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AHHOTaUA

B pa6oTe noctpoeHa MaTeMaTH4YecKast MOJiesIb TeJjla CJIOXKHOM KOHPUTypaLUY, COCTOSLEr0 U3 ABYX
OPTOTrOHAJIbHBIX CTep)KHeﬁ H YeThbIpex NPAMOYIOJIbHBIX IIJIACTHUHOK. PaccmannBaemaﬂ KOHCTPYKLUA
NpeJicTaBJsIeT c060 paboyrii 3leMeHT BeTPOTYypOuHEI [lapbe ¢ YeThIpbMs JlonacTsaMu. Teso coBep-
maeT MJI0CKOoIIapaJljieJibHOE€ CHUXKEHH e 110/, ﬂeﬁCTBHeM CUJIBI TAXECTH U a3PpOJAUHaAMUYECKHUX CHJL. As-
poArMHaAMHUY€E€CKHEe CUJIbI, IPUJIOXKEHHbIE K IIJIACTUHKaM, IPUHATBI B COOTBETCTBHUHU C 3MHHpH‘{ECKOﬁ
Teopneﬁ CTallUOHAapHOTO 06TEeKaHUdA IJIOCKOHW IJIACTUHBI. I/Iccneﬂye'rcn BOIIPOC O CylieCTBOBAHHUU
CTallMOHAPHBIX PEXXUMOB crycka. Hanbosbminii MHTEpEeC B paboTe MpeJCTaBJISET PeXUM aBTOPOTa-
LMY, NIpU KOTOPOM TeJiO 6blCTp0 BpallaeTcd U OCyLeCTBJIAEeT CHUXKEHHE 10 BEePTHUKAJIU UJIKN HAKJIOH-
HOU MpsIMOW MOJ06HO CBOGOAHO BpalaolieMycsl HeCcyleMy BUHTY. [Ipu momouy MeToza ocpesHe-
HUS T0JIyY€eHbl OLIeHKH CpeJiHeN YIJI0BOW CKOPOCTH, CpeJHEN CKOPOCTH IIEHTPA Macc ¥ CPeJHErO yIia
NJIAaHUPOBAHUA TeJia B peXXUMe aBTOPOTALlUH; JOKA3aHO, YTO PEXUM aBTOPOTALUU ABJIAETCA NPUTA-
THUBAKIIHUM. HOKaSaHO, 4TO CIIYCK B peXHMe aBTOPpOTallUKh IIPOUCXOAUT C HauMeHblIEeH CKOPOCTbIO
10 CpaBHEHHIO C APYT'UMH PEKHUMAMH, YTO [IO3BOJIAET NIPUMEHATDH 3TY KOHCTPYKLWIO B Ka4e€CTBE CU-
CTEeMBbI CIIyCKa UJIK a3pOJAUHAMUYECKOT0O TOPMO3HOTO ychOﬁCTBa, JIN60 KaK CUCTEMY IIJIAaHUPOBAHUA.
Hamnucanbl NnporpaMmbl, B KOTOPBIX IPOBOAUTCA YUCJIEHHOE UHTErpUpPOBaHUE ypaBHeI—mﬂ ABHXXEeHUA
paccMaTpyUBaeMOro TeJsa U pe3ybTaTbl YUCJIEHHOTO HHTEIrpUPOBAHHA CPaBHUBAKTCA C IOJIYyY€HHbI-
MU TE€OPETHYECKUMH OLl€HKaMU [Jid O€HKHU TOYHOCTHU paCCMAaTpUBaeMbIX METOL0B.
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Abstract

In this paper, a mathematical model of a body of complex configuration consisting of two orthogonal
rods and four rectangular plates is constructed. The design in question is a working element of a Darye
wind turbine with four blades. The body makes a plane-parallel descent under the influence of gravity
and aerodynamic forces. The aerodynamic forces applied to the plates are assumed in accordance with
the empirical theory of stationary flow around a flat plate. The question of the existence of stationary
descent modes is investigated. The greatest interest in the work is the autorotation mode, in which the
body rotates rapidly and descends vertically or in an inclined straight line like a freely rotating main
rotor. Using the averaging method, estimates of the average angular velocity, the average velocity of the
center of mass and the average planning angle of the body in the autorotation mode are obtained; it is
proved that the autorotation mode is attractive. It is shown that the descent in the autorotation mode
occurs at the lowest speed compared to other modes, which makes it possible to use this design as a
descent system or an aerodynamic braking device, or as a planning system. Programs have been written
in which numerical integration of the equations of motion of the body under consideration is carried
out and the results of numerical integration are compared with the theoretical estimates obtained to
assess the accuracy of the methods under consideration.
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BBeaeHue

B pa6oTe paccMaTpuBaeTcst 4acTO BCTpeYAOUIUMNACA peXXUM Bpa-
LleHUsl Hecyllero BUHTA, KOTOPbIM HasblBaeTCs aBTOpPOTalMeH,
T.e. PEKMM BpallleHUsl BO3/yIIHOT0 BUHTA JleTaTeJbHOI0 anmnapa-
Ta MoJ AelcTBMeM Haberawluero noToka Boszayxa. /s camoJsieta
peXMM aBTOPOTALMU ABJSAETCSA aBapUUHBIM peskuMoM. OH BO3HU-
KaeT B c/ly4yae OCTaHOBKH JIBUraTess B M0JIeTe, KOT/la BUHT Nepe-
CTaeT NMPUBOAUTLCS OT JBUTaTessl U HAaYMHAeT PAaCKpy4YUBaThCA
HaberamiuM NoTOKOM Bo3gyxa [1-11]. [Ipu aToM, BO3HUKAET ce-
pbe3HOe CONPOTHBJIEHHE MOTOKY, KOTOpOe TOPMO3UT CaMOJIET, a
€eCJIY IBUTraTeJ U PaclosoKeHbl Ha KOHCOJIAX KPbIJIa, TO BO3HUKAET
elle ¥ JJOCTaTOYHO CUJIbHBIN pa3BoOpayMBalOLMi MOMeHT. YTOObI
n36exaTb 3TOro, HaJl0 YCTAHOBUTb JIONACTH IO IOTOKY, YTOObI
YMEHBUIUTh BpeJHOe a’spoJuMHaMuyeckoe cONpoTHBieHHe. [is
BepToJIeTa CUTYyalysi MEHAETCS B MOJIOKUTENbHYI0 CTOpoHY. He-
CMOTpS Ha TO, YTO, YTO PEXUM aBTOPOTALMH U SIBJISIETCS aBapUii-
HBIM, HO C €ro MOMOlIbI0 BEPTOJIET MOXET MPOU3BECTH MATKYIO
M0Ca/JIKy ¢ HepaboTalLMM JBUraTeseM. B Hadyasle CHIXKeHUs, ar
BUHTA J]0JKEH ObITb MUHUMaJIEH /151 GBICTPOM pacKpyTKH Jiona-
credd. C IOMOIBIO pblYara Lar-ras BblGUpaeTcsl peXXUM ¢ MUHU-
MaJsIbHOW BEPTUKAJIbHON CKOPOCTBHIO U 6OJIbIION TOPU30HTAIbHOMN
CKOPOCTBIO U yepKUBaeTcs paBHOBecHe. CHUXKeHHe NTPOBOAUTCS

110 aHAJIOTUM C MocaJikod camoJieTa. [lepes 3emMsell NPOUCXOAUT
BbIpaBHUBaHUeE U KacaHue [12-20].

B pa6oTe nokasaHo, YTO aHAJIOTMYHBIHA PEXUM CYLIeCTBYET NpPU
IJIOCKOTIapaslJleJIbHOM JBHXKEHUH pabovero sjeMeHTa BETPOTYp-
6uHbl /lapbe ¢ YeTbIpbMs JIONACTSIMU C FOPU30HTAJBLHOH OChIO
BpaLeHUs U YTO TeJI0 CJI0XKHOHW KOHPUTYPALIUU MOXKHO UCIO0JIb30-
BaThb KaK CUCTEMY CIyCKa.

IlocTaHOBKA 3a4a4u

B pa6oTe nocTpoeHa MaTeMaTH4ecKasi MOZeJIb MJIOCKONapasijielb-
HOT'O CIyCKa TeJia, MpeJCTaBJISIIero coboi paboynil sjgeMeHT
BETPOTYpOUHBI Jlapbe C rOpU30HTAJIBHOU OChIO, COCTOsIIEe U3
JIBYX OPTOTOHAJIbHBIX CTEPXKHEHN U YeThIpeX MJIACTHHOK, KOTOpbIe
MOTYT OGBITh NEPEKOLIEHbI HA yTOJI O oTHOCHTENbHO HOpMaJIH K
ctepkHsAM. [Ipyu co3pmaHuu MoJiesin BO3/IEHCTBHUS Cpesibl HAa TeJIo
HCII0JIb30BaHa TUNOTE3a 0 KBAa3UCTALMOHAPHOM OOTEKaHUM IlJIa-
CTUHOK cpeioii. CorylacHO 3TOU rUIoTe3e CuJia BO3/IeHUCTBUS Cpe-
J1bl Ha KaXAYI0 MJIACTUHKY XapaKTepU3yeTCsl CKOPOCTbI0 HEKOTO-
pO¥ ee TOUYKHM, KOTOpasi Ha3blBaeTCs LEHTPOM AaBsieHus [21]. B
paccMaTpuBaeMOU MO/JieJid MPeAINoJaraeTcsi TakKe, YTO LeHTPhI
NaBJeHUs MJIacTUHOK TOYKH A,B,C,D HenmoABW»KHBI, TaK Kak IMoIie-
peyHble pa3Mephl MJIACTUHOK HAMHOTO MeHbIIe JIINHBI CTEPXKHS.
CumnTaeTcs, TaKXKe, YTO CPe/la HE OKAa3bIBAae€T HUKAKOIO BJIHUSHUS HA
CTep>XEHb.

AspopnHaMuyecKue CHUJIbI, IeHCTBYIOLIME HAa KaXKAYH IJIACTHUH-

CoBpemeHHble
MH(OPMaLMOHHbIe
TeXHONnornun

n UT-o6pa3oBaHue

Ky pas/IOKHUM Ha JIBE€ COCTaBJIAIOLIME: CHJIbl CONPOTHUBJIEHHUS
SA ’SB’SC’SD' HanpaB/eHHbIe TPOTHUB BO3/YNIHBIX CKOPO-
CTel _LIeHTPOB [JlaBJeHUs VA,VB,VC,VD , Y TIOJ'beMHbIE CHUJIbI
PA ,PB,PC,PD , HanpaBJIeHHble UM OPTOrOHaJIbHO. BBesieM yriibl
aTakKu a,ﬂ,v,n, MEeX/ly MJIaCTUHKaMHU U COOTBETCTBYIOIUMH
BO3/IyIIHBIMU CKOPOCTAMM. [los10KUTe/IbHOE HalpaB/eHue oTye-
Ta NPOTHUB YacOBOW CTpPeJIKU. BeJIMYMHBI a3poAMHAMHUYEeCKUX CUJI
paBHBI:

|8, = s()V; =0.5poc (@)Vi| B, = p(a)V; =0.5poc, (@) ;

S, [= (B, =0.5pa¢ (B, By = p(BV; =0.5p0¢ (B)V;
|8y [= 50V =0.5p0¢, (V5 | By |= pv)Vs =0.5poc, )V

1S, [=s(m)V3 =0.5p0c, V7, | B, = p(n)V; =0.5pcc, (n)V;

Tne ¢, c, 6e3pasMepHble a3poluHaMuiecKne QyHKIUH, O
-IJIOTHOCTb BO3/lyXa, O -IJIOWa/(b IJIACTUHOK. BBesieM cucremy
KOOP/JIMHAT, CBSI3aHHYI0 ¢ BeKTOpoM V' .0Ccb T CBSKEM C Halpas-
nexnem Bektopa ¥V, och 1] cBsxeM c HanpaBJieHHeM HOPMaJlb-
HbIM. [Ipy BBIBOJIe ypaBHEHUH ABMXKEHUS TeJla, BOCIOJIb3yeMcs
TeopeMoH 0 IBIXKEHNH LieHTPa Macc B IpoeKUUAX Haock 7 u 1],
TeopeMoi 06 U3MeHeHUH KUHETUYeCKOro MOMeHTa U TeopeMoi o
CJI0’KEHHUH CKOPOCTeM.

my = p(@)V racosf—p(f)Vyrwcos@—s(a)V ,(rosin@-V)+s(B)V,(rosin0+V)+
—pV,rosin@+ p(v)Vrosing+s()V,(rocos@+V)=V.s (v)(rocos§+V)+mgcosy 1)
mVy==s(a)V,rocos@+s(f)V,racosd+ p(a)V (rosind-V)—p(B)V,(rosin0+V)-

+V,s (rewsin@—=V.s (v)rosin @+ p(n)V, (rocos 0 =V)+V.p(v)(rocos@-V)—mgsin y
Jo=r(V;(p(a)sin(a-8)-s (@)cos(a~8))+V; (p(B)sin(f~8)~s(B)cos(f~5))
+E(p(v)sin(v =8)=s (v)cos(v =) + V5 (p(n)sin(y ~ 8) (1) cos(17 - )

b+7=0

KHHeMaTH4YeCKHe COOTHOIIEeHHd, CBA3bIBalOIWe VA 5 VB 5 VC 5 VD )

a,B.v.ncy,0,0,
HUMEIOT BU/:

V,sin(a—9)=-Vcos@, V,cos(a—9)=row—Vsind
Vysin(f—0)=Vcosb, V,cos(f-0)=ro+Vsinf (2)
V.sin(v—=9)=Vsinf, V. cos(v—5) =rw—V cosd
V,sin(n—0)=-Vsin@, V,cos(nn—0)=rw+V cosd

[Tocsie TOoro, Kak Mbl MIPOUHTErPUPYEM CHCTeMY ypaBHeHUH (1)-
(2), MBI MOXeM OKOHYaTeJIbHO ONpe/eJUTb IOJIOKEeHHe TeJa
OpU NMOMOILIY MHTErpUpPOBAHUS KMHEMATHYeCKUX COOTHOLIEHWH
x=Vcosy,y=Vsiny

U pelleHus ypaBHeHua ¥ = ¥ + 6 . TakuM 06pa3oM, MbI HOJYIHIH
3aMKHYTYIO U OTIpe/ieJIeHHYI0 CUCTeMy ypaBHeHUH (1)-(2) onucel-
BaIOLIYI0 MaTeMaTH4eCcKyl0 MoJleJlb PacCMaTPUBaeMoOro TeJa.
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P u c. 1. PaccmaTtpuBaemoe Tes1o

Fig. 1. The body under consideration

HCTOYHHMK: COCTAB/IEHO aBTOPOM.
Source: Compiled by the author.

Pexxum dBTOpPOTALlUHA

PaccMoTpuM JBIXKeHMe Tesla IPU  BBICOKOHM YIJIOBOH CKOPOCTH
N0/ IEACTBHEM CHJIbl TSKECTH M aPOJMHAMMYECKUX CHJI. [Ipu
3TOM OKPY»KHasi CKOPOCTb IJIACTUHOK 7@ BeJIMKa M0 CPaBHEHHUIO
¢ a6COIIOTHOM CKOPOCTBIO LIEHTpA Macc J/ , MO3TOMY YIJIbl aTaKH
a,ﬂ GaU3KY K O . U3 ypaBHeHHUs BpalleHUs U YpaBHEHUH JBHU-
»KeHHs IIeHTpa Macc cucTeMsl (1) BUJHO, 4TO NpaBble YacTH 3TUX
yPaBHEHHUH NTPY BBICOKOH YIJIOBOHM CKOPOCTH JI0CTAaTOYHO MaJIbl.

[Ipe0JI0KKUM, YTO CYLIeCTBYeT CTAllMOHAPHBIN PEXUM, IIPHU KO-
TOPOM TeJIO BpalllaeTcsi C BBICOKOH YIJIOBOH CKOPOCTBIO M OCY-
WECTBJIAET CIYCK [0 HAKJOHHOW NPSAMOM 10/ MasbiM yrjaoM /.

Vol. 20, No. 1. 2024 ISSN 2411-1473 sitito.cs.msu.ru

I/ITaK, INyCcTb TeJIO PACKPy4Y€HO A0 BbICOKOﬁ yI‘.ﬂOBOﬁ CKOpoOCTH,
T.€. ré >> V,a,ﬂJ?,V — 0. AspoanHaMuyeckue QyHKIUU p,S
paBJIO}KHM B pﬂ]l HpI/I a,ﬁbn,v —)é‘ WU BO3bMEM YJIEHBbI l'lepBOl"O
nopdaaka.

s(a)=s;+s5(ax—90), p(a) = ps+ ps(a—9),
s(B)=s;+55;(B=0), p(B)=ps+ ps(B—05)
s(m)=s5+55(m=0), p(17) = ps + ps(1—9)
s(W)=s5+5;(v=0), p(v)=p; + ps(v—9)

rae: S5 = 5(0),85 =5'(0), ps = p(9), ps = p'(9).
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JleBble YaCTH KMHEMATUYECKUX COOTHOLIEHUH (2) JIMHeapusyeM
npu a, f,n,v—>90

V(x—8)==VcosO,V,=rw—Vsinbf
Vy(f—0)=VcosO, V,=ro+Vsinbd
V.(v—=95)=Vsind,
V,(n—0)==Vsinb, V,=ro+Vcosé

V.=rw—Vcosd

[To/1b3ysiCh STUMH COOTHOLIEHUSIMH, C/leJlaeM B ypaBHeHUsAX (1),
TIEPEXO OT NEPEMEHHBIX VA’VB’VC’VD,a’ﬂ’V,U K lepeMeHHbIM
6,60,V v npoBezneM ocpe/iHeHHe NPABbIX YacTel MOJIyIeHHON CH-
creMbl Ha otpeske [(,27], 0CTaBUM B HEl TOJIbKO CTAlMOHAPHbIE
claraeMble U yITeM, YTO CpefiHee 3HadeHHe ) Ha 060poTe PaBHO
HYJIO:

Jor=—4rs;(ro) +V>(ps+s,)
mV =-2raoVs; +mg (3)
mVy ==2raVp; —mgy

JTa CUCTEMA UMEET cileayrwue CTaliuoOHapHble pelIeHus:

(4)

Vo |Ps=ss y, __mg _DPs
>0

7 285 &

@,
2r@,s S
0~0 )

Bocrosibayemcest TeM, ITO IPH. § << | cnpazBe,tumeI COOTHOILIEHUS
"

ro_ o _ r_n
D5 = Do»Ps = Py0,S5 =8y +——,85 =5,0.

Uckrouns u3 popmyn (11) Vo > @) ,IOJTyIUM:

.S
1 mg Po=5 B mg
@y == vs2 V= v 2 w22 V0=
7\ 2s,+5"0 25, +5"0 \]2s0+s5\j , s"5
Po= S~

JTO ycTaHOBUBIIEECs JBHXKEHHE HOCHUT Ha3BaHHeE peuMa aBTO-
poTtauuu [22-24].

yToJl IJIaHUPOBaHHUsI NPOIOPLHOHAIIEH BeJIMYMHE yIJIa IepeKoca
IJIACTUHKU (§ . MBI BUAMM, YTO IPY YMEHbIIEHUH COTPOTUBJIEHUS
S 5 yBeJIMYMBAIOTCA CpeiHAs YIJIoBas CKOPOCTb U CPEJHUE yrou
IJIAHWUPOBAHUA U YMEHbIIAETCs CPeJHAsA CKOPOCThb LieHTpa Macc.
Tpu yBenudennn §, @g ymenbmaercs,a Vu ¥ yBeanuuBaiot-
cs. B cayyae O = 0 (mracTHHKYM OPTOrOHA/NbHBI JepiKaBKe) MMe-
eM: ps = (),S:s =0, W, npuHUMaeT MaKCHMaJbHOE 3HaueHHe,
o TPUHMMaeT MUHUMaJIbHOE 3HaueHHe, ) = 0.

3aMeTuM, YTO Hal/IeHHbI CTallMOHAPHBIM PEXUM aBTOPOTALUU
®y,Vy,7y ssnsercs OPUTATUBAKOWUM. [eHCTBUTEIBHO, INPU
W < @,, V< VO,}/ <), TpaBble YaCcTH OCPEJHEHHOH CHUCTe-
Mbl (10) moJIOKUTENbHBI U BeJUYUHBI (O, V,}/ B OCpeJiHEHHOU
CHCTeMe BO3pacTaloT. ITO O3HA4aeT, YTO U B MOJIHOM cucteMe (1)
sesmunsbl @,V ,7 B CpefiHeM 3a mepuoj, 6yzeT BospacraTsk. IIpu
o >a),V>V,y>y, IPOBO/IMM aHAJIOTUYHbIE PACCYX/IEeHUSI.
B ciyyae & = () (I1aCTHMHKM OPTOrOHA/BHBI JIepKaBKe) U3 TpeThbe-
ro ypaBHeHUs cucTeMbl (10) Mbl BUMM, YTO CpeAHAA 60KOBas CUla
paBHa HyJII0, IO3TOMY CBOGO/IHOE IJIOCKONAapaslje/bHOe NajieHue
TeJla, paCKPyYeHHOI0 JI0 BbICOKOH YIJIOBOW CKOPOCTH, OyzeT Bep-
TUKaJIbHBIM. B pa6ore [25] paccMoTpen atoT cy4ait [Tpu 6 < 1
CBOGOJIHOE IJIOCKONapa/ie/ibHOe NajieHue Tesa 6yAeT NPOXOJUTh
110 HaKJIOHHO# MPsIMO¥i 1o MasibiM yriioM }g . B pa6ore! mposeze-
Ha JIMHeapu3alus CUucTeMbl (4.2) B OKpECTHOCTH pexKMMa aBTOpOTa-
uuu. [loslydeHHble ypaBHEHUs 1epBOro NpUGJIMKeH|sA HOpMaJIn30-
BaHbl U [I0Ka3aHO, YTO OHYU MMEIOT OrPaHHUYEHHOe NepUoAnIecKoe
pelleHHe, T.e. 060CHOBaHa 3aKOHHOCTb OCPE/JHEHHU.

3ak/o4yeHue

TakuMm o6pa3om, B pabore:

1. PaspaGoTaHa MaTeMaTH4YeCKasi MOJieJib CIIyCKa TeJIa.

2. Ha#jeHo cTanMoHapHOe pelleHre 0CpeiHEHHOM CHCTEMBI KO-
TOpOe Ha3BaHO PEXKUMOM aBTOPOTALMH.

3. TlokasaHo, YTO BepTHKaJbHasi CKOPOCTb peXUMa aBTOpOTa-
MM HEBeJIMKA MO0 CPaBHEHMIO C YIJIOBOW CKOPOCTBIO U yKa-
3aHHYI0 KOHCTPYKIHIO MOXXHO HCIOJIb30BaTh KaK CHUCTEMY

TakuM 06pa3oM, MOXKHO C/eJaTh BBIBOJ, YTO YCTAaHOBHBIIHHCSA crycka.
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