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C.1. 10JIIrOI10JIOB

BJUSHUE HEJTUMHEMUHBIX XAPAKTEPUCTUK CUJIb®OHA
HA TAPAMETPBI KABUTAITMOHHBIX ABTOKOJIEGAHUM ITPU
COBMECTHBIX TPOJOJIBHBIX KOJIEBAHUAX KOHCTPYKIIUN
TPYBOITPOBOJA U XKUJKOCTH

B craThe paccMaTpuBaOTCS COBMECTHBIC MPOAOJIBbHBIC KONEOAHNS KOHCTPYKIIMH MUTAIOIIETO TPYOOIpoBo-
Jla KUAKOCTHBIX PAKETHBIX JBHTATENeH M JKHIKOCTH C YYETOM HENHMHEWHOCTeH yImpyroi XapaKTepUCTHKH CHIIb-
tdoHa. B kauecTBe HEMMHEHHOCTEH yNpyroil XapakTepUCTHKU CUIIb()OHA PACCMOTPEHO OrpaHUYEHHE XOfa CHIIb-
(hoHa IpHU CXKATHHU 3a CUET CMBIKAaHHS COCENHHX To(p M IPU PacTSDKEHHH 33 CUET YCTaHOBKH CTsDKeK. Llenbio
JTaHHO# pabOTHI SIBISETCS] UCCIIENOBAHME BIMSHUS YKA3aHHBIX HEMMHEHHOCTEH YNPYroi XapaKTepUCTUKH CHIIb-
(hoHa Ha mapaMeTps! KaBUTAIMOHHBIX aBTOKOIEOAHUH MIPU COBMECTHBIX IPOJOJIBHBIX KONEOAHUAX KOHCTPYKITHU
TpybonpoBoa u xuakocTH. [loka3aHo, YTO MPOSIBICHHE HEMMHEHHOCTEH YNPYroi XapaKTepUCTHKU CHIb(OHA
3aBHCHT OT pa3Maxa KoieOaHUH IepeMeIleHUi KOHCTPYKIUH TpyOompoBona. Kak TONBKO IepeMelieHue KOH-
CTPYKLMH TPYOONpPOBOAA AOCTHIAET KPUTHYECKOrO 3HAa4eHHs (IIPU KOTOPOM IIPOUCXOIUT PE3KOe BO3pacTaHUe
YIpYroil XapaKTepHCTUKH CHIb(OHA), B KOIEOATEILHOM KOHTYpe KOHCTPYKIHH TPYOOIPOBOAA IMPOUCXOIHUT
CMEIICHHE CPEIHEro MOJIOKEHUS CHiIb()OHA M YCTAHABIIMBAIOTCS IPOJOJIbHbIC KOJICOAHHUS C CYIECTBEHHO MEHb-
[IMM pa3MaxoM. YCTaHOBIEHO, YTO IIPU Pa3IMYHBIX CPEAHHX JABICHHUAX HAa BXOZE B HACOC 9TO IPHBOJUT K TOMY,
YTO pa3Maxy KosieOaHWH MapamMeTpoB NPUHUMAIOT 3HA4YEHUs JIMOO Takue, Kak IPHU OTCYTCTBUM HEIMHEHHOCTH
YIPYroi XapaKTepUCTUKH CHIb(GOHA, TNO0 ONM3KHE K TaKUM, KaK IPH OTCYTCTBUH B3aUMOJEHCTBHS KOHCTPYK-
LMY TPYOOIIPOBO/IA U KUAKOCTH.

VY cTaTTi po3nIIAOTHCS CHUIbHI MO3M0BXKHI KOJUBAHHS KOHCTPYKILII KHBUIBHOTO TPYOOIPOBOLY PigHH-
HHX paKeTHUX ABUTYHIB i PiIMHH 3 ypaxXyBaHHSAM HEJIHIHHOCTEH NMPYyXHOI XapaKTePHCTHKU CHIb(QOHA. Y SIKOCTI
HEJIHIHOCTeH MPYKHOI XapaKTePUCTUKH CHIb(MOHA PO3TIIHYTO OOMEKEHHS XO4y CHIb(OHA MPU CTUCHEHHI 3a
PaxyHOK 3MHKaHHS CyCiIHIiX rodp i Ipu po3TaraHHi 3a paXyHOK YCTaHOBJICHHS CTSDKOK. MeToro JaHoi poOoTH €
JIOCITI[DKEHHS BIUTHBY 3a3HAYCHUX HENIHIHHOCTEH MPyXKHOI XapaKTePHCTUKH CHIb()OHA HAa MapaMeTpu KaBiTallii-
HHX aBTOKOJMBAHb IIPY CHUIBHUX MO3/I0BKHIX KOIMBAHHSAX KOHCTPYKLil TpybornpoBoay i pixuau. [lokaszano, mo
MPOSIB HETIHIHHOCTEN MPYKHOT XapaKTEePHCTUKH CUIIb(OHA 3aJIeKUTh Bil pO3Maxy KOJMUBAHb MEPEMIlIeHb KOHC-
TpyKLil TpybompoBoxy. SIK TUIBKHM HepeMilleHHs KOHCTPYKLil TPyOOIpOBOXLY IOCSTa€ KPUTHIHOTO 3HAYCHHS
(mpu sikomy BimOyBaeThCsl pi3Ke 3pOCTAHHS MPYKHOI XapaKTEPUCTHUKH CHIb()OHA), y KOIUBAIBHOMY KOHTYpi
KOHCTPYKIiT TpyOOIpoBOay BiIOYBAaETHCS 3CYB CEPEAHBOrO IIOJI0XKEHHS CHIIb()OHA i YCTAHOBIIOIOTHCS MO3/I0BXK-
Hi KOJIMBAHHS i3 CYTTEBO MEHIIHM PO3MaxoM. BCTaHOBJIEHO, IO IPH Pi3HUX CEpPeAHIX THCKAax Ha BXOI B HACOC
1[e IPUBOJMUTH JI0 TOTO, IO PO3MaxXH KOJIHMBAHb MMApaMeTpiB IPUIMAIOTh 3HAYEHHs ab0 Taki, K IPH BiJICYTHOCTI
HEJIHIHOCTI MPYXHOI XapaKTepPUCTHKU CHIb(OHa, a00 OMU3bKI 0 TaKHX, K MPH BiACYTHOCTI B3aEMOJIIl KOHC-
TpYKLil TpyOonpoBoay i pinnuHM.

The paper examines the combined longitudinal oscillation of the feed line structure of liquid rocket engines
and the fluid considering nonlinearities of an elastic characteristic of the bellows. The limitations of the compres-
sion stroke at the expense of coupling near corrugations and the extension stroke at the expense of tightening
devices are considered as nonlinearities of the elastic bellows characteristic. The aim of the research is to study
the effects of the above nonlinearities of the elastic characteristic of the bellows on parameters of the cavitation
self-oscillation under the combined longitudinal oscillation of the line structure and the fluid. It is shown that a
manifestation of nonlinearities of the elastic bellows characteristic depends on a double amplitude of displace-
ments of the line structure. As soon as the line structure displacement reaches its peak (when an elastic character-
istic of the bellows rises steeply), the mid-position of the bellows displaces in the oscillating circuit of the line
structure and the longitudinal oscillation is provided essentially with a more limited double amplitude. It is found
that various average pump-inlet pressures result in the double amplitude of parametric values which demonstrate
either the absence of the nonlinearity of the elastic characteristic of the bellows or they are close to values in the
absence of interactions between the line structure and the fluid.

Knwouesvie cnosa: scuoxocmmuvie paxemmuvle Osucament, KAGUMUPYIOUUe
HACOChl, KABUMAYUOHHbIE KONeOAHUsl, COBMECHbIE NPOOOIbHblE KOAEOAHUs JHCUO-
KOCMU U KOHCIMPYKYuu mpybonposooa, HeluHetHoCmu CUib@ona.

BBenenme. 13 Teopun KaBUTAIIMOHHBIX KOJECOAHWUN B JIMHUAX MHUTAHUS KHUJI-
KOCTHBIX pakeTHbix auratenerd (JKPJl) m3BectHo [1, 2], yTo ompexaenstomeil He-
JIMHEHHOCTHIO TIPU KAaBUTAIMOHHBIX KOJICOAHMSIX SBISIETCS 3aBHCHMOCTH OOBeMa
KaBUTAI[MOHHBIX KaBepH Vi OT JaBieHust P; U pacxoga G; Ha BXoje B HAcoc.
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OTa HEMMHEWHOCTh MPHUBOIHUT K CYIIECTBEHHOMY OTPAaHHMUYEHHUIO AMIUIUTYJ KaBH-
TAIMOHHBIX aBTOKOJICOaHW. 3aMETHOE BIUSHHE Ha aMIUIMTYIbl KaBUTAIIMOHHBIX
KoJIe0aHUI OKa3bIBA€T TAK)KE 3aBICHMOCTH IIOCTOSHHOW BpEMEHHU KaBUTAITHOHHBIX
KaBepH Tk OT gaBieHus pP; u pacxoga G; Ha BXoje B Hacoc. Jlpyrue HeIuMHENHHO-

CTH, TIPUCYTCTBYIOIINE B MOJIEIN KaBUTAIMOHHBIX KOJieOaHuil (KBaapaTH4IHbIC 3a-
BHCHMOCTH THAPABINYIECKOTO COMPOTHBICHHS OT pacxoja B MHUTAIOIIEM M Harmop-
HOM TPYOOMPOBOAAX, HAMOPHAsS XapaKTEPUCTHKA HAcoca), KaK MpaBHIIO, HE OKa-
3BIBAIOT CYHICCTBEHHOTO BIIMSHHS HA OTPAHWYCHUS aMILTHTY] KaBUTAIIMOHHBIX
KOJIeOaHH.

B matemaTHdeckoil MOJIENN COBMECTHBIX MPOIOJIBHBIX KOJCOAHHMA KOHCTPYK-
UK TPyooTpoBoaa (¢ CHIB(POHOM) U KUAKOCTH [3] coriacHO MPUHSATHIM AOMYyIIIe-
HUSIM U TIPEIMOIONKECHUAM B KOJIeOaTeIbHOM KOHTYpPE KOHCTPYKIIUH TPyOOIIPOBOIa
HEJTMHEWHOCTH OTCYTCTBYIOT. (3/1€Ch U Jajiee 0 aHAJIOTHH C IEKTPHUSCKUMH Iie-
msaMH OyIeM HMCIOJIb30BaTh MOHITHSA KOJIeOaTeIbHBIX KOHTYPOB JKUIKOCTH U KOH-
CTPYKIIMK TpyOOMPOBOA, MPEACTABISIONINE COOOM OCIHUIATOPHI, COJCPIKAIIHEC
MacChl ¥ MOJATIAMBOCTA COOTBETCTBEHHO JKUIAKOCTH W KOHCTPYKIIMH TPYOOIPOBO-
na). B nmeiicTBuTeNnpHOCTH ynpyras xapakTepucTuka cuiabdoHa K, (3aBHCHMOCTB

Harpy3kd OT Xo0Ja CHib(oHa) B OOJbIIEH WM MEHBIIEH CTeleHH HenuHelHa [4].
OTO CBA3aHO C M3MEHEHHEM I'€OMETPHU CHIIb()OHA B MpoLecce HarpyxeHus (Tak
Ha3bIBaeMasl «reOMeTpUYeCcKass HEIMHEWHOCTbY»). YKa3aHHAas HEeTMHEWHOCTh IPO-
SBIISIETCS. B HAMOOJBIIEH CTeNeHH, Kora cuiab(GoH coBepiraeT cBoOOMHbINA x0a. C
YBEJIMUEHUEM NEPEMEIICHUS HETMHEHHOCTD YIPYTroi XapaKTepUCTUKH BO3PACTAET
U, KaK MOKAa3bIBaeT SKCIEPUMEHT U PacyueT, MOKET JOCTUTaTh B HEKOTOPBIX CIIyda-
ax 20 — 30 % [4].

[IpencraBisiror MHTEpPEC HEKOTOPBIE CIy4Yad HCIIOJIB30BaHUS CHIIL(OHOB,
yCTaHaBIUBAaeMbIX B muTaromeM Tpyoomnposoae JXP/[ nmpu nuHaMU4ecKuX HCIbI-
TaHWUSAX ABUIATENs, KABUTALIMOHHBIX KOJIEOAHUSX, MIOJIETE PAKEThI, KOIa MPOSIBILS-
€TCsl HeJIMHEWHOCTh YNPYrol XapakTepuCTHKU crib(hoHa. PaccMoTpuM aBa Takux
ciyyasi. [lepBblii ciyyail — 3TO yCTaHOBKA CTSDKEK Ha CHIIL(OH IOCIE MOHTaXa
nuTarouero Tpyoonposoaa. CTSHKKH Ha CHIIb()OH YCTaHABJIMBAINCH IPU aBTOHOM-
HBIX JUHAMUYECKHUX HCHBITAHHUSAX B PEKUME KaBUTALIMOHHBIX aBTOKOJIEOaHMI
HAcocoB OOJBIIONW pPa3sMEPHOCTH M NPOU3BOAUTENBHOCTH [5, 6]. 3mech wLenbio
YCTAHOBKH CTSDKEK OBLJIO yCTpaHEHHME BJIMAHHUS KOHCTPYKIMH TpyOOIpoBoJa Ha
napamMeTpbl KaBUTALMOHHBIX KosieOaHui. CTSHKKM OTpPaHMYMBAIOT TMPOAOJIBHOE
pacTsbkeHue cuib(oHa, OJTHAKO HE MPENSATCTBYIOT €ro ckaTuio. ONbBIT UCIONb30-
BaHMS CTSDKEK B OTHX 3KCIIEPUMEHTAJIbHBIX MCCIEIOBAHUAX MOKAa3all, YTO OHU HE
MO3BOJIAIOT B IOJHOM Mepe yCTPaHUTh BIUSHHE KOHCTPYKLHMH TPyOOIpoBOJa Ha
napamMeTpbl KaBUTallMOHHBIX Kosebanuil. Kpome Toro, mon aeiicTBHeM momnepey-
HBIX CHJI (ITUTAaIOLIMe TPYOOIPOBOABI MMENH MPOCTPAHCTBEHHYIO KOH(UTYPALHIO)
CTSDKKU OBICTPO paspylanuch. BTopoil ciaydail — 3T0 orpaHndeHue xoaa cuib(o-
Ha MIPH C)KATUH 33 CUET CMbIKaHMA coceHuX rogpp. B stom cinydae cunbdpon mo-
KET YUTMHSITHCS PONOPIMOHATIBHO MPOAOJIEHON CUile, HO TIPU CXKATUH €ro Tepe-
MEILEHHUS PE3KO YMEHBIIAIOTCS.

Lenpto naHHOW pPabOTHI SBISIETCS MCCIENOBAHUE BIMSHUS HEJTMHEHHOCTEH
YIOPYroil XapakTEpUCTHKH CHIb(POHA, OOYCIOBJICHHBIX CMBIKAHUEM COCEIHHX
ro)p U yCTaHOBKOH CTSDKEK, Ha MapameTpbl KaBUTAIIMOHHBIX aBTOKOJIEOaHUN MpH
COBMECTHBIX NPOJOJBHBIX KOJIEOaHUSIX KOHCTPYKLHMH TpyOoIpoBoja (¢ cHib(o-
HOM) M ’KHJKOCTH.
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1. MaremaTudeckasi MoJaeab. PacueTHas cxeMa HCCIeAyeMOi THApaBIdde-
CKOW CHCTEMBI MPEJICTaBIICHa Ha pUC. 1, TJie BBEJICHBI cieaytonue o0o3HadeHus: |
— IMIHEKOLIEHTPOOIKHBIN Hacoc; 2 — aIpoccellb; 3 — cuilb(poH; 4 — pecuBep; 5 — mu-
Taromui 0ak.
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Puc. 1

Henunelinas mMaTemMaTtndeckas MOJIEIb COBMECTHBIX MPOJOJIbHBIX KOjeOaHui
KOHCTPYKIIUH TPyOOIIpOBOJa U KUAKOCTH 0€3 yueTa HEeIMHEHHOCTEH yrpyroi xa-
pakTepucTuku cuib(hoHa paspaborana B craTbe [3]. DTy MaTeMaTHUECKyIO MOJIEIb
MOKHO YCIIOBHO pa3OuTh Ha JBa Oinoka ypaBHeHui. [lepBblii O5OK ypaBHEHUIt
OIMCHIBAET CaMOBO30YKIAONINeCs KaBUTAMOHHBIE KOJIeOaHUs KUAKOCTH B JU-
uun nutanus JXKPJI [1, 2], BTopoit — nmpomoasHBIe KOJIeOaHHs KOHCTPYKIIUH TPYOO-
MPOBO/A, BKIIOYAIOUIETO CHUIIL(OH.

MaremaTnyeckoe ONMUCaHWE HU3KOYACTOTHOW TUHAMUKU HIHEKOIIEHTPOOEeXK-
HOTO Hacoca OyAeM NPOU3BOAUTH MO THAPOAWHAMHYECKOH MOJENN KaBUTHUPYIO-
mmx HacocoB [l, 2] ¢ koadduuueHTamMu, MOTYYCHHBIMH DKCIIEPHUMEHTAIBHO-
pacueTHBIMU criocobamu [7]. DTa Mojens BKIIOYAaeT ypaBHEHHE IBIKEHUS He-
C)KMMaeMOi KUIKOCTH B MHUTAONIEM TPyOONpPOBOJE, YpaBHEHUE TUHAMHUKU KaBU-
TaI[IOHHBIX KaBEpH, ypaBHEHHE OajlaHca PacXo/I0B B MPOTOYHOI YacTW Hacoca,
ypaBHEHHUE JJIs ONpeAeNieHHs JaBlIeHHUs Ha BBIXOJE M3 HAcCOCa M ypaBHEHHE JBU-
KEHUS KUJKOCTH B HATIOPHOM TPYOONpOBoje. MaTemMaTHueckasi MOJIeNb THHAMU-
KM KOHCTPYKIIMU TpyOONpoOBOJia B MPOAOJEHOM HANpaBiICHWUH, MIOCTPOSHHAS MPH
YCIIOBUU KECTKOTO KpETUICHHs TPYOOIpoBOja ¢ MUTAOIIUM 0aKkoM W CBOOOIHOTO
KOHIIa Ha BXOJI€ B HACOC, BKJIIOUAET ypaBHEHUS ABM)KEHUS U HEPa3pbIBHOCTH KOH-
cTpykimu TpybompoBosa. B coorBerctBuu ¢ [3] HenmuHeiiHas Maremaruueckas
MOJIEJIb COBMECTHBIX MPOIOJILHBIX KOJeOaHUH KUIKOCTH U KOHCTPYKIMH TPyOO-
MIPOBO/Ia UMEET BU]L
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dy =CmA,,; t —Bpemsi; Py, G, — naBneHue 1 BECOBOH Pacxojl KUAKOCTH Ha
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BBIXOJIE M3 Hacoca; F,q, Uy, — MPONONBHAS CHIIA M CKOPOCTb NEPEMEIICHUS TPY-
OONpPOBOJA; Y ;x — YACNBHBII BeC KUIKOCTH; A, — IJIOIAAb HONEPEeUHOro ceve-
HUsA TpyOompoBoaa; My —KoddduuueHt nemndupoBaHHs KOHCTPYKLHMU TpyOO-
nposona; Ji, J, — KO3 UIMEHTHI HHEPIIMOHHOTO COMPOTHUBIICHUS TUTAIOIIETO U
HAIMopHOro Tpyoonposoaa; J,r — Ko3()(UINEHT HHEPLIMOHHOTO COIPOTHBIECHUS,
00yCIIOBJICHHBIM HaluuueM OOpaTHBIX Te4YeHMH Ha BXoae B Hacoc, By, B, —
YIPYrOCTh U CONPOTUBIICHUE KABUTAIIMOHHBIX KaBEePH; Py — JaBJICHHE B IMHTAIO-
mem Oake; a;, a, — KOd(pQUIMEHTH THAPABIMYECKOTO CONPOTUBIEHHS MUTAIO-
IEro U HaropHoro Tpydomnposona; Py (G, ) — HamopHas XapakTepucTHKa Hacoca
Ha 0ECKaBUTAI[IOHHOM PeXuMe; Py (VK) — KaBUTALMOHHAS (yHKLUS HAacoca; Py
— JIaBIICHHE Ha BBIXOZE HAmopHOro TpybompoBona; Cy, — MONATIMBOCTH KOH-
CTpyKUMu Tpybomposoxa; My — Mmacca Tpybonposoxa; A,j, — dddexrnBHas
wiomaab cuib(oHa; Uy, — MepeMelleHre KOHCTPYKIUH MUTAIOIIEro Tpyoompo-

BOJIa; YepTa HaJl IIapaMeTPOM O3HAYAET €ro yCTaHOBUBIIEECS 3HAUCHHUE.
Jlnst perienust cuctembl ypaBaeHuit (1), Tak ke kak u B pabote [3], Obutn 3a-
JaHbl CIEOyIOLIMe HadajlbHbIE YCIIOBUS: pl(O): P, Gl(O)z G, GZ(O)z G,,

F21(0):kz Uz(o)’ Uzz(o):Uzz u Uzz(o):Uzz-

2. Henuneiinple xapakTtepucTuku cwibgona. [Ipy marematnyeckom omnwu-
CaHUM HEJMHEHHOCTEH YIPYroil XapakTepUCTUKH CHIIb()OHA, O0YCIOBICHHBIX
OrpaHUYEHHEM X0J1a CHIb(OHA MPH CIKATHH 32 CYET CMBIKAHHS COCEJHUX TOPp U
IIPY PACTSDKEHUM 33 CHUET YCTAaHOBKM CTSDKEK, IPEAIoNarajioch, 4To yIpyrue xa-
pakTepucTuku cuiib(poHa K, CyIIECTBEHHO M HENPEPHIBHO YBEIMYHBAIUCH MPU

HeOonpIIOM XoJe cuib(oHa. Ha pucyHke 2 mpencTaBieHbl HCIOIb3yeMbIE Aajiee
HEJIMHEWHOCTH YHPYrol XapaKTepUCTHUKH CHIb(OHA MPH CXKATUH 3a CUET CMBIKa-
HUsI coceTHUX Todp. 3Aech Il ONPeaesIeHHOCTH YIPYTHe XapaKTePUCTHKH CHITb-
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¢dona Kk, 3amaBamuch (yHKIMEH, KOTOpas XapaKTepH3yeTcs yBenudeHHeM K, B
JecaTh pa3 npu xoje cuibdona 0,1 cm

5
K, =1,2109‘Uz —u3

, (2)

e U — Xox cwiib(oHa, TIPH KOTOPOM «BKJIFOYAETCS HETMHEHHOCTh (kpuBas 1

Ha puc. 2 —mipu U2 =0; 2 —mipu Uy = 0,2 cm; 3 — mpm U3 = 0,4 cwm).

Ky, Keclon s HenmuHenHHoCTe! ynpy-
15000 TOM XapakTEPUCTHKH CHIb(O-
. , , Ha, O0YCIIOBIICHHBIX OrpaHUYe-
\‘ \} \‘ HHMEM XO0Ja CHIIb(pOHA IIPU pac-
10000 TSOKEHUM 3a CYET YCTaHOBKH

CTsDKEK, ObLiIa UCIOJIb30BaHAa Ta
Ke aHaTUTHYeCKas (QyHKIUS
5000 (2). Ha pucynke 3 mpepcras-
JICHBl TOJYYCHHBIC TPU HC-
MOJIb30BAHUKM 3TOH  (PYHKIIUH

0 HEJIMHEHHOCTH yIPyrod Xapak-
-0,1 0 01 0.2 03 04 Yz TepuCTUKU CHIbGOHA (KpHBas
Puc. 2 1 na puc. 2 — npu uy = 0; kpu-
k2, kec/em o
15000 Bag 2 — mnpu Uz = -0,2 cm; kpu-
5 VZ \/ 1 Bass 3—npu Uy =-0,4 cm).

3. Pe3yabTarhl omnpepe-

10000 Y pea

JIeHHs1 NapaMeTpoOB KaBHUTa-
IHMOHHBIX  aBTOKOJIeOaHMIA.
Hcnons3yss HenWHEHHYO Ma-
TEMAaTUYECKyI0 MOJENb COB-
MECTHBIX NPOJOJBHBIX KOJIe-
OaHMii KOHCTPYKIIUH TpyOO-
poBoaa u xunkocta (1) u He-
JUHEHHOCTH YNPYroil Xxapakre-
puctuku cuibdona (2), ObuH
MIPOBEICHBI HCCIIEI0BaHUS
BIMSIHUSL 3THX HEJIMHEHHOCTEH Ha MapaMeTphl KaBUTALMOHHBIX aBTOKOJIEOaHMIM
IIPY COBMECTHBIX MPOAOJIBHBIX KOJEOAHUSIX KOHCTPYKLIMM TPyOONpOBOAa U KHI-
KOCTH TPUMEHUTEIIEHO K HAcOCy OKHCIHUTENs pyjieBoro asuratens 15/[167 (P/-
863) I crynenn paker 15A15 un 15A16 (SS-17) pazpaborku I'Tl “Kb “IOxnoe”
um. M. K. SHrens” v yCIoBUSIM €ro aBTOHOMHBIX JMHAMHYECKHUX UCTbITaHui [8].
Ha puc. 4 npezncraBieHsl pacueTHbIE BPEMEHHBIE 3aBUCUMOCTH IIE€PEMEHHBIX
MaTeMaTHYECKOW MOJENH U MO KoJeOaTeIbHOMY KOHTYPY KMIKOCTH, U O KoJie-
0aTelIbHOMY KOHTYPY KOHCTPYKLHMH TpyOONpoBOAa TpH JaBICHUM Ha BXOJE B
Hacoc p;=1,5 Krc/cM? B HAYJIBHBIA MOMEHT Pa3BUTHS KABUTAI[MOHHBIX aBTOKOJIE-

5000

05 04 03 0,2 01 0o Uz om
Puc. 3

Oanusix. udpoit 1 Ha 3THX pHCyHKax 0003HAYEHBI BPEMEHHBIC 3aBUCHMOCTH I1a-
pameTpoB 0e3 ydueTa HeJIMHEHHOCTH YIPYToi XapaKTepUCTHKH CHiIbPoHa, udpoit

2 — IpY yCTaHOBKE CTSKEK Ha cHiibpoH (UY = 0), mudpoii 3 — Ipu cMBIKAHUHU CO-

cennux rodp cunbdona (uy = 0).
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Kax BuaHO Ha pucyHKax 4, mepexoJHBIH MPOLECC OT HAYaIbHBIX 10 YCTaHO-
BUBIINXCS 3HAYCHUU TapaMeTpoB B KoJeOaTEIbHOM KOHTYype KOHCTPYKLIHHU TPY-

OompoBOa MOXKET COTPOBOXK-
JaThCSl  TPOJOJNBHBIM  yIapoM
(OBICTPOMEHSIIOIIICICS  CHIION),
00YCIIOBJICHHBIM 3HAYUTEIBHBIM
pPOCTOM BEIMYHMHBI YIIPYTOW Xa-
paktepucTuku cuiabdona Ky .
Benuuuna nponponpHOro yaapa
B cy4ae YCTAaHOBKH CTSDKEK Ha
cunbon coctaBisier 600 krc, a
B CIy4ae CMBIKaHUSI COCEIHUX
rogp cunspona — 310 kre. Ilo-
clie yJapa MpPOUCXOIUT CMelle-
HUE  CpEIHEr0  IOJIOKEHHS
cwibPoHa W B KOJICOATEIHLHOM
KOHTYype KOHCTPYKIHH Tpy0Oo-
NPOBOJa YCTaHABIMBAIOTCS MIPO-
JIOJIbHBIC KOJICOaHUs ¢ Cylle-
CTBEHHO MEHBILINUM Pa3MaxoM.
Ha puc.5 mnpencrasneHst
3aBHCUMOCTH OTHOAONINX pa3-
MaxoB KaBUTAIIMOHHBIX aBTOKO-
nebaHuii TTapaMeTpoB OT JaBlle-
HUSI Ha BXOJIE B HCCIIEAYyEeMBbIi
HAcoC NPH OTCYTCTBUH B3aHMO-
JEHCTBUS MEXIY MPOAOILHBIMU
KOJI€0aHUAMH KOHCTPYKIUH TPY-
OompoBoAa W JKUAKOCTH (KpH-
Bble, 0003HaueHHbIe Hdpoi 1),
C Y4YE€TOM JTOro B3auUMOJEN-
ctBua (uudpa 2) u ¢ y4eTom
3TOr0 B3aUMOJIEUCTBUS B CIY-
4ae CMBIKaHUS COCETHHX rodp
cuibdona (3 —mpu uy=0; 4 —
mpu Uy = 0,2¢cM; 5 — mpm
ug =0,4 cm). He BBI3BIBACT CO-

MHCHUI TO, YTO MPOABIICHUC

paccMaTpuBaEMbIX  HEJIMHENHO-
CTeH YIpPYrol XapaKTEePUCTHKH
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cHIb()OHA 3aBUCUT OT Pa3MaxoB MapaMeTPOB MPH KABUTAIIMOHHBIX aBTOKOJIEOaHUSIX,
a B UCMOJIb3yEMOI MaTeMaTH4YECKON MOJIENI — HEMTOCPEACTBEHHO OT NMEPEMEILIEHUS
KOHCTPYKIIMH MHUTAIONIEro TPyOoIpoBoa mwin xona cuibdona. Kak Tonsko mepe-

MeIIeHNe KOHCTPYKIUH TpyOompoBoga Uz, JOCTHTaeT KPUTHYECKOTO 3HAYCHUS

(Ipu KOTOPOM MPOUCXOAUT pe3Koe Bo3pacTanue Ky ), B KoJeOAaTeIbHOM KOHTYpE
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KOHCTPYKIIUM  TpyOorpoBoa
MPOMCXOAUT CMEIICHUE Cpe-
cunb(doHa

HCTO TIOJIOXKCHUA

Uz, W YCTaHaBIMBAIOTCS IPO-

JIOJIbHBIC KOJeOaHus C CyIe-
CTBCHHO MECHBIIUM Pa3MaxoM
(cM. puc. 46 u B). Kak moka-
3bIBaCT MaTEeMaTHYECKOE MOJIe-
JUPOBAHHUEC  KABHTAI[HOHHBIX
KOJICOAHUN TpH  pa3IMIHbIX
JABJIICHUSIX Ha BXOJAE B HACOC,
3TO MPHUBOJUT K TOMY, UTO pa3-
Max® KOJICOaHHI IapaMeTpOB
MPUHUMAIOT
Takue,

3HA4YEeHUs1 JMb0
Kak TIpPH OTCYTCTBUH
HEeJMHEHHOCTH crib(hoHa, 1100
ONM3KKe K TakuM, Kak MpH OT-
CYTCTBUH B3aUMO/ICHCTBHSA
KOHCTPYKIMH TPYOOTIpOBOAa U
KUAKOCTHU (CM. pHc. 5 0 1 B).
AHanm3 pUCYHKOB 5 moka-

3pIBAET, 4TO mpu U= 0 u

u 2 =0,2cMm HEIUHEWHOCTHA
yIOpyrou XapaKTEPUCTHKHU
cuib()OHA TPOSBISIFOTCS  BO
BCEM JIMAla30HE CYLIECTBOBA-
HUS KaBUTAIMOHHBIX aBTOKO-
ne0aHuii, NMPAaKTHYECKH YCTpa-
HIS  B3aUMOJIEMCTBHE  KOH-
CTpyKuMu TpyOompoBoma u
xuakoctu. [lpu u§= 0,4 cMm
HEJIMHEHHOCTH YIPYrol Xapakx-
TEPUCTHKH CUIb(OHA TPOSIB-
JSIIOTCA B MHTEpBaJIaX JaBlie-
HMS Ha BXoJie B Hacoc ot 0,6 10
0,85 krc/em?, or 1,2 1o

2,1 kre/em? u ot 2,55 Kre/cM?I0 KOHIIA CYIIECTBOBAHMS KaBHTALMOHHBIX aBTOKO-

JIe0aHu.

[posiBiieHNe HEIMHEHHOCTH YNPYrod XapaKTepPHCTHUKU CHIL(POHA B Cllydae
YCTAHOBKU CTSDKEK Ha CHIL(OH MPOUCXOIUT aHAJOTMYHBIM O0pa3oM, a UMEHHO,
MpH AOCTIDKEHWH KPUTHUYECKOTO 3HAYEHUS IPOJOJIBHOTO TepeMEIIeHns KOH-
CTpyKLUHU TpyOoIpoBoga Uy, B KOJEOATEIbHOM KOHTYpe KOHCTPYKLUM TpyOo-

IIpoBOJa MPOUCXOANUT CMCUICHNUE CPEAHETO IMOJIOKCHUA CI/IHB(I)OHa Uz, U yCTaHaB-
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JMBAIOTCSl TPOJIOJBHBIE KoJeha-
HUSl C CYIIECTBEHHO MEHBIINM
pa3MaxoMm (cM. puc. 3 0 1 B).

Ha puc. 6 mnpencraBneHb
3aBUCUMOCTH OTHOAIONUX pa3-
MaxOB KaBUTAIlHOHHBIX aBTOKO-
nebaHuil mapaMeTpoB OT JaBJe-
HUSI Ha BXOAE B HCCIEAYEeMBbIH
HACOC TPU OTCYTCTBHUH B3aUMO-
JCUCTBUSL MEXTY IMPOJOIbHBIMU
KOJIcOAHUSIMH KOHCTPYKIMU TPY-
00MpoBO/Ia U KUIKOCTH (KPUBBIEC,
obo3naueHHble THdpor 1), ¢
YY4ETOM 3TOr'0 B3aMMOACHCTBUSA
(mudpa2) U c yd4eToM 3TOTO
B3aMMOJEHUCTBUS B  Clly4yae
YCTAHOBKU CTSDKEK Ha CHIb(GOH

4

(83— mpu uy= 0; — mpH

u2 =-02cm 5—mpu U2
-0,4 cm). Tonbko mpu U =0 He-
JIMHEHHOCTH YIPYrol XapakTe-
pUCTUKH cuUIb(OHA TPOSBISIOT-
Cs BO BCEM [Hana3oHe Cylle-
CTBOBAaHHA KaBUTAIlMUOHHBIX aB-
TOKOIICOaHMIA, CYIIIECTBEHHO
yYMCHbBIIad pa3Maxu KaBUTaALU-
OHHBIX aBTOKOJeOaHMH B KoJie-
0arenbHOM KOHTYpe KOHCTPYK-
muu  TpyOompoBoza 3a  CYer
YCTpPaHEHHUS B3aUMO/JIEUCTBUA
KOHCTPYKLMH TPyOONpOBOAa H

skuakoctu. [pu ug = 0,2 c™m He-
JMHEHHOCTH YIPYrol XapakTe-
PUCTHKH CUJIb(OHA TMPOSIBIISIOT-
csi B WHTepBaje [aBIeHHWsS Ha
Bxoge B Hacoc or 1,15 no
1,7 xrc/em?, a ipu Uy = 0,4 cm —

B untepsaine ot 1,35 10 1,6 xkrc/cm?.
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Crnenyer OTMETHUTD, YTO HEJIMHEHHOCTH YIPYrod XapaKTEpUCTHKH CHIIb(OHA,
npejicTaBIeHHbIE HA prC. 2 U 3, CHMMETPUYHBI OTHOCUTEILHO BEPTUKAIBHOMW OCH.
OpHako, Kak CIEAyeT U3 MPEeICTaBICHHBIX Ha PUC. 5 U 6 pe3ynbTaToB PacyeToB,
HPOSBIICHHE YTUX HEMMHEHHOCTEeH pa3IiyHo. DTO CBA3AHO C pasnuyuueM ¢a3 Koe-
OaHuil MeXXAy mapameTpaMu KosiedaTenbHOro KOHTYpa KOHCTPYKIUH TPYOOIpOBO-
Jla B MOMEHT «BKJIFOUEHHsD HelmnHeHHocTH. Tak, Ha puc. 4 0 BUIHO, YTO MIPH CHM-
METPHUYHOCTH HEJIMHEHHOCTEeH YNpYyroil XapakTEepUCTHKH CUIb(oHAa BeTMYUHA
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MPOJOJIBHOTO yAapa B ClIydae yCTAHOBKHM CTSDKEK Ha CHIb(OH modTtu B 2 pasa
Oosblie, 4eM B cIy4ae CMBIKaHHS COCEAHUX Todp cuib(doHa.

BriBoabl. Ha 6a3e pa3zpaboraHHO# paHee HEIIMHEHHON MaTeMaTHIECKON Mo-
JIeTd COBMECTHBIX MPOJIOJBHBIX KOJNEOaHUH KOHCTPYKIMH TPyOONpOBOAA U KHI-
KOCTH, JIOTIOJTHEHHOW Y4eTOM HEJIMHEWHOCTEW yNpYyrod XapaKTePUCTUKHA CHIb(O-
Ha, IPOBEJICHO HCCIEIOBaHNE BIUSHUS ATUX HEJIMHEHHOCTEH Ha mapaMeTpbl KaBU-
TallMOHHBIX aBTOKOJIeOaHUI MPUMEHHUTENhHO K ogHOMy Hacocy JKPJl u ycnoBusam
€ro aBTOHOMHBIX TUHAMMUYECKUX UCHBITaHMM. B kauecTBe HennHelHOCTEH ympy-
TOW XapaKTepUCTHKU CHIH(POHA PacCMOTPEHO OTpaHWYEHHE X0Jla CHIh(pOHA MPHU
CKaTHH 32 CUET CMBIKaHUs COCEIHUX rop M MpU PacTsHKEHUH 3a CUET YCTaHOBKH
cTsokeK. [IokazaHo, 4TO MpOSIBICHHE HEIMHEHMHOCTEH YNPYroil XapakTEpUCTHKU
cuib(OHA 3aBUCHT OT pa3Maxa KoJeOaHWH MepeMelleHriH KOHCTPYKUUH TpyOo-
nposoja Uy, . Kak Tompko Uy, TOCTHraeT KpUTUYECKOrO 3HaUCHUs (IIPU KOTOPOM

HPOUCXOIUT PE3KOE BO3pACTaHHE YNPYrod XapaKTepUCTUKU CHilbpoHa K5 ), B KO-

ne0aTeTbHOM KOHTYpEe KOHCTPYKLHMH TPyOOIpPOBOAa MPOUCXOIUT CMEIEHHE CPe-
HEro MOJOXEHHs cub(OHA Uy, M YCTAHABIMBAIOTCS IPOJOJIBHBIE KOJIEOaHUS C

CYII€CTBECHHO MCHBIIUM pasMaxoM. YCTaHOBJ'ICHO, 4TO IIPpU Pa3JIMYHBIX CPCIHUX
JaBJICHUSX Ha BXOJE B HACOC ITO MPUBOIMT K TOMY, UTO pa3Maxy KOJeOaHWi mma-
pPaMETPOB NPUHUMAIOT 3HAUCHUA J'H/I6O TaKHUC, KaK IMPpU OTCYTCTBUU HEJIMHEMHOCTH
YIPYToi XapaKTepUCTUKH CHIIb(POHA, JTNO0 ONM3KNE K TAaKUM, KaK PU OTCYTCTBUU
B3aMMO/JICHCTBUS KOHCTPYKIIMU TPYOOIIPOBOA U KUAKOCTH.

Pe3ynbraTtel IpOBEAEHHBIX HCCIEIOBAaHHN MOTYT OBITH HCIOJB30BAaHBI IIPH
MAaTeMaTUYECKOM MOJEIHPOBAaHUN TuHaMu4deckux mnporeccoB B JKP/[ ¢ yuerom
KaBUTAIMOHHBIX KOJEOaHUI 1 BUOpAIIUN KOHCTPYKIIUU TPYOOIPOBOIOB.
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