU, ajie BOHU MOTPEOYIOTh EKCIIEPUMEHTANIBHOT BepHU(iKallii.

2. Po3pobieHo MeTOAMKY aepoAMHAMIYHOTO €KCIEPUMEHTY Ta MPOBEACHO
EKCIEPUMEHTANIbHI  JIOCTI/DKEHHS  aepOJMHAMIYHMX  XapaKTePUCTHUK  HECYUYUX
MOBEPXOHb MOOJU3Y €KpaHa 3a YMOB, Npo(iib HA SKOMY MPOBOAWIM JOCITIIKEHHS
Clark-YH12, wmBuakicte HaOirarodoro mnotoky 16,5 m/c, nmosxkuna xopau 0,1 M,
eKcrepuMeHT npoBouBcs B aiana3oHi 0..10 kyTa ataku, 3 BiACTaHHIO 0 ekpaHa 0,1
M. IlpoBeneno wmoaudikaiilo eleKTpoHHO-IUGPOBOTO 1HTEepdeiicy s 3HATTA
aepoIMHAMIYHUX MapamMeTpiB NpoduI0 Kpuiia MpyU eKCIEPUMEHTAIbBHOMY JTOCIIIIKEeH1
B aepoauHaMiuHii TpyOi. Otpumano rpadiku KoedilieHTIB J0OOBOrO OMOpy Ta
niioMuoi cuin aia kpunia 3 npodinem Clark-YH12 no6nusy expana. [lpu ananisi
OTPUMAaHUX PE3YyJbTATIB €KCIEPUMEHTAIBHUX JIOCTIKEHb KpUja B HAOIMKEHHI J0
eKpaHa OyJi0 TOMIYEHO, MIJIBUIICHHS MiANOMHOI cuiau Ha 7 — 16 % 3anexHo Bia KyTa
aTakKH.

3. Po3pobneHo Ta Bepu(]PIKOBAHO METOAMKY PpO3pPaXyHKY aepOJAMHAMIYHHMX
XapaKTePUCTUK JTAaJbHUX amapariB MoOJHM3y €KpaHa 3a YMOB, IpoQiib Ha SIKOMY
npoBoawin gociimkeHHss Clark-YH12, mBuakicte HaOirarouoro motoky 16.5 m/c,
noBxuHa xopau 0.1 M, ekciepuMeHT MpoBoauBcs B Aianaszoni (..8 kyra aTtaku, 3
BificTaHHIO 110 ekpaHa 0.1 M, OyJlo TpOBEAEHO MAOCIIJKEHHS TPbhOX MOJEei
TypOyJIEHTHOCTI Ta 3a pe3yJibratamu oopano SST. Ak pe3ynabTat Oyja0 OTpUMaHO MO
po3MnoaLTy mMBUAKOCTI Ta TUCKY 1J1s ipodutto Clark-YH12 B 6e3MexxHoMy moToIni, Ta

3 HAOJIM>KEHHSIM J10 €KpaHa, moOy10BaHi rpadiku 3ajexHOCTI KOedilieHTIB TI0OOBOTO
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OMopy Ta MANOMHOI CHJIM, BIIHOCHO pe3yibTaTiB ekcriepuMmenTy LAIT anst uporo
npodiato. 3a pe3yiabTaTaMHi YUCIOBUX JOCHIIIKEHb CIIOCTEPITraeThCs 3pic MIAHOMHOT
cuiu Ha 6 — 30% 3anmexHo Bij KyTa aTaku, Npoduio Kpuiia B HAOIMKEH1 O €KpaHa B
MOPiBHSIHHI 3 TpodijieM B 6€3MEKHOMY MOTOII].

4. YucnoBe MOJENIOBAHHS MOKa3auo, IO 3a pe3ysibTaTaMU PO3PaxyHKy IOJIiB
IIBUIKOCTI Ta THUCKY, B HOCOBIM YacTHHI (DIO3€sKY TMOTIK CIOBUIBHIOETHCS Ta
YTBOPIOETHCS 30HA MIABUIIEHOTO THUCKy. IloTiM mOTIK oruHae Kopmyc i
MIPUCKOPIOETHCS HAJl BEPXHBHOIO YACTHHOIO (DIO3EIISKY Ta HaJl OTIOPHUMHU IMOBEPXHSIMU,
10 NPU3BOAMUTH 1O YTBOPEHHS 30H HU3BKOIO THCKY. Y MOMIDKKY MDX JITaJIbHUM
anapaTtoM Ta 3€MJICIO MOTIK CHOBLIBHIOETHCS, @ TUCK 3POCTAE, OTKE, CTBOPIOIOTHCS
yMOBHU JJisl 30UIbIIeHHS MiAioMHOI cuiau. HasBHicTh V-moaiOHUX TOpIIB 3amolirae
MEepPEeTIKAaHHIO BiJl HIXKHBOT MOBEPXHI KPUJI IO BEPXHBOI, IO 3amooirae 301bIIEHHIO
HaBEJICHOTO OMOPY. 3a OMOPHUMHU MOBEPXHSIMHU YTBOPIOIOTHCS JIBA BEITMKOMACIITaOH1
BUXpHU, M0 OOEpPTalOThCA B PI3HUX HaNpsiMKax. BHUXpoBUiMl CiaiJ] MOCTYMOBO
30UIBIIYETHCST B TOMEPEUYHOMY Tepepi3i B Mipy BianaieHHsa amapary. KoedirieHt
omopy Maie He 3MIHIOEThCS NPU HAOMMKEHH1 amapaTy 10 3emii. Brums 3emuni
nposBIseThCs Ha BiacTadsax h/c < 1,3, mpu h/c = 0,3 30ibIIeHHS MAROMHOI CHUIIN
nocsrae 48 % MOPIBHIHO 3 MOJBOTOM Yy HEOOMEKEHOMY MOTOL1. MOKHa 3ayBaXKUTH,
0 JUISI MaJOpO3MIpHUX eKpaHoIuiaHiB B oOmacti h/c < 0,2 € mpobiaeMaTuIHUM,
OCKIJIbKM a0COJIIOTHI 3HAa4eHHs BUCOTH h OynyTh He3HauHUMHU. ToMy y BHMAaKy
HE3HAYHUX CIIOTBOPEHB MOBEPXHI CTBOPIOIOTHCS PU3UKH JJIsl CTIMKOCTI anapaty. Crif
TaKOX 3a3HAYUTH, 10 PEKUMH 3 BHUIIMMH IMIBHIKOCTSAMH BIAMOBIAAIOTh Kpalii
aeponMHaMiyHiid  sikocTi. Ha BigmMiHy Big 0araTboX 1HIIMX  JOCIIIXKEHb
aepoIMHAMIYHUX XapaKTepPUCTHUK OKPEMHUX €JEMEHTIB €KpaHOIUIaHa, y IbOMY
TOCIIKEHH] pO3IISAaNocs MOBHE KOMIIOHYBAaHHS MaJorabapuTHOIO arapary.

Hanano pexomeHnpaiii moA0 BUOOPY MPOEKTHUX MapameTpiB, AJig PO3POOHUKIB

MaJIOPO3MIPHUX arapaTiB 3 JUHAMIYHUM MPUHIIUAIIOM MiATPUMKHU HAJl IOBEPXHEIO.



