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Panee aBropamMu ObUIO MPOBEAEHO 000OIICHUE OPUTHHAIBHOTO METO/A HC-
CJICIOBaHUS YCTOHYMBOCTH CTALMOHAPHOTO BPALCHHUs] POTOPHBIX CHCTEM, COZEep-
JKAIUX BS3KYIO HEC)KUMAEMYIO KUJIKOCTh, OCh KOTOPBIX HAXOAUTCS B M30TPOIHBIX
3aKpETUICHISIX, Ha CITyqaii, KOTia BI3KOYIPYTHe 3aKPETICHHUsT OCH POTOPHON CHCTEMBI
aHu3oTponHel. O600IIeHNe onMpaeTcs Ha JIBE TEOPEMBbI, KOTOpPbIE TOBOPSAT O TOM,
YTO HaXOXKJCHHUE YCIOBHH YCTOMYMBOCTH TAKHX CUCTEM CBS3aHO C BO3MOXHOCTBIO
OCYLIECTBIICHUS IBHKEHHS THIIA IUTUITHYECKOH IPELeCCHHU U ITPU TAaKOM JIBUKEHUHN
CYILIECTBYeT CIelalbHas HeMHepLHaIbHas CUCTeMa OTCYETa, B KOTOPOH Tuapo-
JMHAMUYECKHE JIEMEHTBI CUCTEMbI IIEPUOANYECKH U3MEHSIOTCS BO BpeMeHH. Mccne-
JIOBaHHE TAKUX JIBMKCHUH TO3BOJISIET CTPOUTH I'PAHMIBI OONACTEeH ¢ pa3IMyHON
CTENEHbI0 HEYCTOWYMBOCTH, B YACTHOCTH, TPAHUIIbI 00NacTel yCTOWYMBOCTH pe-
JKMMa CTallMOHAPHOTO BPALIEHHs B IPOCTPAHCTBE NMApaMeTPOB 3a1auH.

B Hacrosieli ctarbe NpoBeIeHO NOCTPOSHHE IPaHuI 00JIacTe yCTOHYHBOCTH
JUIS CIy4daeB, KOTAa 3aKpeIVICHUsI OCH POTOpa aHU30TPOINHEL. B mpocTpancTse na-
paMeTpoB 3aKpeIIeHUH oy4eHa napaMeTpu4ecky 3aanHas D-KprBasi Kak yHK-
s 6e3pa3MepHOM YacTOTHI Iperieccuy potopa. PaccMoTpens! 1a Hanbosee 1H-
TEPECHBIX CiIydasi: aHU30TPOITHAS JKECTKOCTh 3aKperuieHuit (nemndupoBanue npu
9TOM M30TPOIHO) U H30TPOIHAS KECTKOCTh 3aKPEIICHNH ITPY aHU30TPOITHOM JEMII-
¢uposanuu. [lonydeHHbIE pe3yabTaThl COMOCTABIICHBI C U3BECTHBIMH pE3YIbTaTaMi
JUISL CITyqast I30TPOIHBIX 3aKPEIUICHUH 0CH poTopa.

[Toka3aHo, 4TO aHU3OTPOINUS 3aKPEIUICHUH, KOTOpasi BCErna MPUCYTCTBYET B
peanbHBIX POTOPHBIX CUCTEMaX H3-3a HECOBEPIICHCTBA TEXHOJIOTHI IPOU3BOACTBA
3aKpeIvIeHUH, He IPUBOAUT K HeraTuBHBIM 3¢ ¢dexram. bonee Toro, ¢ momouiso
HOJTy9E€HHBIX D-KPUBBIX MOKHO IOIYYUTH TEXHOJIOTHUECKHE JOITYCKH I IPOU3-
BOJZICTBA 3aKPETUICHUH, HCTIONb3Ys TO, YTO U3BECTHO JIOITYCTUMOE OTKIIOHEHHE 3Hae-
HUS J)KECTKOCTH WM AEMIIGUPOBAHHUS 11O OCSM.

Kouesvie cnosa: poropHas cucteMa, MOJIOCTh C BA3KOW KHUIKOCTBIO, PEKUM
CTALIOHAPHOTO BPALIEHHUsI, yCTOHYMBOCTD M aBTOKOJIEOaHUS.
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BBepgeHue

HccnenoBanue yCTOWYMBOCTH BPALEHUS POTOPHBIX CUCTEM, COAEPIKAIUX >KHUI-
KOCTb, — JJOCTaTOYHO CIIOXKHAA 3aj]aya, MPeACTaBIIoNIas 3HAYUTEIbHBI HHTEpEC IS
Pa3IMYHBIX TEXHUYCCKUX MPHUIOKECHUH Takux cucteM [1—14]. Panee Obur mpesioxkeH
METOJI UCCIEOBAaHUS YCTOWYMBOCTH TUX CHCTEM JIS CIIydasi, KOTrJa 3aKperyieHus OCu
portopa uzotporHsl [15-20]. Beuto MoKa3aHo, YTO HAMOOJIBITUI UHTEPEC IS UCCIIEO0-
BaHUS TAaKUX CHCTEM IPEACTaBISIET BOBMOKHOCTh OCYIECTBUMOCTH JIBUKCHHS THIIA
KpYroBo# Ipeneccuu. B mpocTpaHcTBe mapaMeTpoB 3a1a41 MOYKHO [TOCTPOUTH ITapaMeT-
PHUYECKH 33IaHHYI0 KPHUBYIO, KOTOpas pasessieT IpOCTPaHCTBO MapaMeTpoB Ha 00JIacTH
C Pa3IMYHON CTENIEHBIO HEYCTOWYNBOCTH.

B nanpHelinieM ObUTO BBHIOSHEHO 0000IIEHHME METONa Ha Cilydail aHM30TPOIHBIX
3aKperuieHn# ocu potopa [21]. B ocHOBe 0000MICHUS JIKUT YTBEPKICHNAE O TOM, UTO B
Cllydae aHM30TPOIHBIX 3aKPEIUIEHUH OCH POTOpa MOSBISAETCS BOZMOXKHOCTB HIUIUIITH-
yeckoit mperneccuu [21].

B HacTos1el cTatbe NpUBOAUTCA MOCTPOSHHUE IPaHUIl 00JacTei yCTOWYHMBOCTH Ha
IUTOCKOCTH MTApaMeTPOB 331a9H VISl HANOO0JIee HHTEPECHBIX CIIyJaeB: KOTA 3aKPEIUICHHS
OCH POTOpa UMEIOT aHU30TPOIHYIO KECTKOCTh, HO MPH 3TOM AeMII(UPOBAHHUE 3aKpeTl-
JICHU I U30TPOITHO, a TaKXkKe 00paTHBIN Cirydaid. Ha ocCHOBe pa30neHHs IUIOCKOCTH apameT-
POB, TOIYYEHHOT0 JJIsl M30TPOMIHOTO ciyyas [ 15-20], mpoBeaeHo conocTaBlieHIe pe3yiib-
TaTOB B AaHU30TPOITHOM U U30TPOIIHOM ClIydasix.

1. Cuctema 6MpypKaLMOHHbIX 3HaYE€HUI NapaMeTpoB

B my6nukanusix [ 15-20] 6b11a uccaeaoBana yCTOMYHMBOCTD CTAIIMOHAPHOTO BpaIICHHS
POTOPHOM CUCTEMBI € )KUIKOCTBIO B CITydae M30TPOIHBIX 3aKpeIUieHuid. B xone nccneno-
BaHUs ObUTH MOJYYEHbI TEOPEMBI, B KOTOPBIX YCTAHOBJIEHO, YTO CMEHE CTEIIeHH YCTOM-
YUBOCTHU BpallleHUs OTBEYAET KPyroBas Mpereccus MUWINHAPA B CIELUAIbHON cucTeMe
orcuera [20]. Taxoke OBl 07Ty 4CHBI BEIPAKEHHS IS THAPOINHAMHYCCKHX CHIT ﬁé (o,€)
u Fn (o, €), neticTyromux Ha mumaaap [20].

B manpreiimem mMeton ObUT 0000IIEH Ha CiTydail aHU30TPOITHBIX 3aKPETUICHHH OCH
potopa [15]. BeIIO yCTaHOBIEHO, YTO MPU aHU30TPOIHH 3aKPEIUICHUH HEHTP CeUeHHs
poTopa B crienuanbHo BeIOpaHHOi cucteme orcueta 0,8 1, (puc. 1) omuchIBaeT IHIC
Ha 4acToTe (M WIH —O.

Uk

Puc. 1. HennepuuansHas cucteMa orcuera O,
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Touka O, sBNsAETCA LEHTPOM IMKIA, & Touka (O, — IIEHTPOM MUIHKIIA C PaTdyCaMu
€, U &, cooTBeTcTBeHHO. Ocu cucTeMbl O, X|x; HOBEPHYTHI OTHOCUTENBHO J1Ia00PaTOPHOI
CHCTEMBI Ha yTOJI CL.

Brina nokazaHa TeopeMa 0 TOM, 4TO pelleHre THAPOIUHAMUYECKOH 3a/1a4U JUIsl CITydast
AIJTUIITHYECKON MPENEeCCHH MPEICTABISET COO0N CYNEPIO3UINI0 PEIICHUH U IBYX
KPYToBBIX Ipeneccuii [21].

B [21, 22] ¢ ucnonp3oBaHNEM MOJCTAHOBKHU BBIPAKEHUHN IS TUAPOAMHAMHYECKHIX
CHJI, ACHCTBYIOINX Ha LUIMHID, B ypaBHCHUS JIBIKEHUs HUIMHApa B cucteMe O xx,
IOJIydeHa KOHEYHAs CHCTeMa YpaBHEHHH, KOTOpas CONCPKUT MapaMeTphl POTOPHOM
CHCTEMbI, OTBEUAIOIINE CMEHE CTETIEHH YCTOMYMBOCTH BPALICHUsI POTOPHOI CUCTEMBI:

- Mo’ (g, +&,)=F(0,8,)+ F.(-0,8) - (g +e,)KM +
+ (g, —g))(®/2)sin20(H, — H,),
_M(’)z(gz —g) =L (0,8,) - F.(-0,8)— (g, _81)(K(2) -
— (g, +¢,)(®/2)sin20(H, - H,),
F (-0,8) = F, (0,8,) + (g, —&)((K, = K,)/2)sin 20 + M
+a(e, +&,)H"Y =0,
F (0,8,) + F,(-0,&)) + (g, + £,)((K, = K,)/2)sin2a -
—a(e, —g)H? =0,

rne M — macca poropa; K ,, H, , — aHu30TponHble Ko3pQUIUHEHTbI KECTKOCTH U JEMIT-
(upoBarus 3aKkperuiennuii ocu poropa coorserctaenno, K = K cos? o + K,sina, K® =
=K sin*a + K,cos?a, H" = H,cos*a + H,sin?a,, H? = H sin? o, + H,cos>a..

PaccMoTpuM /1Ba HauGOJIEE MOKA3ATENBHBIX CITydasi: AHU30TPOIHOMN SBJISETCS TOIBKO
KECTKOCTb 3aKPETIEHHH 0CH POTOPa, WJTH K€, HA060POT, AHU30TPOITHBIM SBJISETCS TOIHKO
nemMnpupoBaHUe 3aKPEIICHHI OCH.

2. UccnepoBaHUe YCTOMYMBOCTU BpaLLeHUs!
B Clly4ae aHU3OTPONMHOM XEeCTKOCTHU

INonoxum B cucteme (1) H, = H, = H u npusenem ee k 6e3pasMepHOMY BUJTY, BBEASI
HOBBIE mapameTpsl 3akpemnennii K, = K, /(mQ?), K, =K, /(mQ?). Us momyuennoit
CHCTEMBI JIETKO OIIPE/ISIISIOTCS BEIpaXKEHUS | K= Kl* - K; u gK = Kl* + K; Kak (pyHK-
1y Ge3pa3MepHOI YaCTOTHI MPEIecCHU poTopa T = m/Q):

_ _ 1/2

F.(1) - F.(-7)
F(O)+F,(-1)-2tH
I 2 2 )

2
Sl g [ M A g A F(v-F@|

m
€y =) =)

R =2 (F,(x)-tH " )F (-0 +1H")

gf(r)=2

rne H = H/(mQ).

E3 *
Hcnonb3ys cuctemy (2), 1€TKO MOTYYUTh BepaskeHns 11s nepemennsix K (1), K, (1)

K/ (%) =%, Ki(t) = _M.
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OTH QopMyIIBI TapaMeTPHUIECKH ONPEeILIoT D-KPHUBYIO B INIOCKOCTH ITapaMeTpOB
YKECTKOCTH 3aKpeIlICHNH IPU (PUKCHPOBAHHBIX 3HAYCHHUAX ITPOUUX [TAPAMETPOB CUCTEMBI.

3. MocTpoeHue rpaHuy, obnacrten ycTom4YMBOCTH
B Cly4Yae aHU3OTPOMHOW XeCTKOCTU

Onupasich Ha BbIpakeHHs! 111 KOA()(DUIIMEHTOB KECTKOCTH, MOTyYEHHbIE B M. 2 I
CITydJasi, KoTa IeMII(pHpOBaHNe 3aKPEIICHHI H30TPOITHO, HA TNIOCKOCTH ITapamMeTpoB K l*,
K; MOXXKHO TIOCTPOHTH OM(ypPKAMOHHYIO KPHUBYIO, 3aJaHHYIO IMapaMeTpruecku (mapa-
MeTp T).

B [20] mpuBeneHa OudypkannoHHass KpUBas, MOJyYSHHAS IS CITydast H30TPOITHBIX
3akperieHuid. [Ipu conocraBnennn OuypKalnOHHBIX KPUBBIX, TOJTYYEHHBIX IS CIydas
AQHM30TPOITHBIX 3aKPEIUICHUH, ¢ KPUBBIMH [UTSI H30TPOITHOTO CITydast yioOHO BOCHOIB30-
BaTbCA IPOPUCOBKOI OM(ypKallMOHHON KpUBOM, H300paXKeHHOH Ha puc. 2.

H

AN

| el
il

Puc. 2. IIpopucoBka 6udypKalluoHHONH KPUBOH A1 U30TPOIIHOIO CIIydast

Ha puc. 3 nokazano pa30ueHHE TUIOCKOCTH MAPaMETPOB KECTKOCTH JJISI PA3THIHBIX
spavennit H: a— s H = 0,17, 6 — H = 1,6. IIpodne napamMeTpsl CHCTEMBI 3abHKCH-
posansr: E =v/(Qa?) =107, bla= 0,5, M/m=1,68.

A ~ K, K =K, 7 ) K|
f ) 7
N : 30 \ o~ 60 :‘
JU— _'—-4* 20 // et - * 40
0 , K" 10 = N B i
."; . ‘ J T T [ , T T T
) 0/ 10 20 30 K, Sl g d 0 ‘ 20 40 60 K,

* * o o
Puc. 3. Pa3OueHne miocKkoCcTH Kl ’ K2 Ha 00JIaCTH C Pa3IMIHOU CTCIICHBIO HCYCTOMYNBOCTHU

KpacHbIM 11BeTOM OTMeYeHa Ta 4acTh OMCCEKTPHCH KOOPAMHATHOTO yITia, KOTopas
OTBeYaeT 001acTH yCTOHUMBOCTU. B ciTyyae BBeleHNs] aHU30TPOIMH 3Ta YacTh OUCCEk-
TPHUCHI «PACTION3AETCS», YTO OTMEUEHO Ha YaCTH PUCYHKA, OTBEYAIOIIEH Pa30MEeHHIO II0C-
xoctu K, K, .

Ilpu pasmmuHbIX 3HaYeHusX H TMOMydeHO COOTBETCTBYIOIIEE 3HAYeHUE (MM 3Ha-
gernss) K. DTHM 3HAUEHHMSM OTBeYaeT TOUKA Ha GUCCEKTPHCE KOOPAMHATHOTO yTIia Ha
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mrockoct K l*, K; (K1* = Kz* B M30TPONHOM ciydae). Takum 06pa3oM, B H30TPOITHOM
CITyJae IMIPOUCXOIUT pa3OneHIe ONCCEKTPICH KOOPAMHATHOTO YIJIa HA YaCTH, OTBEYAIOIIHE
Pa3MUYHBIM CTEIIEHSIM HEYCTOWYMBOCTHU. [Ipy BBEICHHU B CHCTEMY aHH30TPOITUH KECT-
KOCTH TIPOUCXOIHT «PaCIOI3aHNE)» 00IACTH YCTOHUMBOCTH ¢ ONCCEKTPHCH KOOPANHAT-
Horo yria. [ToBenenue OU(ypKalMOHHOW KPHBOIl B OKPECTHOCTIX TOYSK BETBICHHS Ha
OucceKTprce KOOPJIMHATHOTO YIIa — 3TO OTJCIBHBINA BOIIPOC, pACCMOTPEHHBIH B [23].

4. UccnepoBaHue yCTOMYMBOCTU BpaLLeHUs!
B Clly4ae aHU3OTPOMNHOro AemMndupoBaHus

Honoxum B cucteme (1) K, = K, = K. B 9T0M cty4ae MOXHO [OJLy4HTb CUCTEMY JUIs
seipaennii sua f (1) =H, — H, u g"(v)=H, + H,"

4(g,/e,) ~ ~ )
(/" ()= —2 (F,(0+F,(-10)" +
(1-(e,/e,)*)* e | " !
2
+(2%12—2K*+Fé(r)+ﬁé(—nj , 3)
¢ (5= a0+ (/) By
1(1-(g/¢,))
3mech
€ 2__ F.(0)+(M/m)? —K oo K e H e Hy
£, F.(-0)+M/my7 -K"’ mQ? T mQ T mQ

* * o o
W3 cuctemsl (3) momydarorcs BeIpakenus juid [, u H , kak pynkuuii 6espasmepHoit
4acTOThI IPELIECCUU POTOpa:

H H H H
Hl*(,c):f (T)+g (T)’ H;(T)Z—f (T) 8 (T)
2 2
D1 HOpMyYITBEI OIPEAENAIOT ITAPAMETPHIECKH (C ITAPAMETPOM T) D-KPHBYIO B ILIOCKOCTH
apaMeTpoB JeMI(pUPOBAHUS 3aKPETUIEHUI MTPU (PUKCUPOBAHHBIX 3HAYEHUAX TPOUMX
mapameTpoB.

5. NocTpoeHue rpaHul obnacten ycTon4nBocTH
B Clly4yae aHU30TPONHOro aemcpupoBaHus

U3 cuctemsl (3) IpH pa3TMYHEIX 3HAYeHHAX K MOXKHO MOJNYYHTh COOTBETCTBYIOIIEE
3HaueHue (MM 3HadeHus) [ . DTUM 3HAYEHMAM OTBEYAIOT TOYKH Ha GHCCEKTPHCE KO-
OpPAMHATHOTIO yIya Iockoctu H. 1* ,H ; . Ilpoucxomut «pacmnoizanue» 001acTu ycTouu-
BOCTH € OMCCEKTPUCHI KOOPJMHATHOTO yIyIa aHAJIOTHYHO TOMY, KaK OBLJIO B CIIy4ae aHU30-
TPOITHOM KECTKOCTH 3aKPEIUICHUH OCH pOTOpa.

Ha puc. 4 nokazaHo paz0ueHne MII0CKOCTH apaMeTpoB AeMIT(UPOBaHH 3aKperie-
HUA U1 pasnuaebIX 3Hauennii K ;g — g K = 40; 6 — qna K = 20. TIpodne mapameTpsl
cuctemsl He Mensamich (E = v/(Qa?) =107, bla = 0,5, M/m = 1,68). KpacHbIM 1BETOM
OTMEYEHA Ta 9aCTh OMCCEKTPHUCH KOOPMHATHOTO YIJIa, KOTOpas OTBeYaeT 00IacTH yCTOH-
YuBOCTH. B ciy4ae BBeZECHUS aHU30TPOIHUH 3Ta YaCTh OMCCEKTPHUCHI «PaCIION3aeTCsa,
YTO OTMEUYCHO Ha YacTH PHCYHKA, OTBEUAIONIEH pa3OHeHHI0 IIOCKoCTH H 1* , H; .
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T T T
0 1,0 1,5 2,0 H;

a) 0)

* * o o
PI/IC. 4 Pa36I/I€HI/Ie IIJIOCKOCTHU Hl ’ H2 Ha 06J'IaCTI/I C pa3J'II/I‘-IHOI/I CTCIICHBIO HeyCTOI/I‘-II/IBOCTI/I
3aknouyeHue

VCTaHOBIICHO, YTO HAJIMYNE AHU30TPOITHOM )KECTKOCTH B CHCTEME HE MPUBOJUT K He-
ratuBHBIM 3 dekram (cM. puc. 3 u puc. 4). HanpoTus, yuuThIBast, 4TO HUKAKAs peabHAast
KOHCTPYKLIHUSI 3aKpEIUICHN He JaeT MX aOCOTIOTHO U30TPOIHOM KECTKOCTH, MOKHO TTOJTY-
YUTH JOIMYCTHMBIC 3HAYCHUSI OTKIIOHEHHH )KECTKOCTH 10 OCSIM, KOTOPBIC HE IPUBOIAT K IT0-
Tepe YCTOWYUBOCTH BPALICHHUSI.

[Noka3ano, 4TO HAJIMYKE AHU3OTPOITHOTO IEeMII(UPOBAHUS B CUCTEME HE IPHUBOMT K
HeratuBHBIM dddekram (cMm. puc. 4). Onupasch Ha MPOU3BEACHHBIC PACYECThI, MOKHO
HOJTyIUTh JIOMYCTUMBIC 3HAUCHUS OTKIIOHEHUH KOA(DPHUIIUCHTOB AeMITI(QUPOBAHHUS U KECT-
KOCTH IO OCSIM, KOTOPBIE HE MPHBOJAT K OTEPE YCTOHUYMBOCTH BPAILICHHS.
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DESIGN OF THE BOUNDARIES OF THE STABILITY REGIONS
THE STATIONARY ROTATION MODE OF A ROTARY SYSTEM WITH A LIQUID,
THE AXLE OF WHICH IS LOCATED IN ANISOTROPIC FIXINGS

Derendyaev D.N., Derendyaev N.V.

National Research Lobachevsky State University of Nizhny Novgorod,
Nizhny Novgorod, Russian Federation

Earlier, the authors generalized the original method for studying the stability of stationary rotation
of rotor systems containing a viscous incompressible fluid, the axis of which is located in isotropic
anchors, in the case when the viscoelastic anchors of the axis of the rotor system are anisotropic.
The generalization is based on two theorems that say that finding the stability conditions of such
systems is associated with the possibility of elliptical precession-type motion, and with such motion
there is a special non-inertial reference frame in which the hydrodynamic elements of the system
periodically change in time.

The study of such movements allows us to construct the boundaries of regions with different
degrees of instability, in particular, the boundaries of the stability regions of the stationary rotation
regime in the parameter space of the problem.

The boundaries of the stability regions are constructed for cases when the anchoring of the rotor
axis is anisotropic. In the space of the anchorage parameters, a parametrically defined D-curve is
obtained as a function of the dimensionless frequency of the rotor precession. The two most
interesting cases are considered — anisotropic stiffness of anchors (damping is isotropic in this
case) and the opposite situation: isotropic stiffness of anchors with anisotropic damping. The
obtained results are compared with the known results for the case of isotropic anchoring of the
rotor axis.

It is shown that the anisotropy of anchors, which is always present in real rotary systems due to the
imperfection of technologies for the production of anchors, does not lead to negative effects.
Moreover, using the obtained D-curves, it is possible to obtain technological tolerances for the
production of fasteners, using what is known as the permissible deviation of the stiffness or damping
value along the axes.

Keywords: rotor system, cavity with a viscous liquid, stationary rotation mode, stability and self-
oscillation.
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