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JIEMCTBUE CEMCMHYECKO¥M BOJIHBI HA TIOA3EMHBIN TPYBOITPOBOJ|

Hcpaunnos M.III.

Komnnexcnoiti HUU PAH, I posusiii, Poccus
E-mail: israiler@hotmail.com

Annomauusn: Hccneoosansl cmayuonapHvie U HeCMAayUOHaApHvle O08UdICEHUst mpybonpoeooa u pyHmd, 6bl36aHHble
HAKJIOHHBIM NAOeHueM NIOCKOU celicmuieckoll 80Hvl. [1okaszano, umo HAKIOHHAA BONHA MOdcem Obimb NPedCmasieHd 8 euoe
HECKOIbKUX NPOOOJIbHBIX U NONEPEUHbIX BOJIH, PACPOCMPAHSIOWUXCS 60016 MPYOONPO600a co CKOPOCMAMU BONbUUMU, YeM CKO-
pocmu nadaioweti 8oHbl. Jlana nOCmano8Ka CesI3aHHOU 3a0ayU 0 COBMECMHBIX NPOOOLbHBIX KOJLeOAHUSIX YNPYy2020 2PYHMA U mpy-
6onposoda. Ycmanosneno, umo noayyenHoe aHatumuiecKoe pewenue GHeuHrell 3a0auu 0si SPYHmMa npusooum K meopemuye-
CKOMY 8bIPAIICEHUIO OJIsL CUTIbL 83AUMOOEUCIBUSL MEXHCOY MPYOONPOBOOOM U SPYHMOM, OMHOCUMENbHO KOMOPOUL panee npeonaza-
aucy smnupudeckue coomuouienus. O6ocHosano, Ymo peuienus O mpybonpoeooa 8 c8epx38yKo8oM U 0038YKOBOM PeNCUMAX
O0EMOHCIMPUPYIOM CYUeCMBEHHO PA3TUYHBIN XAPAKMeD UX NOBEOeHUsl, YNO OOJICHO OblMb YUMEHO 8 pACHemax Ha celucmMocmoli-
kocmb. Hcnpasnenol cyujecmeentvle Hemo4HOCmu, OONYWeHHble 8 NOCMAHO8Ke U petteHul N0O0OHbIX 3a0ay no "Mooenu 63aumo-
Oeticmeus”, yuumuvisarowell 3¢pghexm eAuUAHUA 2DYHMA HA MPYOONPOBOO Uepe3 ONvblmHO onpeoensemvle QyHKYUU.

Knrouesvie cnosa: celicmuyeckue 80nHbl; N0O3eMHbLIL MPYyOONPO800, C8A3aHHbIE KOLeOAHUSL.

BBenenne. BriepBrle 3aaua o neiicTBUM MPOAOJIBHOM celicMMUYecKON BOJIHBI Ha OecKo-
HEYHO MPOTHKEHHBIN TpyOonpoBo paccmoTpena A. Cakypau u T. Takaxammu [1]. Cuntaercs, yto
BOJIHA PAacTIpOCTPaHsETCs BAOJIb TPYOOIPOBO/IA U SIBISIETCS CTAL[MOHAPHOW MO BpEMEHH (CHHYCO-
uaanbHoM). Torna aMmMTyel ycKopeHui u aedopmaruii B TpyOOnpoBojie HaXOAATCs U3 Mpo-
CTBIX alIredpandeckux ypaBHEHHUI B MPEANOI0KEHUH, YTO JEHCTBUE TPYHTA 3aMEHSAETCS CUJION,
IPONOPLIMOHATILHON Pa3HOCTH MEXKAY IEPEMELICHUSMHU B BOJIHE U TPYOOIIPOBOJIE B OAHOM U TOM
e CEeUYEHHH, NMEPNEeHIUKYISIPHOM OCH TPYOONpoBOJa. DTH aMIUIUTY/b! (IIPU pa3IMUHBIX 3HaYe-
HUSX KO3 (UIIMEHTA B3aMMOJICUCTBHS B YKa3aHHOW MPOMOPIIMOHAIIBHONW 3aBHCHMOCTH) HE TIpe-
BBIIIAIOT aMIUIUTYJ, COOTBETCTBYIOIUX BEJIWYMH, ONPEACIIAEMbIX U3 MPOCTEHIIEH UHKEHEPHON
TEOpUHU "IKECTKOTO 3areMyIeHus" TpyOOIpoBoaa B TPYHTE, COTJIACHO KOTOPO TMEepEeMEIICHHUS, a
3HAYUT, U Aepopmaruu TpyOOnpoBo/ia COBNAAAIOT C EepEMEIIEHUSIMU U AeopMalusiMi TPYHTa
B ceiicMuieckoii Bosue [2 — 4].

B nanpueiimem A.A. Wnstomun u T.P. Pammnos [5, 6] paccmoTpeny HecTallMOHApHbBIN
PEKUM paclpoCTpaHEHHsI BOJIH BAOJb OECKOHEUHOTO TPyOONpoBOAa, KOT/1a HECTAIIMOHAPHOE JH-
HAaMHUYECKOE COCTOSIHUE TPYyOOoIpoBosa (mepeMerienus, 1eopMaluy 1 HaupsHKeHNUs) B pa3HbIe
MOMEHTHI BPEMEHU Ha PABHOM DPACCTOSIHUM OT ()POHTA BOJIHBI OJMHAKOBO. MHBIMU cioBamu,
Ha3BaHHbIC XaPAKTEPUCTUKHU ABISIOTCS (PYHKIUSAMH paccTOsIHUS 10 ppoHTa BOJIHBL. B 3TOM Ciiy-
yae 3a/1a4a — aBTOMO/I€JIbHAs U BOJIHOBOE YPaBHEHHE HECTAIIMOHAPHBIX MPOJIOJIbHBIX KOJIEOaHUM
TpyOONpoBOJIa MPUBOJUTCS K OOBIKHOBEHHOMY AM(dEepeHIInaIbHOMY YPaBHEHUIO BTOPOTO MO-
psiziKa, 4TO MO3BOJISET MOJYYUTh aHAINTHYECKOE pelieHne 3a1auyi. OCHOBHOM pe3yibTaT paboThl
COCTOMT B TOM, UYTO B HEH BIEpPBbIE BBOJUTCS B PACCMOTPEHNE HA3BaHHBIN "CBEPX3BYKOBBIM'" pe-
YKUM paclpOCTPaHEHUs CEHCMUYECKOM BOJIHBI B0JIb TPYOOIPOBO/a, KOTIa €¢ CKOPOCTh O0JIbIIIe
CKOpPOCTH PAaCHpPOCTPaHEHHUs NMPOJIOIbHBIX BO3MYIIEHUN B TpyOorpoBoe. [losBnenne cBepx3By-
KOBOT'O PeKUMa 00bSICHIETCA HATMYUEM IEMIT(PUPYIOIINX CTHIKOB, COSIMHSIONINX CETMEHTHI TPY-
00npoBO/Ia U racsAIX CKOPOCTh BOJIH B TpyOompoBo/e. V3 pe3yabTaToB HACTOSIIETO HCCIIEeI0Ba-
HUS CJeNyeT, YTO TAaKOM PEeKUM MOKET BO3HHUKHYTh UM B 0oJiee MPOCTONW CHUTyallMH TaJeHUs
HaKJIOHHOHM BOJIHBI Ha OJTHOPOJIHBIN TPYyOOIIPOBO/I.

CrnemyeT OTMETUTD, UTO B TIOCTAHOBKaX 3a7a4 B [1] u [5, 6] He KOHKpETH3UPYETCsl, 3arIy0-
JIeH 71 TpyOONpOoBOJI HA HEKOTOPYIO IMIYOHHY B MOJIYIMPOCTPAHCTBE, 3aHATOM I'PYHTOM, UJTH K€
OH PACIIOJIOKEH B HEOIPAHUYEHHON YIpYroi cpeie (rpyHTe); BTOPOW Cilydail paccMaTpUBaeTcs
IUIsL YIIPOIICHUS 33]]auu, KOT/1a TITyOuHa 3ajleraHusi TpyOOIpoBOia 3HAYUTEIBHO MPEBHIIIACT €T0
auameTp. OTa KOHKpeTH3alus 3aBUCUT OT PU3NUYECKUX COOOpaKEHHM MM OTBITHBIX IaHHBIX, HC-
XOJIsl U3 KOTOPBIX omnpeensercss Kodh(UIMEHT B INHEHHOHN 3aBUCUMOCTH MEXAY CUJION B3auMO-
JeCcTBUS TpyHTa M TpyOONPOBOAAa U OTHOCUTENIbHBIM CMELIEHHEM TPyOONpoBOia, IPUHATON B
3THX paboTax MpH BbIBOJE UG HEpEeHIINATBFHOIO ypaBHEHHS IBUKEHUS TpyOOnpoBoaa. YKa3aH-
HOE 00CTOSATENBCTBO, CBA3aHHOE C TEM, YTO TPYHT OTOpAChIBACTCA U €r0 JICHCTBHE Ha TPyOOImpo-
BOJl 3aMEHUTCS CHUJIOW B3aMMOJEHCTBUSA, SBJISETCA OCHOBHBIM JIOIYHICHHMEM IOIXOJAa K IOCTa-
HOBKE 33J1a4 CEHCMOJMHAMUKHU ATl TPyOOIpOBOa, MPEATIOKEHHOTO B padoTax [1, 5 — 6]. Drot



HOJXO0/1 B IalbHENIIIEM MHOTOKPATHO UCIOJIb30BAJICS, IPUHUMAsI PA3JINYHbIE THIIOTE3bI (3aKOHBI)
JUTSL 3aBUCIMOCTH MEK/y CHJION B3aUMOJICHCTBUS U OTHOCUTEIFHBIM CMEIIEHHUEM TPYOOIIpOBO/IA.

Hpyrasi, Gojsiee cTporas ocTaHOBKa 33a4M O JEMCTBUU CEHCMUYECKOM BOJIHBI Ha TPyOO-
IPOBOJI COCTOUT B TOM, YTO MCCIIEIYIOTCS COBMECTHBIE (CBSI3aHHBIE) IBUKEHHUS IPyHTa U TPyOO-
npoBoja. Takas mocTaHOBKA 337a4 CeHCMOIMHAMUKH TPYOOIIPOBOA JaHA B HAIIUX padorax [7 —
10]. B HuX cuuTanoch, 4To Majarollas NpoaoJbHasi BOJHA PAcpoOCTpaHsIeTcs BAOIb TPyOoIpo-
BOJIa. DTO YIPOIIAJIO pEeUIeHUE BHEIIHEN 3a/1a4ul AJis TPYHTa, CBOJI €€ BBEJCHUEM aBTOMOJEIb-
HOW TIEPEMEHHOH K KpaeBOW 3agaue sl OOBIKHOBEHHOTO U (EepeHINaTIbHOIO ypaBHEHUSI.
B HacTosIEen cTaThe pacCMaTpUBAIOTCS IOCTAHOBKH U PEILICHUS CBSA3aHHBIX 3a7ja4 O COBMECTHBIX
CTAallMOHAPHBIX M HECTAIIMOHAPHBIX ABIKEHHSIX IPYHTA U TPYOOIPOBO/Ia IIPY MIPOU3BOIBHOM YIIIe
NaJIcHUs TUIOCKOM CeCMUYECKON BOJIHBL. B 3TOM cilydae nepexoj K aBTOMOJEIIBHOM IEPEMEHHON
JUIIb CHUXKACT Pa3MEPHOCTh BHEITHEH 3a/1auu s TpyHTa. Mcnonb3ys pa3paboTaHHBI aBTOPOM
paHee METOJ KBa3WOJHOMEPHOH nedopmaliny, 3a7ady CBEJIM K KpaeBoil 3a1aye JIsi BOJTHOBOIO
YPaBHEHHUs B LMIMHAPUUYECKUX KOOPAMHATAX, PEIICHUE KOTOPON 3HAYUTEIBHO CIIOXKHEE, YEM B
ciIy4ae BOJIHBI, OeTYIIeH BAOIb TPYOOTpOBO/IA.

BBuny TeopeTrueckoi U NpakTUYeCKOW BaXKHOCTH 3aJja4d MCIIPaBJICHbl HETOYHOCTH, J10-
NYIICHHBIE B TIOCTAHOBKE U PEeILICHUH MO00HOM 3aauu 1Mo "Mo1eM B3auMoieiicTBus" B paboTax
[5, 6] (Hauboee CylmecTBEHHBIE U3 STHX MCIIPABICHUH JaHbI B IPHIOKEHHSIX ).

Pa3noxxeHue HaKJIOHHOH BOJIHBI B CYMMY HECKOJIbKHMX BOJIH, PACIIPOCTPAHAIOIHNXCS
B/10J1b TpyOonposoaa. [Ipeanonoxum cHayana, yTo najarolas Ha TpyOOnpoBOJl TUIOCKas Ceii-
CMHYECKasl BOJHA SABJISIETCS MPOJOJIBHOM BOJHOM M YTO OHA PACHpPOCTPAHAETCS B BEPTUKAIBHON
IUIOCKOCTH (TIJIOCKOCTH, MPOXOJAIIEH Yepe3 och TPyOONpoBoAa U LEHTP 3eMIIM WIH Yepe3 OCh
TpyOOIPOBOIa IEPIICHANKYIISIPHO MOBepXxHOCTH 3eMun). [locnenqHee o3Hagaer, 4To B AEKapTOBOM
cucTeMe KOOPJUHAT C OCBIO Z, HAlPaBJIEHHON 10 OCU TPYOBI U OCAMH Y U X, JIEXKALTUMH COOTBET-
CTBEHHO B BEPTHKAJIBHOM M FOPU30HTAIBHON MJIOCKOCTAX, (PPOHT Majarouiei BOJHBI MEPIEeHIH-
KyJIsipeH BepTuKaybHOU miockoctu Oyz. DtoT PpoHT (BepHee,

: , €ro cjell B BEpTHKAIbHOW IIOCKOCTH) M300pakeH npsimoit FF'
i 7 Ha puc. 1. [Ipeanonoxenue ke, 4TO BOJHA SBISIETCS MIPOIOIb-
™ g, HOM, 03HAYAET, YTO MEPEMEIICHHUS YaCTHUI] TPYHTAa B BO3MYIICH-
Y,Q% HOU BOJIHOW 00J1acTH (3a ee HPOHTOM) MPOUCXOAT B IIEPIICH U~
ol - KYJSIpHBIX ()POHTY HAIpaBICHUSAX. Takas BOJHA OMHMCHIBACTCS
F E ' ypaBHEHHEM

wo A / i 21 ,
il e N _ Wy = Ag exp [—l T (it =2)|, (1)
l RS ecnu OoHa siBisieTcsi craumoHapHod. B (1) Ao — amrumTyna
Ay | BOJIHBI; L — ee jamiHA; C1—CKOPOCTh pacrpocTpaHeHHs! TIPOI0ITh-
e I HOW BOJIHBI B ynpyrom rpynte; t — Bpemst. Jlyuun (Oz' u napan-

JeNbHbIe €M), BJIOJIb KOTOPBIX PpaclpOCTPaHAETCS IUIOCKast

Prc. 1. Pasnoscene Haxionto na.  BOYIHA, 00pasyior yroi o ¢ ocsro tpybonposona Oz (cm. puc. 1).

naroteii Ha TpyGonposoy ceiicmu-  ITOT YrOJI MEHSIETCs B Tpejernax oT 0 1o 7 (OCKOJIBKY ecte-

YECKOH BOJIHBI HA IIPOJOILHYIO CTBCHHO MPCAIOJIOXKUTD, YTO (1)0Kyc 3CMIICTPACCHUA HAXOAUTCS

(Bno7b TPy6OIPOBOIA) M TIOTEPEY-  Ha GOJBIICH TIyOWHE, YeM TPYOONPOBOM), M MOKHO CUHTATh,

HYIO COCTABILAIOMLHC. uro 0 < o < 7/2; chy4ait ©/2 < o < T CBOAUTCS K MPEABIIYIEMY

W3MEHEHUEM MOJ0KUTEIbHBIX HAITPABICHHUN OCEHl Z U X.

[Ipencrasmnss nepeMenienre B BosHe (1) B BUIE CyMMBI ITepeMELICHUN B HAIIPABICHUIX

ZuYy, T.e. B BUJIe CyMMbI Wo = Wo; + Woy, MOXKHO €€ BO3/I€HCTBHE Ha IPOTSHKEHHOE B HAIIPABICHUN
Oz coopyxeHue, B YaCTHOCTU TPyOOIIPOBO/I, 3aMEHUTh BO3AEHCTBUEM CIIEAYIOUINX JBYX BOJIH:

o 2m C1 2T
Wy, = Aycosa exp [—l L/cosa (cosa t— z)] = Ayzexp [—LL—l (ct — z)], (2)
_ o 2m C1 2T
Woy = Apsina exp [—L L/cosa (cosa t— Z)] = Agyexp [—l L (ct — Z)],

N300paKEHHBIX Ha pHUC. | M pacmpoCTpaHSIOMIMXCS BIOJIb TPYOONMpPOBOJA CO CKOPOCTHIO
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c=c1/cosa. [TepBas u3 3TuX BOJH (Wo; ¢ aMIITUTY 101 Aoz = Ao COSar) SIBIISIETCS MPOJIOJILHOM, a BTO-
past (Woy ¢ aMIIuTynoit Aoy = Ao Sina) — monepednoit SV- BosiHoM. B BeipaskeHUsIX (2) BETUYHUHBI
C, L, L1, Aoz 1 Aoy IOJIOKUTEIBHBI B CHITY Mpeanonoxerus, uto o € (0, 1/2).
Wnero nogoOHoro paccmorpenust 3¢dexra AeiicTBHUsI HAKIIOHHOW BOJIHBI Ha MPOTSHKEHHBIE MOJI-
3eMHbIe cOoOpyKeHus Bbickaszan BrepBble T. Kroesens [11]. Takoe paccmoTpeHne MOXKET OBITh
MIPUHATO, KOT/Ia TOMEPEUHBI pa3sMep COOpPYKEHMsI SBISETCS 3HAUYUTENBHO MEHBIIUM JJTMHBI
BOJIHBI L ¥ IPOTSHKEHHOCTH CaMOTO COOPYXEHHS BJIOIb OCH Z. [[pUMEHUTENEHO K TPYOOIPOBOTY
3TO O3HAYaeT, YTo MpejcTaBieHue (2), BEpHO, KOT/Ia OH pacCMaTpUBAETCS KaK CTEP:KEeHb, COBEP-
HIAIOIIUH TPOIOJIbHBIC U N3THOHBIE KoJeOaHus (T.€. IBUKETCs 0€3 NCKaKEHUN MOTEepEeyHbIX Ce-
YeHUI) U HE TIPUeMJIEMO, KOTia TpPyOOIIpOBO paccMaTpUBAETCs KaK IMIIMHApUYECKas 000I04Ka
(mpencraBneHus st BOJHEI (1) B 3TOM cily4ae aHbl, HampuMep, B padorax [12, 13]).

TakuM xe 00pa3oM B BUAE CYMMBI JIBYX BOJIH, PacCIpOCTPAHSIIOMIMXCS BAOJIb TPYOOIPO-
BOJIa, MOXKET OBITh MPEACTABICHA U HAKJIIOHHAS TUIOCKAs HeCTAI[OHAPHAs BOJTHA, BIDKYILASCS B
BepTUKaabHOM mockoctu Oyz u 3amanHas cooTHomenuem Wo = f (C1t — 2'), rome f(2) =0mput<0
(cm. puc. 1). B aToM cirydae B cOOTBETCTBHH ¢ (2), HarmpuMmep,

Wy, = cosa f [cosa (ccfﬁ t— Z)] = cosa f;(ct — z)H(ct — z), 3)

rae H(z) — dynkius Xesucaiina, papaas equnuiie npu Z > 0 u Hymo npu z < 0.

Ecnu nmaparomias miockasi HaKJIOHHasi BOJIHA SIBJISIETCS IPOAOIBHON U paclpOCTPaHSAETCS B
TOPU30HTANBHOM TIocKocTH OZX (mpoxondieit yepes och TpyOOIPOBOAa U MapaljiebHOM MOBEpX-
HOCTH 3€MIJIN), T.€. €CIIM BEKTOP MepeMeIIeHHs Uo B BOJTHE JISKHT B TIOCKOCTH OZX (MM B IIOCKO-
CTSIX, MapallJIeNbHBIX €ii), 00pa3ys yroi § ¢ 0ChI0 TPyOONPOBOIa, TO, TOBTOPSIS MPUBEICHHBIC BHIIIIE
paccyxzieHusi, BojiHa U, TaK)Ke Kak U Wo, MOXET OBITh MPEACTABICHA B BUJE CYMMBI JBYX BOJH
(MpOOJIBHOM M TONEPEeYHON), PacIpOCTPAHSIONIMXCS BJOJb TPYyOONpPOBOAAa CO CKOPOCTBIO
c' = c1/ cosp.

B Gonee ob1iem ciiyuae, KOria nagaroias mpoaoibHas
BOJIHA ITPOW3BOJILHO OPUEHTHPOBAHA B MPOCTPAHCTBA U BEK- (—

TOp mepeMerieHuit & B Hell He MPUHAIISKUT HU OJHOU U3
Ha3BaHHBIX BHIIIIE INTIOCKOCTEN, TO OH MOKET OBITh ABYMS CIIO-
cobamu BBIpaXEH B BUJIE CYMMBI ABYX BEKTOPOB (pHC. 2):

§0 =W+ Uy = Uy + Woy

3nmeck Wo 1 Up— COOTBETCTBEHHO MPOEKIINU BEKTOpa Eo
Ha BEPTUKAIBHYIO U TOPU30HTAIBHYIO INIOCKOCTH, a Uox U Woy
MIPEJICTABISIOT CO0O0M MonepeyuHbie BOJIHBI, PACIPOCTPAHSIO-
LIMECS B HAIIPABIICHUAX OCEU X U Y.

IIpencrasiss Teneps Kaxkyr0 U3 BOJIH Wo U Uo yKa3aH- Puc. 2. Jlga criocoba npexcTapieHis

IMMPOU3BOJIbHO OPUCHTUPOBAHHOU
HBIM BBIIIIE€ CITOCOOOM Yepe3 CyMMY ITPOIOJIBHOM U TTOTIEpey- HAKJIOHHO! BOJIHBI B BUJIE CYMMbI
HOM BOJH, PacCIpOCTPAHSIONINXCS BIOIL TPyOOMpPOBOIA, IIPOJIONBHOM M MOTEPEYHOI BOJIH
MPUXOAUM K CIEAYIOUIEMY pe3yJbTaTy. JelicTBrE MPOU3BOJbHO OPUEHTHPOBAHHOM MPOJOJIbHOM
BOJIHBI Ha TPYOOTIIPOBO/ SKBUBAJIEHTHO JACHCTBHUIO TPEX BOJH: JIBYX MOMEPEYHBIX BOJH U OJTHOMN
MPOJOJIBHOM  BOJHBI, PACHPOCTPAHSAIOIIMXCS  BAOJNb  TPyOONpPOBOJAa CO  CKOPOCTHIO
C = ¢4/ (coSy cosa), Tae Yy — yroi MeKIy BEKTOPOM Eo M BEPTHKAILHOM MI0cKoCThI0 OZY, a 0—yrou,
o0Opa3yeMblil mpoeKIueit BeKTopa Eo Ha ATy TUNIOCKOCTH ¢ 0chio OZ (ockio TpyOompoBoia). AHaANIO-
TUYHOE TPEICTABIICHNE, OYEBUIHO, UMEET MECTO U TIPH NAJCHUHU Ha TPYOOTIPOBO/I UITH MTPOTSHKEH-
HOE COOPYKEHHE CABUTOBOM HAKIOHHOMN BOJIHBI.

ITocTaHOBKA CBA3aHHBIX 33124 0 KOJIeOaHUSAX IPYHTA U TPyOonpoBoaa. Meroa kBa3u-
oaHOMepHOIi nedopmanuu. Pe3ynbraTel HAOMIOIEHUH TTOKA3bIBAIOT, YTO HAMOOIBINNE BHYTPECH-
HUE ycuus (HanpsDKEeHUs) U, COOTBETCTBEHHO, pa3pyIlIeHus: TpyOOIpOBOIOB B MECTAX CTHIKOB BO3-
HUKAIOT, KaK MPABUIIO, MPU UX MPOJIOJIBHBIX KOJIEOaHUSIX O] BO3JACHCTBHEM CEHCMUYECKUX BOJH.
VYkazaHHOE CITpaBeIMBO M0 KpaiHel Mepe TOoT1a, Korjaa o01mas 1jiuHa TpyOoIpoBo/ia UiTK B CITydae




TpyOOIpOBOJa, pacCMaTPUBAEMOr0 Kak OECKOHEYHO IMHHBIM, JJIMHBI €ro MpEeACTaBUTEIbHBIX
Y4acTKOB (COepIKalue, HanpuMep, HECKOJIbKO CTHIKOB) 3HAUUTENILHO MaJIbI 10 CPABHEHUIO C JJIH-
HaMU CEIICMHYECKUX BOJH. Takue y4acTKH TpyObl IPaKTHUYECKHU HE 1e(OPMUPYIOTCS O] BO3/CH-
CTBHUEM TONIEPEYHBIX BOJIH U JBUKYTCS B IIONEPEYHOM HAIIPABICHUH KaK a0COIIOTHO TBEPIbIC TEa.
Ecnu Takoe paccMoTpeHHe He TPUEMIIEMO U MOTYT BO3HHKATh 3aMEeTHbBIE AeQOopMalliK U YCUITUS B
pe3yabpTaTe u3ruda, TO AJsl OLIEHKH 3TUX BEIMYUH UCIIOIB3YETCs (B TOM YHCJIE U B HOPMATHUBHBIX
JIOKYMEHTaX ) MPOCTeHIIasi UHKEHEPHask TEOPUS «OKECTKOTO 3allleMJICHUs» TPYOOIIpoBo/ia B TPYHTE,
COTJIACHO KOTOPOM TOIMEPEUHbIC IBUKCHHS TPYObl COBMAAAIOT C MOMEPEYHBIMH TTEPEMEIICHUSIMU
rpyHTa B ceiicMuueckor BoiHe [2 — 4, 14]. DTo nosoKeHre NOATBEPKAAETCS HEKOTOPBIMU OIbI-
TaMH U pe3yJibTaTaMy HaOJIroAeHui npu 3emieTpsicenusx [15].

[TycTh, Ans onpeaeneHHOCTH, HAKIOHHO MaJarolas Ha TPyOOmpoBO/I BOJIHA SBJISIETCS He-
CTallMOHAPHOM U 3aJlaHa B BUJI€, COOTBETCTBYIOIIEM cTarmoHapHo BojHe (1). Jlaqum noctaHoBKY
3a/1a4ll 0 COBMECTHBIX MPOJOJBHBIX KOMEOaHUSIX TPYyOONpoOBOIa M YIIPYroro rpyHTa Moj BO3CH-
CTBHUEM MPOJOJIBHON COCTaBIIAIOIICH HAa3BAaHHOW BOJIHBI, BBIJICIICHHOW B I1.2, a UMEHHO, MO/ BO3-
JeCTBIEM BOJIHBI Woz, OTipeieieHHOM cooTHoteHnneM (3). Takue cBsizaHHbIE TOCTAHOBKU MpPHUBE-
JeHbI BriepBbie B padotax [7 — 10]. B aTux mocraHoBKax Ha TpaHMIlaX TPYHTOBON MacChl MPUHHUMA-
IOTCSI CIIEYIOIINE KPAeBbIE YCIOBUSI.

Ha paccrosaum r = R, goctatoyHo ynaseHHOM OT TpyOONpoBOjAa, EPEMEIICHUSI TPYyHTA
paBHBI IIEPEMEILIESHUSIM B IPOA0IbHON BoHE (3), T.€.

c
Uplr=r = 0, uglr=g =0, (u; = W)|=g = Wy (ct —z) = cosa f [cosa (ﬁt — z)] .(4)
3nmeck Uy, Ug, Uz = W — KOMIIOHEHTBI BEKTOpa MepEMEIIeHUI TPYHTA BAOIb OCEH IUITUHAPUIECKON
cucreMbl koopauHar (I, 0, Z) ¢ ocbio Z, COBNaAaromieii ¢ 0CbI0 TPYOOIPOBOAA.

ChopmynupoBaHHbIe YCIOBHSI O3HAYAIOT, YTO HA BHEIIHEH TpaHMIIE TPYHTA KpPaeBbIe
YCIIOBHUS CHOCSITCS HA KOAKCHAIIBHYIO ITOBEPXHOCTH TPYOBI, IUJIMHAPHICCKYIO TIOBEPXHOCTD, pa-
muyc R KoTopoit MokeT ObITh MPUHSAT paBHBIM IITyOMHE 3alleraHust TPyOOnpoBoa.

Ecnu TpyOonpoBo1 HAX0AUTCS B HEOTPaHUUEHHOU cpefie (UTO MOKHO CUMTATh, KOTJa IITy-
OuHa 3a710eHUs] R MHOTOKPAaTHO MPEBOCXOIUT BHEIIHHMA paguyc TpyOOonpoBoia a), TO YCIOBUS
(4) MOIKHBI BBITTOTHSTHCS HA OECKOHEYHOCTH (TIpU ' — 00).

Ha BHyTpeHHel rpaHuile TpyHTa, T.. HA TPaHUIIE KOHTAaKTa rPyHTa C TPYOOIPOBOIOM,
CTaBSTCS OOBIYHBIC YCIIOBHUS HEMPEPHIBHOCTH TIEPEMEIICHUN

urlrza =0, u6|r=a =0, W|r=a = U(Z, t), (5)
rae U (z, t) — oceBoe (IpoI0JILHOE) TIEpEMEIICHHE TPYOOITPOBOIA, ONIPEALIIIEMOE U3 YPAaBHCHUS
MPOJIOTBHBIX KoNeOaHuii ctepkHs. dusndecku ycrnoBus (5) 03HaYaroT, YTO paJuaIbHbIEC IEpeMe-
HICHHS B TPYOOITPOBO/IC MPEHEOPEIKMMO MaITbl B CPAaBHEHUH C TIPOJOILHBIMU U TIPUHSATO YCIIOBUE
NPWINTIAHUS Ha TTIOBEPXHOCTH KOHTAaKTa TPYOb!I ¢ TpyHTOM. OIICHKH BEIHYMH paJuaibHBIX Tepe-
MeIIeHU Ur Ha TTOBEPXHOCTH METAUIMUECKUX (CTaTbHBIX, YYTYHHBIX) U OETOHHBIX TPYO MOITY-
YyeHbI B [16].

[Ipu chopmynupoBaHHBIX KpaeBbIX ycIoBUSX (4), (5) UMeeT MecTo oceBasi CHMMETPHS,
Korga U = 0, a mepemenienus Ur 1 U; = W HE 3aBUCSAT OT YIII0BOi koopauHatel 0. Torna ypaBHeHus
JIBMKCHHS YIIPYTOTO TPYHTA CBOJIATCS K CHCTEME JIBYX YpaBHEeHUI JIaMe /1 Ha3BaHHBIX HEHYIIC-
BBIX KOMITOHEHT BeKTOpa nepemenienuii (cucreme (1.3) u3 [9]).

I'unore3a kBa3nogHoMepHOCTH Aedopmannu rpyHTa. C yenvlo ynpoujenus 3a0ayu 015
epYHmMa nPeononoNCUM, YMo paouaivHas rr = OUr /OF u okpyscHas oo = Ur | T depopmayuu aens-
HOMCSL MAbIMU (N0 aOCOIOMHOL 8elUYUHe) 8 CpABHeHUU ¢ Oedopmayueli €, = OW /0 8 Hanpasie-
HUU pacnpocmpanenusi naoarouell npoooabHOU 80IHbL Woz. Toeda mensop deghopmayuu umeem
UMb 08e HeH)le8ble KOMNOHEHMbL: €, 1 €z = Ear.

MeTo/ KBa3HOTHOMEPHOM ehopMaliiy MPEJIOKEH U UCIIOIh30BaH HaMH B padoTrax [8 —
10, 16]. B 3amaue o celicMMYECKHX KOJIEOAHUAX TPYyOOINpoBOaa B OECKOHEUYHOW yNPyrou cpeje



[10], monmyckarolieli TOUHOE pelIeHHe, YCTAaHOBJICHO, YTO MPUOIKEHHOE €€ PelIeHUE, MOTyYeH-
HOE TI0 JAHHOMY METOJTy, BECbMa OJIM3KO K TOYHOMY PEIICHUIO.
VYpaBuenus aswxeHus Jlame ynpyroi cpenbl B MAJIUHAPHYECKUX KoopauHartax (cM. [17,
1. 4, ypaBHeHus (28)]) anst ocecummerpuyHoi 3aaayun (pu Up = 0 1 Uy, Uz HE 3aBUCSIIUM OT YT-
JIOBOW KOOpAMHATHI ) CBOAATCS K CHCTEME U3 JIBYX ypaBHEHUN
( i(la(rur)) 0%u, azuz 0%y,
{ A+ 2w T +ua +(/’l+u) =P 52

uo [ ou, u, aur 0%u,
r6r< or ) ( Or)_patz'
IrZie p — INIOTHOCTb I'PYHTA; A U it — napaMeTpH Jlame ynpyroro IpyHTA.
Bo BTOpOM ypaBHEeHUU cuCTeMBI (6) WieH, coaepKamuid Ur, B OCECCUMMETPUYHOM CIIydae
paBeH 0/ OZ (g0p + €rr) U B YCIOBUAX MPHHATON THIOTE3BI KM MOYKHO MPEHEOPeYb B CPABHEHUU C
NEPBBIMH JIBYMsI YICHAMH JICBOW YacTH, COACPKAIIMH &= OU; /OF U €;= OU; /0Z. Torma 3To
ypaBHEHHUE CBOJUTCA K CIEyIoLIeMy OTAeabHOMY ("aHM30TPOITHOMY') BOJIHOBOMY YPaBHEHHIO
OTHOCHUTEJILHO MPOJI0JIBHOTO MepeMelieHus Uz = W
c;\2 (9%°w 1ow\ 0d*w 1 9%w
( ) oz Trar ) T oz Cc2 otz
rae ¢, = +/{/p — CKOPOCTh PacIpOCTPAHEHHS CIBUTOBBIX BOJH B IPYHTE.
Mexay Tem, mepBoe ypaBHEHUE CUCTEMBI (6) coepkuT 00a nepemMerieHus Ur 1 W 1 MOXKET
OBITH pemIeHo rmocie HaxokAaeHus: GyHKr W. OTHAKO /IS TIOJTHOM TTOCTAHOBKY U PELICHUS 3a-
Jla4¥ O COBMECTHBIX ITPOAOJIbHBIX KOJIeOaHUAX TPyOOIIpOBO/ia U IPyHTA B 3TOM HET HEOOXOAUMOC-
TU. JIefiCTBUTENBHO, B CUTy TPAHUYHOT'O YCJIOBUS s Ur U3 (5) KacaTenpbHOE HalpsKeHue, Jei-
CTBYIOIIIEE Ha MOBEPXHOCTH KOHTAKTA CPEebl U TPyOOIPOBO/a, BEIUUCIAETCS 1O popMyIie
ou, Jow ow
Urzlr:a _.u(az +a_T> M(ar) (8)
U HE 3aBHCUT OT Ur (TIpearoaraeTcs, yTo onepanun z(Hq)(bepeHquOBaHHﬁ 10 Z ¥ NPEAEIBHOTO
1epexoa Mo I NepecTaHOBOYHBI).
Torna paBHOAEHCTBYIOIIAs! KacaTelbHbBIX HAIPsDKEHUH (8), AeHCTBYOIMX Ha OOKOBOM MO-
BEPXHOCTH AJIEMEHTA TPYOOIPOBOIa JUTMHOMW (Z, U BOBJICKAOIIAsl 3TOT JIEMEHT B JIBHXKCHHUE, €CTh

21 ow
Pdz = dzf Opyly=qadd = dz - 2ma u(—) 9
0 0r/lr=q

[oBepxHOCTHAs cuiia (9), oTHeceHHas k 06bemy dV = 7 (a2 — b?) dz snemenra dz (b— BHyT-
PEHHUIA AuaMeTp TpyObl), IPHHUMAETCS 3a OOBEMHYIO CHITY, ICHCTBYIOIIYIO HA TPYOOIPOBO:
F =P/ [n (a2 — b?)]. CnenoBaTensHO, ypaBHEHNE BBIHYKICHHBIX TIPOIOTBHBIX KoJIeOanuii Tpy6o-
MPOBOJIa UMEET BH/

(6)

(7)

C1

p' 32 , (10)

rne E' — mogyns FOHra; p’ — miotHoctsb MaTepI/Iana TpyOonpoBoa.

CuuTaercs, 4YTo BpeMsi U3MEHSETCsl B MPOMexyTKe —o < t < +oo. [ToaTomy npuBeneHHas
MIOCTAHOBKA JIOJDKHA OBITH JIOTOJIHEHA YCIOBUSAMH Ha ()pOHTE BOJHBI (KaK B cpesie, TaK U B TPY-
O0IpPOBOJIE), @ TAK)KE €CTECTBEHHBIMHU YCIOBUAMHU OTPAHUYEHHOCTH IIepeMeIleHHH TpyOonpoBoia
IIpU Z — +00; 3TH YCIIOBUS BBIHUCAHBI JaJIee.

Jlnst onpeneneHust CHITBI B3aUMOICUCTBUS F Mex Iy TpyOOIIpoOBOIOM U cpeoit He Tpedy-
eTcs 3HaHHE PaHaIbHOTO MepeMelIeHus cpenbl Ur. DTO creayeT u3 paBeHcTBa (8), cripaBein-
BOT'O IIPH BBINOJIHEHUU TPAHUYHOTO YCiIoBHs (5) A Ur, 1 O3HAYAOLIEro, YTo IpeHeOperaercs
palualbHBIM PACHIMPEHUEM TPYOOIIPOBO/IA MITH BIUSHUEM 3TOTO paclIMpeHus Ha fedopMaluy 1
HanpspKeHus B rpyHTe. B pabote [16] Hamu nokaszaHo, 4TO 3ajayda it W BBIIEISIETCS B OT/IENb-
HYIO 33]1a4y U IIPY y4eTe MOMEPEYHOT0 pacIupeHust TpyOsl.

JlaHHas BBbIlIE TOCTAHOBKA SIBJIETCS CBSA3aHHOM, TOCKOJIBbKY B 3a7jauy /Ul IPyHTa BXOAUT

,0%U 3 E’ 62‘11 2a (OW)
( Z2—b?)
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nepemMenieHue Tpyosl (uepe3 KpaeBoe ycnoBHe B (5)) v ypaBHeHUE ABMKEeHUS Tpyoornposoaa (10)
COZIEPKUT IIPOJIOJIBHOE EPEMEIIIEHUE IPYHTA.

VYpaBuenue (10) orianuaercs OT ypaBHEHUH JBUXKEHUS TPYOOIPOBOA, IPUBEIEHHBIX B Pa-
oorax [1, 5], TeM, 4TO B HEM MPHUCYTCTBYET TEOPETUUECKOE BBIPAKEHHUE JUIsI CUJIbI B3aUMOJIEH-
CTBHSI C TPYHTOM (KOTOPOE B SIBHOM BHUJI€ ITOJYYEHO HIIKE IIyTEM pelleHHs] BHELIHEH 3ajauu s
IpyHTa), B TO BpeMsI KaK B yKa3aHHBIX paOoTax MOApPa3yMEBAEeTCs, YTO CHJIa B3aUMOJIECHCTBUS
OIpeieNIeHa OMBITHBIM IIyTeM. DTOT (DAKT SABJISIETCS CYLECTBEHHBIM IPEUMYILIECTBOM pacCMaTpHU-
BAaE€MOM 3/1€Ch ITIOCTAHOBKH.

HerpynHo nokasats, 4To cpopMysIupoBaHHas BbIILIE 33/1a4a B cly4ae OECKOHEYHOro Tpy-
00mnpoBoOIa SIBISCTCS A8MOMOOeNbHOU, T. €. KOTJla 3aJaHHas celicMu4ecKasi BOJIHA Woz, BXOISILAs
B IpaHUYHOE ycioBue (4), cayxkuT GpyHkuueil aprymenta Z = Ct —z, oHa JONyCKaeT pelieHue, B
KOTOpOM 00€e HensBecTHble PpyHKIMM W 1 U Takxke 3aBUCAT OT Z BMECTO 3aBUCUMOCTH OT JIBYX
nepeMeHHbIX Z U t B otnenbHoctH: W(r,z,t) = w(r,Z), U (z,t) = U (Z). CnenoBareiabHO, ypaBHEHHSI
kosiebanuii rpyHTa (7) u TpydonpoBoza (10) CBOIATCS K CIEIYIOIIUM YPaBHEHUSIM:

62W+16W_ 10°w (cl)z (0)2 Ao 1
orz "ror mzazz’™ T Cy ¢, ’ b
d*u 2ap <6W) Mo o E’ 12
dzz ~ MZ— D@ -b)E \ar /" T 0T o (12)

ITpu 3TOM MOXET peaan30BaThCs OJMH U3 CIENYIOIUX JABYX, (PU3UYECKH Pa3IMUHBIX pe-
’KMMOB TIPOTEKaHHsI BOJHOBBIX IPOIECCOB B CHCTEME IPYHT — TPYOOIIPOBOX: @) C8epX38VK0601
peosicum (M > 1), Korja CKOpocTh CEHCMHUYECKOM BOJIHBI C B TPYHTE OOJIbIIIE CTEPKHEBOW CKOPOCTH

pacmpocTpaHeH st BO3MYIIEHHH B TpyOonpoBoie ¢y = +/ E’/p’, u b) dozsyxosoit pescum (M < 1),
koraa ¢ < ¢.

CKOpOCTh JIBMIKEHHUSI BOJIHBI BJIOJIb TPYOBI C = C1/ COSor IPH HAKJIIOHHOM TTaJICHUH BOJHBI
Ha TPYOOIIPOBO MOKET OBITH CKOJIb YTo1HO 00b110H (Tipu 0 < a < 7/2). [1o »TOM NpuUnHE cBEpX-
3BYKOBOM Cllyuail, BllepBbI€ BBEICHHBIH B pacCMOTpeHUe B paboTe [5], MOKEeT BO3HUKATh U KOT/Aa
TpYOOIIPOBOJ] HE COAEPIKUT AEMII(PUPYIOLINX CTHIKOB.

3aga4ya 0 CTAMOHAPHBIX COBMECTHBIX CEHCMHYECKHX KO0JIe0aHUsIX TPyOonpoBoaa H
ITPYHTA H ee aHAJUTHYecKoe pemienne. Korna najnaromias BojiHa, a 3HAYUT U €€ COCTaBIISIONIAs
Woz, JBIDKYILASICSL BJIOJIb TPYOONPOBO/A, SIBISIOTCS CTAIMOHAPHBIMU BOJHAMH, ONpEAEIeHHBIMU
dopmynamu (1) u (2), B rpyHTE U TpyOOIIPOBOJIE PeAU3yETCS YCTAHOBUBIIHMICS KOIeOaTeIbHBIN
pexumM, T.e. nepemenieHuss W u U MOryT pa3bICKUBAThCS B BUJIE

2m 2T
w(r,Z) = W(r) exp(—ihZ),U(Z) = Uexp(—ihZ),h = — =—cosa. (13)

L L
Torna ypaBuenus (11), (12) as W(r) u U npuHEMAIOT BUI '
d*w  1dw _— B
dT‘z +;W+p W—O,p—h/m, (14)
h2U + 2ap (dw) — 0. (15)
(M? —1)(a? — b2)E' \ dr /|,

K aT0ii cucreme ypaBHeHUI HEOOXOMMO PUCOEAUHUTH KpaeBblie ycinoBus 1t W, moiy-
yaemble Tpu nojactaHoBke npeactasienuit (13) B (4), (5), T.e. ycnoBus

W()lr=r = Aoz = Wo, W(T)|r=a = U. (16)

WnTerpupys ypaBHeHue konebanuii rpyHrta (14) (sBnstoieecs: ypaBHeHueM beccens) u

yJIOBJIETBOPSIS KpaeBbIM ycioBusM (16), moiydaeM pelieHrne BHEIIHEH 3aa4u Ui TPyHTa B BUJIE

W(r) = Jo(er)[Yo(pRIU — Yy (pa)W,] — Yo (pr) o (RIU — Jo (pa) W] (17)
Jo(pa)Y,(pR) — Yo (pa)fo(pR) '
3neck Jo, Yo — pyHKmu beccens nmepBoro u BTOpOro pojoB HYJIEBOTO MOPSIKA.

N3 (17) cnenyer, uto




aw ()  —Ji(en)[Yo(pR)U = Yo(pa)Wo] + Y, (pr) o (pRIU — Jo(pa)W,]
ar P Jo(@@)Ys(PR) — Yo(pa)]o(PR)
€CJIM BOCIIOJIb30BaThCs NpaBmiiamMu auddpepeHnnpoanus oecceneBbix Gynkuuit [17, 18].

PaBencTBo (18) moka3bIBaeT, YTO MPH MPOU3BOJIBHBIX 3HAUCHUSAX MTAPAMETPOB, BXOISIINX
B apryMEeHTHI OeccereBbIX (yHKINH, KacaTeIbHOe HanpshKeHue (8) Ha TOBEPXHOCTH TPYOBI, a 3Ha-
YHT, U CHJIa B3aUMOJCHCTBHSI C TPYHTOM HE MPOMOPIMOHATIBHBI OTHOCUTEILHOMY IIEPEMEIICHUIO
Wo — U, kak 310 npuHEMaeTcs B padotax [1, 5, 6]. OqHako, eciiu npernonokuTh, 4To Oe3pasmep-
HbI mapamerp pR < 1 (toraa u pa < 1) wmm, 4To SKBUBAJICHTHO, € = R/L < 1, T.e. cuurarh
riyOuHy 3a1eranusi TpyOOIpoBoOa M €ro AUaMeTp MallbIMHU BEJIMYMHAMH B CPABHEHUU C JUTMHOMN
CEHCMUYECKON BOJIHBI, TO MONB3YACh B (18) paznoxkeHusmu OecceneBblx GYHKIMA TPH MaJIbIX
3HAYCHHSX aprymeHToB [18], mpuxomum K acCHMITOTHYECKOMY MPEICTABICHUIO ISl KacaTellb-
HOTO HaNpsHKEHHUs Ha TOBEPXHOCTH TPYObI B BUIE (0,, = 0o,exp(—ihZ)):

o B dW) _ i 3
O-1"z|r=a - lvl( dr g ~ aln(R/a) (WO U)- (19)

Jlerko mokasaTh, YTO CIAEAYIOUINI YWIEH B aCHMITOTUYECKOM PA3JI0KEHUH KacaTeIIbHOTO
HaNpsXKeHUs Ipu ManoM & uMeeT nopanok O (2Ing) 1 oH He MPOMOPIMOHANIEH OTHOCUTETBHOMY
cmemenuto Wo — U (comepxut pasusie koagduiments npu Wo u — U). Takum oOpazom, B ciiydae
JMHEWHO-YIPYTOro rpyHTa yCTAaHOBJICHA CIIPABEIJIMBOCTh IPHHATON B HHKCHEPHBIX TEOPHSX T'H-
MOTE3bI O MPONOPLUOHATBHOCTH KacaTeIbHBIX HANPSHKEHUH Ha MOBEPXHOCTH TpyOompoBoja (a
3HAYHT, ¥ CUJIbI B3aUMOJICHCTBHS C TPYHTOM) OTHOCHTEIBHOMY CMEIICHHUIO B TIEPBOM IIPUOIIHKE-
HUM, KOTJa ITyOrHa 3aJI05KeHUs TPyOOIIpOBO/Ia M €ro TMaMeTp MaJlbl B CPAaBHEHUH C JUTMHOM ceil-
cmuueckoi BosHbl. [Ipu atom u3 (19) cnenyer TeopeTrueckoe BeIpakeHUE i KodhduureHTa
B3auMOJICHCTBHUsA, @ UMEeHHO: K; = o/ [a In (R / @)]. B urKeHEpHBIX TEOPHSX MPEANOIAracTcs, YTo
Ha3BaHHBIN KOd(PUIIMEHT omnpesensercss B onbiTax. [IpocToli cnmoco0® ONMBITHOTO OMpeneIeHus
k; mpencraenen B [lpunoxkeHnn A ¢ MCIpaBICHHEM HETOYHOCTEH, JOMYIICHHBIX B M3JI0KCHUU
ATOTO BOMpoca B MoHorpaduu [6].

OtMeTuMm, 4TO B YaCTHOM, HO B&KHOM CiTy4ae C = C1 (HE HaKJIOHHOT'O MajeHHs BOJIHBI HA TPY-
6onpoBon, koraa o = 0 1 majarolasi BOJIHA IBUKETCS BAOJIb TPYObI) 3aKoH (19) BBINONHSAETCS TOUHO.
JleiicTBuTensHO, Toraa B ypasHenuu (19) m™ = 0 u pemenue kpaesoit 3a1aun (14), (16) ectb

In(r/a) dW (r) 1
wr) = In(R/a) Wo =)+ 0, dr  rIin(R/a) Wo = U).

[ToxgcTaHoBKa HAMIEHHOTO U3 PEIICHUS BHEIIHEH 3aaun BeipaxkeHus (19) mns xacaTenb-

HOT'O HarpsKeHus B ypaBHeHue (15) npuBoauT nociieiHee K BUAY
2 2Y]] — 41,2 2 _ 2
(h* £ k°)U = tk*W,, k = EIME 1| = bR a) (20)

CrnepnoBarenbHO, aMILUIUTY 12 CBA3aHHBIX CTAllMOHAPHBIX KosieOaHuil TpyOOIpoBoa omnpe-

JensieTcs BbIpakeHUEM

,(18)

+k? 1
“wEEre O T TE R (21)

B ¢opmynax (20), (21) BepxHue 3HaKH OepyTcs B 103ByKOBOM ciydae (M < 1), a HiokHEe
— B cBepx3ByKoBOM (M > 1).

Pemenune ypaBuenus (11) st no3BykoBoro ciydas (popmyna (21) ¢ BepXHUMH 3HAKaAMU
witoc) popmainbHO coBnagaet ¢ pemenueM A. Cakypau u T. Takaxammu [1], ogHako, ecTb U cy1ie-
CTBEHHbIC pa3nuuusi. Bo-mepBbix, ammutyna nagaromeid BoaHbel Wo = Ag; 1 mapametpsl h u K,
BXozsmKe B pemenne (21), 3aBUcAT oT yria HakjiaoHa BOMHBI (popmyisl (2), (12), (13), (20)); B
[1] »ke BO3MOXKHOCTh HAKJIOHHOTO TIa/ICHUsI BOJIHBI Ha TPYOOIIPOBOJ HE TIpenoaranack. Bo-Bro-
pBIX, uTO Oosiee BakHO, mapameTp K B (21) 3aman TeopeTruecKkuM BhipakenueM (20), BBITEKaO-
MM U3 PElICHUs BHEIIHEH 3a1auu JJ1s TPyHTa, B TO BpeMs Kak B pabote [1] (a Taxke B [5]) aTor
HapaMeTp OCTAETCsl HEOIPEAECICHHBIM.
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CBepx3ByKOBOIi pexxuM (koraa unciao Maxa M > 1 u BoiHa B rpyHTE pacpoCTpaHseTcs
BJI0JIb TPYOOIIPOBOJIA CO CKOPOCTHIO OOJIBIIEH, YeM CKOPOCTh 3BYyKa B TPYO€) TaKKe HE U3ydalcs
A. Cakypau u T. Takaxamm. DTOT peKUM €CTECTBEHHBIM 00pa30M BO3HUKACT MPH YBEIUYCHUU
yTJla HAKJIOHA TIOCKOU BOJIHBI K TPYOOIPOBOAY (HAIIOMHHUM, YTO MOJ1 YIJIOM MaJICHHs TOHUMAETCS
yroJj, o0pazyeMblii HOpMaJIbIO K ()POHTY BOJIHBI C OCBIO TPpyOOIpoBoaa (cM. puc. 1)), MOCKOJIBKY
B 9TOM ciy4ae C = C1/ C0Sa — oo nipu o — 7/2. JIpyroii ciaydaii, KOrja MOKET BO3HHKATh CBEPX-
3BYKOBOH PEXHM, — 3TO CETMEHTHBIM TPyOONpOBOA C AEMI(PHUPYIOMIMMH CTHIKAMH, TaCSIIMMHU
CKOPOCTh pacnpocTpaHeHus 3Byka B HeM (cM. [Ipunoxenue B), wim TpyOOmpoBOsl U3 KOMIIO-
3UTHBIX WM MOJIUMEPHBIX MaTepUaIoB, 0COOCHHO, €CITU TaKue TPYOOIPOBOABI YIOKEHBI B MIIOT-
HBIX WM CKAJUCTHIX TPYHTAX C OOJBIIMMH CKOPOCTSIMU PACIIPOCTPAHEHHUS YIPYTUX BOJIH.

CootHomienus (21) oTpakaroT CyIIECTBEHHOE OTJIMYHME B TIOBEJICHUU PEIICHUH JIJIsl CBEpX-
3BYKOBOI'O U JIO3BYKOBOI'O PEXHUMOB, CBSI3aHHOE, IIPEXK/E BCETO, C BOZMOKHOCTBIO CYIIECTBOBA-
HHsI pe30HaHCa B IEPBOM cilydae: Koraa mapamerp K, onpenenennsiii popmysaoit (20), cTaHOBUTCS
110 CBOMM 3HAYCHHSIM OJM3KMM K N, aMIUIMTy/1a CTallMOHapHbIX KosieOanuii mpu M > 1 HeorpaHu-
yeHHO Bo3pacrtaeT. OqHako u mpu K #h quHamMuueckre HampsDKCHUS B CBEPX3BYKOBOM Clydae
MIPEBBIIIAIOT COOTBETCTBYIONINE HATIPSIKEHUS, BHIYUCIICHHBIE 110 TEOPHUH "?KECTKOTO 3aieMieHus"
(MpUHATON B HOPMATHUBHBIX JOKYMEHTaX MPHU pacyeTe MOA3EMHBIX TPYyOOIpPOBOIOB Ha CelcMo-
CTOMKOCTB [4]), cOrJIacHO KOTOPOM MPOI0JIbHBIE IEpeMELeHHs U ehopMalluu TpyObl COBIAAIOT
C MPOJIOJILHBIMH TIEPEMELICHUSAMH U eopManusaMu TPyHTa B BOJIHE Wo; u3 (2). CormacHo 3Toi
npocreiieii Teopum, MakcUMaJbHblE HANPSKEHUs B Tpybonposose o, = E'Ayhcosa.

CrnenoBatenbHO, CyIIeCTBYIOIIEe yoexkIeHue [2], 9To pacCUNTaHHBIC 10 TEOPHH ITOJTHOTO
3allIeMJICHHUS HAMPsDKEHUS SBIISIIOTCSA BEPXHEW IpaHullell HanpshKEHU B TpyOOIpoBOIe HEBEPHO,
€CJIM peayIn3yeTcsl CBEPX3BYKOBOW PEXHUM, a OH UMEET MECTO IPH HAKJIOHHOM MaJIeHUU CeHCMU-
YeCKOM BOJIHBI HA TPYOOTPOBO JUIS YIJIOB 0, JJIsl KOTOPBIX COS & < €1/c} (moapasymeBaercst
0OBbIYHAsl CUTYAIUsl, KOTJ]a CKOPOCTh OOBEMHBIX BOJH B TPYHTE C1 MEHBIIIE CTEP>KHEBOI CKOPOCTH
TpyOOIpPOBOIA C)).

[Tpu 3eMieTpsiceHUSIX HHTEHCUBHOCTH 3 U BBIIIIE OCHOBHYIO YaCTh SHEPTUU HECYT BOJIHBI
C JNIMHAMU OT MHOTHUX JIECATKOB JI0 HECKOJIbKUX COTEH METpoB. Toraa ass MeTalsIn4eckux u oe-
TOHHBIX (aCOECTOIIEMEHTHBIX ) TPYOOIIPOBOIOB B PEANIbHBIX YCIOBHSIX X MPOJIETaHUs YHUCIECHHOE
3HaYeHHEe h MOKET Ha MOPSAIOK MIIH JakKe Ha JiBa MOPsIKa ObITh MEHbIIIe 3HaYeHUs apamerpa K.
B arom ciiyuae (h/k <« 1) Taxke cripaBeIMB PUBEACHHbIN BBIIIC aHAIN3.

B kauecTtBe mpuMepa ucciaeayeM BaKHBIN BOMPOC O MOBEACHUHN aMILTUTY/bI KojaeOaHui
TpyOoIpoBoaa (M aMIUTUTYAbI HAMIPSHKEHUI B HEM) TIPH U3MEHEHUH ITyOUHBI ripoJeranus. C aToi

nenbio moactaBuM 3uadenust h uz (13) u K u3 (20) B pemenus (21) u nmpecTaBUM UX B BHIC

U
— = . (22)

2
Wo 1i2nz(ﬂ)|Mz_1|[1_(é) (&) mE
1 a Ly a
Ha puc. 3 u3o0paxensl rpaduku 6e3pazmepHoit ammuiutyabl konebanuid U / Wo sxene3noro
TpyOOTIPOBO/Ia, 3aJI0KEHHOTO B MSTKHUW TPYHT, B 3aBUCHMOCTH OT TTYOWHBI 3aJI0KCHHUS TIPH CIe-
OyIOIIAX 3HAYEHUsX, BXOAAmmMXx B (22) koHcTaHT W mapamerpoB: E'=21.3 x 1010 H/M?,
u=3.38x108H/™M? b/a=0.9, a=0.15m, L1=110m, M=1.1 1 M =0.9, COOTBETCTBEHHO B
CBEPX3BYKOBOM U JI03BYKOBOM ciiydasx (3HaueHue monyis FOura E' mis sxenesa B3siTo u3 crpa-
BoYHMKA [19], a Moy ciBura u ajis Markoro rpynra — u3 [20]).
Temu e BeIpakeHUIMH (22) ONPENCIIIIOTCS U Oe3pa3MepHbIC aMILTUTYIABI TIPOAOTBHBIX
HaNpsHKEHUI1 B TPYOOIIPOBOJIE 0y, /0y
W3 rpadukoB puc. 3 BUIHO, YTO aMILTUTY/IbI TIEpEMEIICHHI (M HAPSHKEHHI) B I03BYKO-
BOM PEXHME YOBIBAIOT C BO3PACTAHUEM TITyOMHBI 3aI0KEHHS (CIUIOIIHAS JINHUS), @ B CBEPX3BY-
KOBOM PEKHUME OHU, HA000POT, BO3pacTaloT ¢ yBennueHueM R (mrpuxoBast munus). [lomyxupHas
npsiMasi Ha puc. 3 0003HAYaeT HEe 3aBUCSIINIA OT MIYOHHBI 3aJIeTaHUS PE3yNIbTAT dIIEMEHTAPHOMN
TEOPHH IMOJTHOTO 3alIeMJICHUsI TPyOOIIPOBOIa B TPYHTE.
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Takum 0Opa3om, eciii B JO3BYKOBOM CIIydae
st o0ecriedeHns: OONbIIe CceiicMOCTOMKOCTH Tpy-
OompoBO HEOOXOAMMO 3arIyOJiATh Ha OOJIBIITYIO
ryOuHy (M3BECTHBIM (PaKT), TO B CBEPX3BYKOBOM
cllydae, Kak CIIeyeT U3 pe3yJbTaToOB HACTOSIIIETO HC-
CIIEZIOBaHMSI, HY)KHO TIOCTYNaTh POBHO MPOTHBOIIO-
JIOXHBIM 00pa3oM (pa3ymeeTcsi B HPEANOIOKECHUH,
YTO IITyOMHA 3aJI0)KEHUS OCTAETCS BCE €IIIe JOCTaTO-
HOM U1l TOTO, YTOOBI MOKHO OBLIO MpeHeOpeyb BIIH-
SIHUEM TIOBEPXHOCTHBIX BOJIH, 3aTYXaIOIIUX 3KCIIO-
HEHIIUAIBHO C TITYOHHON).

HecraumonapHasi 3agadya o0 CBSI3AaHHBIX
(coBMeCcTHBIX) KoJieOaHUSIX TpyOonmpoBoaa u
rpyura. [lycTs majmaromias HakJIOHHO Ha TpyOoIpo-
BOJI MPOJI0JbHAsE BoiHA (1) sIBJIETCS HECTalMOHAp-
HOM, T.€. OHA 3aJiaHa COOTHoIIeHueM Wo = f (C1t —2'),
rae f (1) =0 npu 1 < 0. Toraa npomoabHAs COCTABIS-
IOIIIast TOM BOJIHBI, PaCIPOCTPAHSIONIASICS BIOIb OCH

Uw,
1.2

14 PR

o.g\\

0.8

3 4 5 6 7 B 9 Ra

Puc. 3. 3aBUCHMOCTb aMILTUTY bl KOJIEOAHUMH
TpyOONIPOBOJA OT IITyOHHBI IPOJICTaHKS B
JTO3BYKOBOM (CIUIOIIHAS JINHUS) U
CBEPX3BYKOBOM (IITPHUXOBAs JHHUSA) CIyJasx;
MOTYXKHUPHAs TPsIMasi HOKa3bIBAET Pe3ysIbTaT
WHXEHEPHO! TEOPHUH ITOJHOTO 3aLIeMIICHUS
TpyOHI B TPYHTE

Z TpyOOMpoOBOIa CO CKOPOCTHIO C = C1/ COSa, ompeneneHa paBeHcTBOM (3). Kak mokasano, cBsi3aH-
Has 3a71a4a 0 BO3/IEHCTBUH BOJTHBI (3) HAa TPYOOIIPOBO/I B YCIOBUSAX TUIIOTE3HI O KBA3MOJHOMEPHOM
nedopMaIuu rpyHTa CBOAMUTCS K pelIeHuto cucteMbl ypaBHeHuii (11), (12) npu kpaeBbix ycio-
BUsX (4), (5). Ilpu aToM, B 3anucu ypaBHenuii (11), (12) yureHo, yto, Koraa najgarouiasi ceiicMu-
yeckas BonHa (3) siBnsieTcst GyHKIMeH aprymenTa Z = Ct — Z u TpyOoInpoBoj OECKOHEUHBIH, TO 3a-
Jlaya aBTOMO/I€JIbHA, @ UMEHHO, B Ha3BaHHBIX YCIOBUSAX MIEPEMELICHHS TPYOOIIpoBOa U MPOI0JIb-
HbIE NIEpEeMEILEHHs] TPYHTA 3aBUCAT OT NEPEMEHHOM Z, a He OT JBYX MEPEMEHHBIX Z U t B OTIeNb-
HOCTH.

B cuny Toro, 4yTo 3amaya SBJISIETCS HECTALMOHAPHOM, JJISl IIOJHOM €€ ITOCTAaHOBKU HEJIO-
CTaTOYHO 3aJaHMsI KpaeBbIX ycinoBuii (4), (5), a JOIKHBI ObITH 33jaHbI €111 U HAaYaJIbHbIE YCIOBHS
(unu 3xBUBasIeHTHBIE UM). /I pusnueckn 060cHOBaHHON (HOPMYTUPOBKU MOCIETHUX PACCMOT-
pUM JBa BO3MOXHBIX ciydas. B mepBom, cBepx3BykoBoM, ciydae (M > 1) Bo3mymieHus Kak B
cpene, Tak U B TpyOONpOBOAE MMEIOT MECTO TOJIbKO 3a ()pOHTOM Majaromiel ceiicMuyeckoi
BOJIHBL, T. €. ipu Z > 0, a mepea GpoHTOM BOTHBI Z = () YaCTUIIBI U TPYHTA, U TPYOOIIPOBOAa HAXO-
IATCSL B COCTOSIHUU ToKosA. OTCroAa U U3 yCIOBHUM HENPEPHIBHOCTU MEPEMEIIEHUN U CKOPOCTEN
TOYEK TPYHTA U TPYOBI IpH Tiepexo/ie uepe3 GpoHT BoaHBI Z = () mosydaeM "HadalbHbIe" YCIOBHS

w(0) =0,w'(0) =0,w'(Z2) = ow(Z)/0Z, (23)

U0) =0, U'(0)=0,U(Z) =0U(2)/0Z, (24)

KOTOpbIE JOJDKHBI OBITh MPUCOETUHEHBI K cucteMe ypaBHeHHi (11), (12) u kpaeBbIM yCIOBUSM
st pyHKIau W u3 (4), (5).

Bo BTOpoM, 103ByKOBOM, ciyyae (M < 1) BosiHa B TpyOOmpoBOe onepexaeT nalaroiyro
CeliCMMUECKYIO BOJIHY, YTO B CBOIO OYepE/lb BbI3bIBAET BO3MYIIEHUS B IPYHTE U niepes GPOHTOM
najaroniei BoiHel. Takum 00pa3oM, B 3TOM Cilydae BCsl 00J1acThb, 3aHATas Cpeioi, U Bech TpyOo-
MIPOBOJT HAXOSATCS B BOBMYIIICHHOM COCTOSIHHH U TToToMy ypaBHeHus (11), (12) momkHbI paccMart-
puBaTbcs Ha Beell ocn —o < Z < +oo. CrieioBaTeNbHO, YCIOBUs, 00ECIIEUYNBAIOIINE €AMHCTBEH-
HOCTh pemeHuit W (B monoce a <r <R, -0 < Z <+00) u U (Ha ocu —o0 < Z < +00), HEOOXOJUMO
(dbopMynHpoBaTh B BUJIE YCIOBHM Ha OECKOHEUHOCTHU: Z —> 00,

Pemenvie BHemHel 3a1a4n U1 TpyHTa HEOOXOIUMO TOJIBKO JUISl BHIYMCIICHUS CHIIBI B3aH-
MoerictBus. IMes 3To B BULy, MpeHEOpekeM BO3MYIIIEHUSIMHU B TPYHTE TiepeT GPOHTOM MaTaroIIei
BOJIHBI ¥ OyJIeM CUMTaTh, YTO U B JIO3BYKOBOM ciiydae (ciydae D) BbimosiHeHbI yciaoBus (23) Ha
¢ponte Z = 0. Takast mOCTaHOBKA Ja€T BEPXHIOIO MPAHUILY JJISl CHJIbI B3aUMOACHUCTBHS B CEUEHHSIX
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Z < 0. Kak Oyzer moka3aHo jajee, epeMeleHHs 1 HAPsHKSHUS B TPYOe OBICTPO 3aTyXaroT B 001a-
CTH TIepeJ1 MaAaouIel BOIHON NP yAaJIeHUH OT (pPOHTA M MX MaKCUMAJIbHBIC 3HAUCHHS JOCTHUTa-
I0TCS B IO3BYKOBOM CITy4ae B UaCTH TPyOOIpPOBOa, OXBAYEHHOM OeryIeil B rpyHTEe BOJTHOM.

Uro xacaeTcs yCIOBUI Ha MepeMelIeHus: B TpyOOIpoBoe, TO U3 PU3MUECKUX COOOpake-
HUH €CTeCTBEHHO MOTPeOOBaTh, YTOOBI OHU OBLITU OTPaHUYCHHBIMU Ha OECKOHEUHOCTH:

|UZ)| =0(1) npu Z - +oo. (25)

Pewenue enewneti 3a0ayu 011 2pynma u 61600 Mmeopemuiecko2o sHayeHus 0isl CUIbL 83aU-
MoOeticmeus. B PUHSTHIX MPEANONIOKEHUSIX KpaeBble 3a1aun yis rpyHTa ipu Z > 0 (ompeaersito-
1Me JBMKEHUE 32 GPOHTOM MaIaloliel BOJIHBI) B 000MX CIIydasix, CBEPX3BYKOBOM U JO3BYKOBOM,
OJIMHAKOBBI 1 MOTYT OBITH PEIIeHbI IPUMEHEHHeM IpeodpazoBanust Jlamnaca mo Z. Torna ypaBHe-
Hue (11) mpu "HavanpHBIX" yCI0BHIX (23) MPpUBOAMTCS K ypaBHEHUIO beccens u ero perieHue, yao-
BJIETBOPSIIOLIEe IpeoOpa3oBaHHbIM 110 Jlarmacy KpaeBsiM ycioBusM (4), (5), umeeT BUL

wh = [Io(s17)Ko(s1R) — Ko (517)1o (51 R)J U — [Io(s17) Ko (s1a) — Ko(517")10(51a)]Wéz (26)
Io(s10)Ko(s1R) — Ko(s1a)Ip(s1R) '
rae uaaexcoM L momeuenst Jlammac-npeobpa3zoBanus GyHKINN ¢ TapaMeTpOM MPeoOpa3oBaHUS S
(Res > 0), s1=s/mu lo(£), Ko ({) u ects MomuduInpoBanHbie OecceneBbl GYHKIMU TIEPBOTO Pojia
HYJIEBOTO TIOPSIZIKA.

B nByx ciywasx, korga yroin majaeHust o Man (toraa onpeaeneHHas B (11) 6e3pazmepHas
KOHCTaHTa m >> 1) 1 KorJa paccMaTpUBaeTCs pEIIeHUE BAAIU OT GPOHTA BOJIHBI, ApTyMEHTHI Oec-
ceneBbIX (pyHKUMIA, BXOAAmUX B (26), Manbl (110 aOCONIOTHON BEIMYUHE) U MOKHO BOCIIOJIB30-
BaTbCs I 3TUX (YHKUME TepBbIMH wieHamu pasnokenuid B pagsl [18]: lo(0) = 1,
Ko () = In (2/C). Toraa u3 (26) mony4yaem

w(r,Z) ~ m [In (%) UZ) - In (2) wo,(2). 27

Hanomawnwm, uto perenune (27) cnpaBeniuso npu Z > 0, T.e. 32 YpOHTOM MaJar0IIeH BOTHBI
(wyn B JIEBOM MOMyTIooce B mepeMeHHsbIX (I,Z)). Jlerko npoBepuTsh, uTo Ta ke hopmyna (27) naet
pemenue u aist Z < 0 (B mpaBo# MOTYyIONIOCe), €CIu MPUHSATH B Hell Wo; = 0. Takum o6pazom, dop-
Myina (27) aaeT peuieHue 3aaa4uu AJisl TPyHTa IpH JIF00bIX —0 < Z < +oo, eciu nonarath Wo; (Z) =0
npu Z < 0, 4To ecTh cnoco0 3aJaHus MIOCKOM BOIHBI (cM. (3)).

B cooTtBercTBHHE ¢ pemenueM (27) kacateapHOE HAPSHKEHUE HA TTIOBEPXHOCTH TPYOOIIpO-
BOJIa PaBHO

(0w _ u B
0@ ) = 1u(57)| = cazey Woe @ — U@ (28)

DTOT pe3yabpTaT 000CHOBBIBACT (B ClTydyae JIMHEHHO-YIIPYroro rpyHTa) MPUHATYIO B pabo-
tax [1, 5, 6] rumore3y o cujie B3aUMOJCHCTBHUS U AaeT TCOPETHYECKOE 3HAUeHHEe K03 duineHTa
B3aumozeicteus (k; = p/[a In(R/a)], koTopselii B MHKEHEPHBIX MOJX0aX TPEOYETCsl ONpenelisiTh
u3 onbITOB [6]. Te ke 3HaueHUs KacaTeIbHOIO HANPSKEHUS U KO3 PUIIMEHTa B3aUMOICHCTBUS
MOJIy4EeHbl HAMH U B CIy4ae yCTAaHOBUBUIMXCS (CTallMOHAPHBIX) KOJEOAHUH yIpyroro rpyHTa u
TpyOomposoa [21].

Pewenue ona mpybonpogoda. C yueToM HaliZIGHHOTO U3 PEIIeHNs BHEIIHEH 3a/1auk BhIpaxe-
Hus (28) 11 KacaTeIbHOTO HAIIPSDKEHUST YpaBHEHHUE JIBHKeHUs TpyOonposoaa (12) npuHumaet BuI

2 2 2 — 12 2 — 2p

Bepxnue 3Haku B ypaBHeHuu (29) 6epyTtces B cBepX3ByKoBOM citydae M > 1, a HuxxHME — B
J03BYKOBOM citydae M < 1.

K ypaBHennio (29) HeoOX0oauMMO MPUCOSIUHUTH YCIOBHUs Ha (pOHTE BOJHBI (24) mipu
CBEPX3BYKOBOM PEXKHME U YCIOBHS HA OECKOHEUHOCTH (25) — IIpH JO3BYKOBOM pexume. Pemienue
chopMyITMPOBAHHOM 33a4H B 000MX CIy4asx He mpenactaBisieT TpyaHocted. [Ipu M > 1 kopau
XapaKTepUCTUUECKOI0 YpaBHEHHUS, COOTBETCTBYIOIIETO OJHOPOJHOMY ypaBHEHHIO (29) ¢ Bepx-
HUMH 3HAKaMH, SIBJISIFOTCS YUCTO MHUMBIMH U paBHbI +ip. CiemoBarenbHo, QyHIaMEHTAIbHYIO
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CHCTEMY pELICHUI 3TOro ypaBHeHHs 00pasyrot ¢pyukuuu f1 (Z) = sin pZ, f2 (Z) = cos pZ, a ux nu-
HEMHas KOMOMHAIMS SIBJSIETCS OOLIMM PELICHHEM YKa3aHHOTO OJHOPOIHOTO ypaBHeHuUs. YacTHOE
pelleHre COOTBETCTBYIOMIETO HEOMHOPOIHOIO YPaBHEHHSI HAXOIUTCS M3BECTHBIM CIIOCOOOM Ba-
pHAIMHI TPOU3BOJIBHBIX IOCTOSIHHBIX B OOIIEM PEIIEHUH OHOPOIHOTO ypaBHEHHUs. [10TydeHHbIIH
TakuM o0pa3oMm B [22, m1. V] pe3ynbTar MpUBOAMT K CIEAYIONIEMY OOIIEMY PEIICHUIO B Clydae
HEOTHOPOIHOTO AU PEPEHIIHATBEHOTO YPABHEHHST BTOPOTO MOPSIIKA:

= [ [(2) (D) F(z"dz'
u@ =ar@+ar@- [|B5 B TS

— 00

IJIe IO/l 3HAKOM MHTErpalia JIBOHHbIC BEPTHKAIBHBIC YEPTHI CIYXKAaT /i 0003HAUCHHSI OTPEAeIIH-
tens, pyukuus F (Z) seasercs npaBoit yacteio ypaBuenus (29) u B (f1, f2) ects onpenenurens
Bponckoro, B KOTOpOM IepBasi CTpoka cOCTOUT U3 pyHkuuii fi, f2, a BTopas — u3 ux mponu3BOIHbBIX.

[Moncrapnss B popmyny (30) HailineHHbIe paHee (QyHIaMEHTaIbHBIE PEIICHUS OTHOPO/I-
HOTO YpaBHEHHMsI, COOTBETCTBYIOILEIO ypaBHEHUIO (29) ¢ BEpXHUMH 3HaKaMH, U MPaBYIO 4acCTh
MIOCJIEAHETO YPaBHEHUS, [10JIy4aeM 00l11iee pelieHre HEOJHOPOIHOTO ypaBHEHNUs (29) ¢ BepXHUMU
3HAaKaMH B BHJIE

(30)

z
U(Z) = CysinpZ + C,cospZ +p fWOZ(Z') sinp(Z —2")dZ'. (31D

-0

Jlerko ycranaBnuBaetcs, 4to pemieHue (31) yaoBieTBOpseT yCIOBUSIM Ha PPOHTE BOIHBI
(24) mpu C1 = C, = 0. TakuM 00pa3oM, OKOHYATEITHHOE PEIICHUE 33/1a9U B CBEPX3BYKOBOM CITydac
M > 1 umeer Bung

z
UZ)=p fWOZ(Z') sinp(Z—-2")dZ'. (32)

B ananornuHom pesyibTare, nonyquHOMOB pa6ote [5] (popmyna (12)), HuKHHUI MTpeses UHTe-
IPUPOBAHMSI —0 HEOOXOAUMO 3aMEHUTH Ha 0.

Haiinem temepp pemieHue B 103ByKOBOM ciiydae M < 1. DTtoMy ciaydar COOTBETCTBYET
middepennmanbHoe ypaBHeHHe (29), B3siTOe ¢ HXKHUMH 3HakaMu. [lomydaemoe Tak xe, Kak U

BbI1e (pu nomouu Gopmyinsl (30)), ob1iee perieHne 3Toro ypaBHEHUS! UMEET BU]
z

UZ) = Cie™PZ + CreP? —p J wo(Z")shp(Z —Z")dZ'. (33)
—00
Koncrantsl B (33) HaiiieM M3 YCIIOBUI OrpaHMYEHHOCTH DPELICHUs Ha OECKOHEUHOCTH
(ycnoBuii (25)). [lockonbky BTOpoil v TpeTHii uieHsl B (33) cTpemsaTcs K HyJto pu Z — —o0, pe-
nieHure 0yaeT orpaHndeHHbIM Ha —oo, ecnu C1 = 0.
Hanee, nerko BUaeTh, yto pemeHue (33) 6yaer orpaHMYeHHBIM Ipu Z — +00, €CJIU BBIIOJ-

HEHO YCJIOBUE
+00
epZ CZ _g f e_pZ’ WOZ(Z’)dZ, == O.
Ortcrona ciaeayer, uto
+ 00
— p -pz' l i
Cz _ E e WOZ(Z )dZ .

— 00
[Toacrapisist HaliIeHHBIE 3HAYCHUSI KOHCTAHT B opmyiry (33), momydaeM OKOHUYATEIHHOE
pelieHue 3a7auu B 103ByKOBOM ciyuae (M < 1):

pepZ 400 , pe—PZ ,
UQ2) == f wo,(ZVH(Ze ™7 dZ' + H(Z)— f wo,(ZNeP?'dZ’. (34)
VA -0
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Bropoii unen B pemiennu (34) Bo3HUKaeT TosbKo npu Z > 0. [ToaToMy B aHaJIOTHYHOM pe-
3ynbTare, moxydeHHoM B pabote [5] (popmymna (13)), HeoOX0AMMO MEepe BTOPHIM WICHOM BBECTH
mHOxHTeneM GpyHkuuio H (Y) u, kpome Toro, B MHTErpalie HUXKHHUIN Mpeen —oo 3aMeHUTh Ha 0.

PaccmoTpuM B kauecTBe mpuMepa BaKHbBIM YaCTHBIN Cllyyal, KOTJa B MMaIal0LIEH HAKIIOH-
HOW BOJHE 3aKOH JIBWXKEHHA TpyHTa 3a (POHTOM  SIBJISETCS  CHHYCOUJAJIbHBIM:
Wo = Ag Sinwi(cit — ') H (cit — z'). TlpomosbHas cocraBisiolias 3Tol BOJHBI, coriacHo (3), ecTh
Wy, = Agcosa sin(@,Z)H(Z), @, = w,cosa. [Ipu moacTaHOBKE BHIPAXKECHUS IS Woz B (POPMYITBI
(32), (34) Bxonsmme B HUX KBAJIPAaTyphl BEIYUCIISIOTCS M MPOJOIBHBIE HAMIPSDKEHHSI B TPYOOTIPO-
BoJiE 0,, = —E' dU/dZ 3anarorcs COOTHOIIEHUAMM

—E'Aycosa (cos@,Z — cospZ)H(Z),M > 1;

W1
1 - (@,/p)?
@y 1. _ ~
k—E’Aocosa — (— —sign(2)e PVl + H(Z)coswlZ> M < 1.
1+ (@,/p) 2

®opmynsl (35) oTpaXkaroT CyLIECTBEHHOE OTIMYUE PELICHUH s CBEPX3BYKOBOIO M JI0-
3BYKOBOTO PEXHMOB, CBSI3aHHOE, MIPEXKJIE BCErO, C BO3MOKHOCTBIO CYIIECTBOBAHHS PE30HAHCA B
IIEpBOM ClIydae: KOT/a mapamerp P, onpeleleHHbId B (29), CTAaHOBHUTCS MO CBOMM 3HAYECHUSIM
ONM3KUM K (1, aMIUIUTY/1a HECTAIIHOHAPHBIX KoJjiebanuii mpu M > 1 HeorpaHMYEHHO BO3pacTaeT
110 TMHEHHOMY 3aKOHY ¢ yBenuueHueM Z. boiee Toro, M npu p # @, JUHaAMHYECKHE HATPSHKECHHS
B CBEPX3BYKOBOM CITy4ae MPEBBIMIAIOT COOTBETCTBYIOIINE HATPSKEHNUS, BBIYUCIICHHBIE T10 TEOPUH
"JKecTKOoro 3ameMieHus" (IpUHATON B HOPMAaTUBHBIX JOKYMEHTAaX IIPU pacueTe MOA3EMHBIX TPY-
00ompoBoIOB Ha celicMOCTOMKOCTh [4]). CoryacHO 3TOM TeopHH, MPOJOIBHBIE TTepEeMEIeHHUs (a
3HAYHT, U JeopMannn) TpyObl COBIAIAIOT C MPOJOIBHBIMU NEPEMEIICHUSIMHA TPYHTA B TIa/1af0-
el BOJIHE M ITO3TOMY MAaKCHMaJbHbIC MHPOJOJBHBIC HANPSDKCHUS B TPYOONPOBOIE Oy, =
(E'Agcosa) @,. Torga B XapakTEpHOM Ha MPaKTHKE cirydae @, /p <K 1 [9] us pemenus (35) ms
M > 1 nonyyaem max(o,,)/0,9 ~ max|1 — cospZ| = 2. CienoBaTe/bHO, CYLIECTBYIONIEE yOerK-
JeHue [2], 4To pacCUMTaHHbIE 10 TEOPHHU IOJIHOTO 3aIleMIICHUS HANPSHKEHUS JJal0T BEPXHIOKO Tpa-
HUILY JUTsI HANPSDKEHHA B TPYOOIIPOBO/IE, HEBEPHO TPU CBEPX3BYKOBOM PEKUME.

B no3BykoBOM ciyyae HampspkeHHe B TPYOOIIpoBoie epea pOHTOM Majaroleii BOJIHHI,
orpezeieMoe MepPBbIM ciaraeMbiM B BbipakeHuu (35) mia M < 1, aBisercs 3KCIOHEHLIHAIbHO
yObIBaromieil ¢pyHkuuen paccrosHus ot ¢pponTa. Takum obpazom, BosmymeHus npu Z < 0 noka-
JU30BaHbI BOJM3K (DPOHTA BOJHBI ¥ 3HAUCHUE HANIPSHKEHHUS 0,,, Ha hpoHTe (B Touke Z = 0) paBHO
0.5 0,2. MakcHManbHOT0 3Ha4YEHHUS B JO3BYKOBOM CIIydae IIPOI0JIbHOE HANPSKEHHUE B TPYOOIPO-
BOJI€ JIOCTUTAET B YaCTH TPYOOIPOBOJIa, OXBAYCHHOI Oeryiieil B rpyHTe Majaroleii BOJIHOH (T.e.
npu Z > 0), u oHo, cornacHo (35), pasHo max(a,,) = 0,9[1 + 0.5exp(—mp/@,)]. D10 3HaUEHUE
HECKOJILKO MPEBBINIAET BEJIUIUHY 0,2, TIONYdaeMyFO [0 HHKEHEPHOH TEOPHH.

YacTb coaepkaHus CTaThl OCHOBAaHA Ha Pe3yJIbTaTax, MOJTYYeHHBIX U (UHAHCOBOM MO~
nepxke POOU (B pamkax Hayurbix mpoektoB Ne 17- 08-00066 u Ne 20-08-00024).

INPHUJIOKEHUA

o
Ozz =

(35)

A. O0 onbITHOM omnpeaeeHnH KO3I(PPULIMEHTA NPOA0JIbHOI0 B3aUMO/IeiiCTBUSI TPYHTA U
TPYOONpPOBOIA NPHU CeliCMUYECKUX KOJIeOAHUAX

B 3aauax o npo0obHBIX IBUKEHHUSIX WM KOJIEOAHUSX JIMHEHHO MPOTSHKEHHBIX MOJI3EM-
HBIX COOPYKEHUH (B 4aCTHOCTH, TPYOOTIPOBOJIOB) U3-3a OTCYTCTBUS MPOCTHIX TEOPETHUECKUX ME-
TOJIOB olpeneeH s Ko uiireHTa NpoI0JIbHOTO B3aUMOJICHCTBUSL COOPYKEHHUS U IPyHTa pas3-
BHBAJIMCh METO/IbI ONBITHOT'O HAXOKCHHS 3TOTr0 Kod(durrenta. Takoit MeTo 1 OB BIIEPBBIC pa3-
pabotan P.1. ApoHOoBBIM [23] MPUMEHUTETHLHO K HECEMCMHYECKUM 3aadaM JIJIsl 3ar1yOJIEHHOTO
B IPYHT TPYOOIIPOBO/Ia, KOT/Ia OH MOABEPKEH BHYTPEHHEMY JABJICHHUIO WJIH TEMIIEPATYPHOMY BO3-
neiicTBuio. MeTo; CBOAMIICS K BBIMIOJHEHUIO pa3pe3ok TpyOompoBoaa M U3MEPEHHIO MPOAOIb-
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HOTO TIEpPEMEIICHHS] M Pe3yNbTUPYIOIIEH MPOIOIbHBIX HAMPsHKEHUN Ha 00pa3yrolieMcs mpu pas-
pe3Ke KOHIE TPYObl. 3aBUCHMOCTb MEX/1y U3MEPEHHBIMH BEJIMUMHAMU I103BOJISIET B CIIydae yIpy-
roro rpyHTa ONpeneiauTh KO3(QPHUIMEHT MPOJOILHOTO0 B3aUMOAECUCTBUS TPYOOIIPOBOJA C TPYH-
TOM, SIBIISIFOLIMICSA B JJAHHOM Cllydae KOA(Q(PHUIIMEHTOM MPOMOPIHOHATBHOCTH MEXKIYy 3TUMHU Be-
JTUYUHAMU. YKa3aHHOE CIPaBEIIMBO (XOTS 3TO HE oroBapuBaercs B [23, 24]), xorma BTopas
(BHEILHSASA) IPaHULIA TPYHTA, T.€. IOBEPXHOCTb 3€MJIH, SIBISETCSI CBOOOAHON OT HalpsKeHUH (Ha
Hel BBINOJHEHO OJJHOPOJIHOE KPAaeBOE YCIOBHUE).

DTOT MeTo onpeaencHUs KodPPUIMEHTa B3aUMOICHCTBUS (WJIH MPOJIOJILHOTO CABHUTA)
TpyOOINpoOBOJa U3 KBAa3UCTATHUECKOI'O OMbITA C MEIJICHHBIM BBITSTHBAHUEM TPYObl KOHEUHOU
JUTMHBI U3 TPYHTA MPEJICTaBIIeH B epBoii rinaBe MoHorpaduu T. Pammmosa [6]. OnHako nsnoxe-
HUE 3TOTO BOIPOCA COACPKUT HEKOTOPHIE HETOYHOCTH. | TaBHAst M3 HUX COCTOUT B TOM, UTO T€O-
pHsl OmbITa HAXOXKACHUS Ha3BaHHOTrO Koddduuuenrta (K;) npeamnonaraer aedopmanuio odpasia
IPU CONPOTHBJICHUU IPYHTa, MEX/y TeM, KaK HaJIeHHOe 3HaYeHHE /IS K; COOTBETCTBYET CIIy4aro
XKecTkoi (Henehopmupyemoii) TpyOs (crenanHoe Ha ¢. 19 ynmomsiHyTol MOHOTpaduu Mpearono-
KEHHE O TOM, UTO JJIsl MAJIOTO apryMEHTa MepeMelIeHne YaCTUIIbI (CEUeHUs) TPYObI CITY>KUT JIH-
HelHOW (pyHKIMEN KOOpANHATHI, SIBJISIETCS CIIOPHBIM; IIEpEMEIIEHHE ISl MaJIOTO apryMeHTa, Kak
BUIHO U3 TouHoro pemenus ([6], popmyna (1.3.30)), sBisercss kBaapaTuyHON GyHKUUEH apry-
MEHTa U Y4€T TOJIbKO MEPBOro YjeHa MPUBOJIUT K OJIMHAKOBBIM IE€PEMEIIEHUSIM BCEX TOUEK 00-
pasma).

Hakonen, He BbISICHEH MPUHIMIHUAIBHBIA BOIPOC O TOM, B KaKUX YCIOBUSAX ONUCAHHBIN
OTBIT ompezaenseT Kodh UIUEeHT TPOAOILHOTO B3aUMOICHCTBUS TPYOOIpPOBOIa U TPYHTA B Cell-
CMHYECKOH 3a7aue, a UMEHHO: KO3 (UIIMEHT MPONOPLHUOHAIILHOCTH KacaTelbHBIX HAMpPsHKEHUN
Ha MOBEPXHOCTH TPYOBI €r0 OTHOCUTENBHBIM NIEPEMEIICHUSIM (2 HE CaMUM TepEMEIICHUSIM TPYObI
KaK B HECEHCMUYECKHUX 3a/iadyax).

B cuny BaKHOCTH yIOMSIHYTBIX BOIIPOCOB JIaHO MOAPOOHOE M3JI0XKEHHUE OMMCAHHOTO Me-
TO/1a OTBITHOTO OIpeneiaeHus Ko uLueHTa B3auMOCHCTBUS, YCTPAHSIONIEe OTMEUEHHbIE He-
noctaTku. B Tom uncie nomydena ¢popmyna s K; Bo BTopoM NpUOIHIKEHNUY, YIUTHIBAIOILAs! BIIU-
SIHUE NTPOJOJIbHON edopMali TpyObl Ha KOOPGUIIUEHT B3aUMOICHCTBUSI.

Omnpenesienne ko3gpuuueHTa NPoAOJILHOIO0 B3aMMOACIHCTBHA TPYOONIPOBOAA M IPYHTA
B ONBITAX ¢ 00pa3naMu TPY6 KOHEYHOIt IInHBI. [ycTh TpyOa KOHEUHOH JUTHBI | 3a510%KeHa B TPYHT
(3apbITa B TpaHIerO Ha rimyouHe H) Tak, yTo OMH €e KOHell BEIXOAUT Ha CBOOOHOE MPOCTPAHCTBO
(pa3pe3 OQ' na puc. 4). [Ipuanmas Touky O 3a HauaI0 KOOPIMHAT, HAIIPABUM OCh IIWJIHHIPUUYECKON
CHCTEMBI BJIOJIb TPYOBI BIIPABO, TIPH 3TOM BTOPO# KOHell TpyOB! nMeeT koopauHary Z = —|. [Tycts Ha
KoHIIe TpyOb! Z = O mprtoxkeHa rpoosibHas (B Harpasiernu ocu OX) cuita No. ITog neiictBreM 3Toi
CHJIBI CEUEHHUS TPYObI — CTEPKHS MOJTy4atoT MPOAOJIbHbIE IEpeMeIeHNUS Ur,  YACTULIBI OKPY’KAIOILIETO
IPYHTa, BOBJIEKAEMOTO B JBHKEHHE MEepeMElIeHHEeM TPpyObl, MOIy4aloT NMPOJI0JIbHOE IepeMelieHIe
Ur. CunTas Ha MOBEPXHOCTH TPYOb! BBHIIOTHEHHBIM YCIOBUE MPWIMIAHUSA, 0003HAYUM OJMHAKOBOE
nepeMeIeHre CeYeHus TPYObI U MPUIIETaloIIMX YaCTHUIl TPYHTa Yepe3

u(z) = u'r(x) = ul‘(r’ Z)|r=D/2! (Al)
rae D — BHemHul quaMeTp TpyoOsl.

Korna tpy0a BeITsTHBaeTCs U3 rpyHTa, cuiia No, mpuinokeHHas Ha KoHIe Z = 0, ypaBHOBe-
IIUBAETCS CYMMOM KacaTelbHBIX HAMPSDKCHUH Ha BHENTHEHW (OOKOBOI) MOBEPXHOCTH TPYOBI, BO3-
HUKAIOIIUX M3-3a CONMPOTUBIEHUs (Iedopmanun) rpyHTa. B ciiyuae nuHEHO-ynpyroro rpyHra
(kak ciemyeT u3 OOIIUX MPEACTABICHUIN pEIIeHUs JIMHEHHONW KpaeBOM 3a/1aun) yKa3aHHOE Kaca-
TEJIbHOE HANPsHKEHUE MPOMOPIIMOHATIBHO NepeMEeIeHuIo U(2), T.e.

©(z) = —k,u(z) . (A.2)
Bxomsmuii B paBeHCTBO (A.2) ko3 duimeHT K, HazpiBaeTcs K03(D(UIMESHTOM MPOI0IBHOIO B3a-
UMOJICHCTBUS (MJIM MPOAOIBLHOTO C/IBUTa) TpyOompoBoa. 3akoH (A.2) mpuHST B paboTax O Cei-
CMHMYECKHMX IBMKECHUSAX MMOA3EMHOT0 TpyOomposoaa [1, 5, 6, 25 — 28] (o aHamoruu ¢ TakuM xe
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3aKOHOM JUISl HA3EMHBIX COOPYXCHHIA) 3aJ10JIr0 JI0 €r0 TEOPETUYECKOr0 000CHOBAHHS ITyTEM I10-
CTaHOBKH U PEIICHUS CBSI3aHHBIX 3a/1a4 ceiicmoaunamuku [8 — 10, 21, 29, 30].

T
/&&:@-Krm&'—k TR X AR
2 K - ;
=
3 -l B S
4 . _— =t =T = -_—
bt i
7 AT >
] : o N, z i 1
r T T TyT
§ N = = Wl
=
3
dz
Puc. 4. Cxemarndeckoe n300paskeHHe OIbITa IO Puc. 5. K BeIBOly ypaBHEHMsI paBHOBECHS 3JIEMEHTA
oTpeeneHUIo ko3 duimenTa B3anMoIeHCTBHA BBITATHBAEMOMN U3 TPyHTa TPyOBI

TpyOOIpoBOAa M TPyHTA

Cunrtaem IMpOoHECC «BLITATUBAHUA pr6BI M3 I'pyHTa KBa3UCTATUYCCKUM, T.C. HACTOJBKO
MCIJICHHBIM, YTO MOXXHO HpeHe6peqL HHCPUUOHHBIMU CUJIAMH. Beimumem B YKa3aHHBIX BBIIIC

NPENOIOKEHUAX YCIOBUE PABHOBECHS IPOM3BOJILHOTO 35ieMeHTa dz TpyOsI (puc. 5):
dN

- = nDk,u. (A.3)

IMockonpky N = ES du/dz (3mech E — momysp FOnra marepuaina tpyOsl, a S — miomais mo-
MEPEYHOr0 ceueHus Tpyonl), u3 (A.3) nomydaem

u" —a’u=0. (A.4)
B ypaBHenuu (A.4) mwtpux o3HadaeT n1udepeHupoBaHme o apryMeHTy Z u
, 7Dk, 'k, (A5)
“T7Es TEd '

[pubmmKxeHHOe BEIpaXkeHHe i a2 B (A.5) BepHO, KOT/1a TONIIMHA CTeHKH TpyOs! d < D
(Tor/a MmIoIIaab MOMEPEYHOro ceueH s Tpyos! S = 7Dd).

B onbiTax Ha onpenencaue koddduienta B3aumoaeicTBus K; ynooHo Ha koHue Z = 0 3a-
JIaBaTh epEMEIIICHHE, & He CUITY; BTOPOil KOoHell TpyObl Z = —| Oyaem cuutath cBoOOIHBIM. Takum
o0pa3oM, K ypaBHeHHIO (A.4) 3a/1aHbl KpaeBble YCIOBUS

=U'|,—; = 0,ulm0 = Uy - (A.6)

)
dZ z=-1

Pemenue kpaeBoii 3aauu (A.4), (A.6) 1erko HaXOJUTCA U 3alMChIBACTCS B BUJIE
u(z) = uy(thal shaz + chaz). (A7)
ITo n3BecTHBIM nepeMenieHUsIM (A.7) OnpenesitoTCsl MPOI0JIbHBIE HANIPSHKEHUS B YIIPY-
TOM CTEepXKHE-TpyOe

du
o(z)=E Pl Eugya(thal chal + chaz) (A.8)
B JIIOOOM CEYEHNH Z, B YaCTHOCTH, Ha KoHie Z = 0:
0, = 0(0) = Eugathal. (A.9)

ITo nHanpspxenuio (A.9) nerko Beraucnsercs cuiia No Ha koHIe Z = 0, BbI3bIBaIOIIas Mepe-
MerieHue Up 3Toro KoHIa (1 nepemenienus (A.7) B Tpyoe), a UMEHHO:
Ny = 0,8 = (ESathal)u,. (A.10)
Kak BumHO u3 Teoperudeckoro paBeHcTBa (A.10), B ciiydyae ynmpyroro rpyHTa U yopyro
negopmMupyeMoil TpyObl UMEET MECTO JIMHEWHasi 3aBUCUMOCTh MEXIy CHJIOW, IpuiIaraeMoi Ha
BBITSITMBAEMOM U3 TPYHTA KOHILIE TPYOBI, U IepeMeIIeHreM 3Toro koHna. CienoBaTellbHO, IPU TEX
e YIPYTUX CBOWCTBAX IPyHTa U TPYOBI B OIIBITAX TAKXKE J0JDKHA HIMETh MeCTO (TI0 KpaiiHel mepe,
npuOIMKEHHO) JHHEeHHas 3aBUCUMOCTh No OT Uo (10 MOMEHTa OTphIBA TPYHTA OT MOBEPXHOCTHU

TPYGBI). HYCTB 9Ta OIIbITHAas1 3aBUCUMOCTb UMECCT BU]L
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CpaBHuBas TeopeTndeckyro 3aBUCUMOCTh (A.10) ¢ onbiTHOI (A.11) 11t oHOM U TOH Ke
cuibl Ny, monydaem ¢ yuetoM (A.5) paBeHCTBO
s 5 A 12
alcthal  nDI’ (A-12)
Takum o0Opa3om, eciau B ONMMCAaHHOM paHee OMbITe HaiijieHa KoHcTaHTa B, To paBeHCTBO
(A.12) nmpexacrasisier co00# clieayrolee TPaHCIICHICHTHOE YPaBHEHUE OTHOCUTENBHO K, (Mim )
B CHITY 3aBHCUMOCTH (A.5) Mexay o u Ki:

X B\ I? k,

m—(m)ﬁ,){:dl—l E (A13)

Haxoocoenue xosagpgpuyuenma k; uz (A.13) 6 nepsom npubnuscenuu npu y = al < 1.

Vnepxusas B (A.13) B paznoxkeHUH TUHEPOOIMYECKOTO KOTAHTEHCAa NpPU MajoOM apryMEHTe
TOJIBKO TIEPBBIi UiIeH, T.e. monaras cthy = y 1, nonyuaem
m_B _ N

Z " uDl mDluy

Jlerko ybenuthcs, uto Ta xe hopmyna (A.14) ans kosddunrenta npoaoIbLHOrO B3auMO-
JeMCTBUS OJTy4aeTcs, €Clid TpyOy cUuTaTh HeZleopMuUpyeMoii (aOCOIOTHO KECTKUM TesioM). 13
¢dbopmyisl (A.7) BUIHO, UTO B IEPBOM NMPHUOIMIKEHUH NTEpEMEIEHHs BCeX CEUeHUI TpyObl OJMHA-
KOBBI: U(Z) = Uo. [ToaTomMy BBemeHHOE B [6] pacCMOTpEHHE CPEIHETO TepeMeIieHus 1 GOopMyII, C
HUM CBSI3aHHBIX, HE UIMEET CMBbICJIA.

Bmopoe npubnuicenue ons k; (yuumeoiearowee depopmayuro mpybouamoeo odopasya). s
0ojiee TOYHOTrO BBIYMCICHHS KOI(PQUIMEHTa MPOJOJLHOTO B3aMMOJACUCTBUSA TPYOOIpPOBOJA
Y4TEM U BTOPOW YJICH B PA3NIOKEHHUH THIIEPOOTMYECKOT0 KOTAHTeHCA /ISl MaJloro apryMeHTa B
(A.13), T.e. npumMeM

(A.14)

L x
cthy = p + 3
Torma u3 (A.13) umeem
k(l)
P = (A.15)
1—k® 2
z 3Ed

r7ie yepes kgl) 0003Ha4YeHO 3HaYeHHE KOAIPPUIIMEHTA MPOJOJIBHOIO B3aUMOJEHCTBUS TPYObI U
TpyHTa B IEpPBOM MPUOIMKEHUH, onpeneneHHoe Gpopmynoit (A.14) u He yuuThIBatomiee aedopma-
o Tpy6sl. W3 BeIpaxkennus (A.15) BuaHo, uto, mockonsky al nmnm 12/ (Ed) cunraercs manoii Be-
JMYUHOM, TO YY€T MPOIOIBHON AedopMaIiy TpyObl HECKOJIBKO YBEIIMYUBACT 3HAUCHUE KOAPHH-
LHMEHTA B3aUMOJICHCTBUA.

Omnpenenenne Ko3I(pPuIHEeHTa NPOAOJIBHOI0 B3aMMOJECTBUSI TPYyOONpPoOBOAAa H
TPYHTA B ONBITaX ¢ JJIMHHBIMU TpyOoamu. [lycTh AnmuHa TpyOBI, BHITATUBAEMON B OTBITE U3
IpYHTa, TAaKOBa, 4TO Oe3pa3MepHbIil mapameTp ol aBiseTcs OOJbIINM, B IIpefeie OyaeM ero cuu-
TaTh OECKOHEYHO OOJIBIINM, YTO SKBUBAJICHTHO BBITATHBAHHUIO M3 T'PYyHTa MOIYOECKOHEYHOU
TpyObl. B 3TOM ciiyyae pemieHus Uit IpoAOJbHBIX MepeMEIIeHUN U HaNpsHKeHU B TpyOe Momy-
yatorcst u3 Gopmyi (A.7), (A.8), eciin B HUX MEPEUTH K MPeaeTbHOMY mepexoay npu | — oo, 9to
MPUBOJUT K PE3ybTaTy

u(z) = uge*, o(z) = Eauye®, (—o < z < 0). (A.16)

N3 pemenns (A.16) u cootHomenus (A.2) cieayer, 4To KacaTelbHOE HaNpsDKeHHE, JCH-
CTBYIOIIIEE Ha OOKOBOW MOBEPXHOCTU TPYOBI IPU €€ BHITATUBAHUU U3 TPYHTA, PABHO

©(z) = —k,uyge*.

CrnenoBatenbHO, Pe3yNbTUPYIOIIAs CUJa, EHCTBYIOIIAs CO CTOPOHBI TPYHTa Ha TPYOy,
OTIpe/IeTIsieTCs BhIpaXKEHUEM
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0
F = —nDk,u, fe“zdz = -
— 00

Ota cuia ypaBHOBEUIMBAETCS CUJION «BBITSTUBAHUSA» TPYOb! U3 rpyHTa No, IPHIIOKEHHON
K KOoHIly TpyObI Z = 0 u usmepsemoii B onbiTe Kak (A.11), T.e. F + No = 0. Iloacrasnss B nocnen-
Hee ypaBHeHHe BeipaxeHns (A.11), (A.17) u ucrions3ys paBeHcTBa (A.5) s o, IOTydaeM OKOH-
YaTeNbHO 3HaYCHHE KOd(PPHLIMEeHTa MPOAOIBHOTO B3aUMOICHCTBHSI TPYObI M TPYHTA B BUJIE

y B? B\* 1
?~ nDES (n_D) Ed (8.18)

[Monyuennas popmyna (A.18) maer TouHoe 3HadYeHue M Kodhduipenta K, uepes usme-
psieMyto B ombITe Benu4uHy B, B otinmuue ot dpopmyn (A.14), (A.15), naromux npubInKeHHbIe
3HA4YeHHUs JJIs 3TOr0 KO PHUIMEHTa B ONbITaX ¢ 00pa3aMu TpyO KOHEUHOH JUTHHBI.

00 onpeneseHun Ko3QGuUIHEHTa NPOAOJILHOI0 B3aMMOACHCTBUSA I'PYHTa U TPyOoO-
NpoBoO/Ja B celicMUYecKoil 3aga4e. J[715 Toro, 4ro0bl MPUNTH K MPAaBUIBHBIM YCIOBUSAM MpPOBE-
JICHUS OTIBITOB Ha ompezeneHne ko3 duunenta B3auMoIeicTBUA B ceiicMuyeckoi 3aaade, o0pa-
TUM BHHMaHUE Ha CJeNyIollee BaKHOE 00cToATeNbCTBO. Hay 3ary0neHHoN B TPYHT Ha HEKOTO-
pyto riyouny TpyOoii (cM. puc. 4) HaXOJUTCA MOBEPXHOCTh 3€MIIM, KOTOpast 10 CUX IOpP CUUTa-
J1aCh, XOTS 3TO U HE OBUIO OTOBOPEHO SIBHO, HAXOSMICHCS B "€CTECTBEHHOM' COCTOSIHHH, T. €.
cBOOOIHOM OT HanpspkeHui. Eciu Teneps npeanonoxuTs, 4To chopMyaupoBaHa KpaeBas 3ajaya
JUIsl TPYHTA, TO B HEMl OyAET TOJIbKO OJIHO HEHYJIEBOE KPAaeBOE YCIOBUE — MPOJIOJIBHOE CMEIIEHUE
TpyOsb! U. CietoBaTenbHO, B IPEANOJIOKEHUH, YTO TPYHT SIBJII€TCS TMHEHHO YIPYTUM (UM MaTe-
pHAJIOM C JIMHEHHBIMH CBOWCTBAMH ), BCE BEJIMYMHBI, B TOM YHCJIE U KAacaTeIbHOE HANPSHKEHUE Ha
HOBEPXHOCTHU TPYOOIPOBOA T = Grzlr=p/2 SIBISIOTCS, B COOTBETCTBHU C MIPUHIIAIIOM JINHEHHO CY-
NEePHO3UINH, TUHEHHBIMU QYHKLIUSAMHU U, KaK U IPUHATO B cooTHOLEeHUHU (A.2). Te xe paccyx-
JICHHUS COXPAHSIOT CHITy M KOT/Ia TITyOWHA 3aJI0KCHHS TPYOBl 3HAYMTEIHHO MPEBHIIIACT JUAMETP
TpyObI (H/D — o0) 1 Tpyba cuntaercst BHITATMBACMON U3 MOJTYIIPOCTPAHCTBA, TOCKOJIBKY H B 3TOM
cilydae B KpaeBoi 3ajade Juisl TpyHTa Ha OECKOHEYHOCTH CTaBUTCS «HYJIEBOE KPAEBOE YCIOBHE):
€CTECTBEHHOE YCIIOBHUE 3aTyXaHHsI peleHHsI Ha 0ECKOHEYHOCTH (I — o).

[ToaTomy B 3a7auax, rjae UMeeTcs TOJIBKO OJJHO HEHYJIEBOE KpaeBOe yCIOBHUE (Ha OJHON U3
IpaHUIl), KaK, HalpuMep, B 3a/1a4ax, PACCMOTPEHHBIX B paboTax [23, 24], B KOTOPBIX MPOAOJIbHBIE
nepeMeneH s TpyObl BEI3BaHBI H3MEHEHHNEM TEMIIEPATyphl METaJlIa CTEHOK TPYOBI MJIH yKOpOYe-
HUEM OTCEKOB TpyOONpoBOAa B pe3yibTaTre JEHCTBHS BHYTPEHHETO IaBJICHUS, KacaTeJIbHbIE
HANpsDKCHUST Ha MTOBEPXHOCTH TPYOOIIPOBO/IA MPOTIOPIUOHAIBHBI MPOJIOIBHBIM MTEPEMEIICHUSIM
TpYObI U KO3 PULHUEHT FTON NMPOMOPIUOHATBHOCTH (KO GHUIIMEHT B3aUMOACHCTBHS) ONpeies-
€TCsl ONMMCAHHBIMU BBIIIE ONBITAMHU.

B oranume oT 3TOrO B 3a/aUax O CEHCMMUYECKHX KoJeOaHUsSX TpyOONpoBOaa KpaeBble
YCJIOBHS Ha BHEIIHHUX IpaHuIiax — nmoBepxHocTH 3emun [8—10, 29]) unu Ha GeckoHeuyHOCTH (TIpH
I — 00) — HE SIBJIAIOTCS HYJIEBBIMU. A HMEHHO: Ha 3THX YIJICHHBIX OT TPYObI IpaHUIaX IBUKECHUE
IpyHTa OIpeeseTcsl IBUKEHUEM B 3a/laHHON celicMuueckoil BoiHe. [Ipennonoxum, 4To cei-
CMHUYECKasl BOJIHA paclpoCTpaHsieTcs BA0Jb TpyOonpoBoia (B HaNpaBIE€HUU OCU Z) U SBISETCS
IPOJIOJIBHOM, B KOTOPOI NEpEeMENICHUs TPYHTa ONpeAessiFoTes GyHKIuen Uo = Uo (Cit — ), rae C1
— CKOpPOCTb pacipoCTpaHeHus: 0ObEMHBIX BOJIH B YIIPYTOM I'pyHTe, a t — Bpems. Toraa, npeacras-
JIS151 IPOJIOJIbHBIE TIEPEMEILIEHUS B TPYHTE B BUAE U = Uy + U , TA€ U = U — Uy — ECTb OTHO-
CUTEJIbHOE TPOJOJIbHOE IMEpeMelleHUe I'pyHTa (IIEpPEeMEIIeHUEe OTHOCHTEIbHO BO3MYILEHHOI'O
BOJIHOM Up TPYHTA), IOJIy4aeM, YTO Ha IIOBEPXHOCTHU TPYObI KacaTeIbHOE HAIPSKEHHUE OIpeIesIs-
€TCsl PaBEeHCTBOM

mDu,

k,. A.17
2k, (A.17)

7(2) = —k,1.(2),
MOCKOJIBKY B BOJIHE Up OTCYTCTBYIOT KacaTeJbHbIE HAIpsDKEHHS: 7o = WL OUo/Or = 0 (L — MOoayIb
CIBUTA yIpyroro rpyHra). Takum oOpa3oM B B CEHCMUYECKOH 3a7ade JJIs KacaTelbHBIX HaIpsi-
KEHUU Ha TIOBEPXHOCTH TPYObI HIMEET MECTO Takas e Gopmyia, 4to u (A.2), TOIBKO C 3aMEHOM
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B HEH MPOJOIBHOTO NIEPEMEIICHHS TPYHTa Ha OTHOCUTENBHOE MPOA0IbHOE TIepEeMEIICHHUE.

[IpencraBum Teneps U nepemelieHus: Tpyosl B BUAC U, = Ug + Uy , TH€ Uy = Up — Ug —
€CTh OTHOCUTENIBHOE MPOJI0JIbHOE NepeMelnieHne Tpyosl. Toraa ycnoBue NpuininaHus Ha OBEpX-
HOCTH TPYOBI 3aITUIIETCS B TAKOM K€ BUJE, KakK (A.1), TOIBKO I OTHOCUTEIHHBIX IIEpEMEIICHUN
rpyHTa ¥ TpyOBI, T.€. B Buje 1i(z) = fi.(z) = Ui, (7, 2)|,=p 2; 30€ch i(z) ecTh 0OLIEE OTHOCHTEND-
HOE TepeMEelIeHNE CEYCHUN TPYOBI M YaCTHI] TPYHTA, IPUMBIKAIOIIUX K IIOBEPXHOCTH TPyOsI. UTO
kacaercs quddepeHInaIbHOr0 ypaBHEHUsI pPaBHOBECUSI TPYOBI, TO BBIMMCAHHOE Yepe3 OTHOCH-
TenpHOE nepemernenue (z) OHO UMeeT Tako ke BHI, Kak U (A.4), eClIi OIBITHI IIPOBOJISTCS C
KOPOTKMMH oOpa3namu TpyO, AJMHA KOTOPHIX 3HAYMTEIBHO MEHBIIE UIMHBI CEHCMUYECKON
BoJHBI (I /A < 1), MOCKOJIBKY B 3TOM CIIydac Ha JIMHAX NOpsiaka | mepemerienus B ceiCMUUECKOi
BOJIHE U, MaJI0 M3MEHSIOTCA |, clenoBaTensHo, d2Uo/dz? ~ 0 (ykazaHHOe He 03HAUaeT, 4To Tpyda
aBIseTcs HepehopMupyemoit).

CrnenoBarenbHO, pe3yIbTaThl, MOIYYEHHBIE paHee MPUMEHUTEIHHO K KOPOTKUM (B CpaB-
HEHUU C JJIMHOM BOJIHBI) TpyOaM pacrpoCTpaHSIOTCS U Ha ceicMuYeckyro 3anauy. OqHako npu
3TOM, B COOTBETCTBHMH C U3JIO)KEHHBIM PaHEE, B OINBITaX Ha ONpE/EIIEHNE KOHCTaHThl B gnewinue
epanuybl 2pynma (MOBEPXHOCTH 3eMin Haja TpybornposogoM (AO ‘Ha puc. 4) Wid UUIMHAPHYE-
CKasi IOBEPXHOCTh, KOAKCHAJIbHAS! IOBEPXHOCTH TPYOBI, €CITN KPaeBbIe YCIOBHUS CHOCSTCS Ha 3Ty
MMOBEPXHOCTD) Q0/IJHCHBL ObIMb HCECMKO 3aKPEeNienbl, T.e. TOHKHO ObITh 00ECIeYeHO PaBEHCTBO
HYJIIO TIEPEMEIICHUI TPyHTa Ha 3TUX MOBEPXHOCTAX. TONBKO KOT/ia KOHCTaHTa B ompenenena B
OTIBITaX C BBIMOJHEHUEM Ha3BaHHBIX ycloBUH, popmyrsl (A.14) u (A.15) natot (B mepBOM H BTO-
pPOM TIPUOIDKEHUSIX) TPaBWIbHBIE 3HAYCHHUS KOA(DPUIMEHTa MPOJOIHLHOTO B3aMMOJICHCTBHS
IpyHTa U TPyOOIIPOBO/Ia, UMEIOIIET0 B celicMUUecKoil 3a1ade cMbIca Ko3dduimenTa nponopum-
OHAIBHOCTH MEXJIY KacaTelIbHBIMU HANpPSHKCHUSMH Ha MOBEPXHOCTH TPyOONIpPOBOAA U OTHOCH-
TEJIbHBIM MPOJOJIBHBIM CMEUIEHHEM TPYOBI, MOA KOTOPHIM MOHUMAETCS Pa3HOCTh MEXIY a0co-
JIOTHBIM TIepEeMENIEHHEM TPYObI B MPOM3BOJILHOM CEYEHHH W YacTHUI[ TPYHTa B CEHCMHYECKOU
BOJIHE BJIAJIM OT TPYOOIIPOBO/AA B TOM K€ CEUCHHH.

YTHoMsIHYyTO€ yCIOBHE KECTKOTO 3aKPEIJICHNsI BHEITHEH TPaHMIIbI TPyHTa (TTOBEPXHOCTH
3emin) B OMBITaX MO OMpPEIEIeHUI0 KO3 PUIIeHTa B3aUMOICHCTBHUS ¢ 3ary0JIeHHBIMU B TPYHT
oOpa3uamu (TpyoamMM) MOKHO CUMTATh IPUOIMKEHHO BHITIOJHEHHBIM (1 0€3 crieluanbHbIX MEPO-
NPUATUH 10 €ro 00ecnedeHuto), eciu 0opa3ibl (TpyObl) 3apbIThl Ha TIyOUHY, 3HAYUTEIHHO (Ha
MOPSAIOK UK 0oJiee) MPEeBBIIIAIOIIYIO UX AUAMETP, YTO clieayeT u3 npuHiuna Cen-Benana B ciry-
Yyae JTUHEHHO-yIpyroro rpyHTa.

OTmeTuMm, YTO IJIsl MPUMEHUMOCTH Pe3yJIbTaTOB OMBITOB K CEHCMUYECKOH 3a/maue Te ke
yCIOBUS Ha BHEIIHUX I'PaHUIAX TPYHTA JOJKHBI BHIMOIHITHCS U KOTJIa OIMBITHI IPOBOASTCS Ha
YCTaHOBKAaX, OMMCAHHBIX B paboTax [6, 25]. OmHako B 3THX paboTax crenuduka ceicMUIecKou
3ajauu JJIs TPYHTA, B KOTOPOH Ha ABYX TpaHMIaX (MOBEPXHOCTU TPYObl M BHELIHEW IpaHUIIC)
MMEIOTCSl HEHYJIEBbIE KpaeBble YCIOBHUS, HE 00CYKaIach.

Hakownerr, HeOe3bIHTEPECHO BBISICHUTH, KAKOE 3HAYCHHE HMEET BBIMTOJIHEHUE "3aKkoHa" TIPo-
MOPLHUOHAILHOCTH KacaTeJbHbIX HAMPSKEHUI Ha TOBEPXHOCTH TPYOOIpOBOa (MJIM CUIIBI B3aU-
MoJIeiicTBUS TPyOONPOBOJAa C TPYHTOM) OTHOCUTEILHOMY IepeMenieHnto. Kak BbISICHEHO B pa-
6ote [29] 1 oTMeUeHO B HACTOSAIIEH CTaThU, B Cllydae JMHEHHOM KpaeBoO# 3a1a4n (KOraa rPyHT U
MaTepuan TpyOOoNpoBOa SBISIOTCS JTHHEWHO-YIIPYTHMH) Ha3BaHHBIC KacaTelIbHbIC HATIPSKEHUS
Y CuJia B3aUMOJICHCTBUS BBIPAXKAIOTCS B BUJIC JIMHEHHBIX (DYHKIIMHA OT KPaeBbIX YCIOBUM (TIaaro-
el BOJIHBI Wo; | TiepeMeInieHus Tpyoomnposoaa U), T.e., Hampumep,

Ory = kywy, + kU (A.19)

Takast 6ostee oO1ast TMHEHHAsE 3aBUCHMOCTD (C IByMst KOHCTaHTaMu K1 1 K2) HE yCI0XKHsIeT
TEOPETUYECKOE HCCIEA0BAHNE U PELIEHUE 3a/1a4ll O CeHCMUYECKUX KoJieOaHUsIX TpyOomnpoBoa,
MOCKOJIBKY ¥ B 3TOM cityuae ypaBHeHus (A.10) u (A.29) ocratorcs nuHelHbIMU. OfHAKO (akKT
MPONOPIMOHATLHOCTH HAMPSKEHUH Gr; OTHOCUTEIHLHOMY TepeMenieHuo, Koraa Ko = — ki = kz, cy-
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[IECTBEHHO YMPOINAeT SKCIEPUMEHTATLHOE UCCIIEOBAaHNE 3aKOHA B3aMMOJCHCTBHS, CBOIS 3a-
Ja4y BCETO K OJHOHM OMpeeNsieMOi U3 OMbITa KOHCTAHTE (WM K OJHOW (DYHKIIMH B CIIydae Jin-
HEIHO-BA3KOYIIPYTOro rpyHTa).

B. BoruucjieHue cpeqHUX (WJIH YCPeIHEHHBIX) CKOPOCTel pacmpocTpaHeHus BOJH B
NepHoIUYeCKUX CErMEeHTHBIX TPYOONpPoBoAaxX ¢ AeMN(PUPYIOIMMH CTHIKAMH

3a4acTyro OTCEKH TPyOOTIPOBOA IS IPHUIAHUS OOJIbIIEH THOKOCTH HAa N3TUO HITU Kpyde-
HUE COEIUHSIOT HA CThIKaX CIOKHBIMH Y3JIaMH, COACpPXKAIIUMU NeMI(UPYIOLIUE JIEMEHThI U3
PE3UHBI WM MATKOTO MeTallia. Bo3MOKHBIE BapHAHTBl KOHCTPYKTHUBHOTO PEIICHHSI IS CTHIKOB
TpyOOIpOBO/Ia C IeMIPUPYIOIICH YaCThIO IPUBEACHBI, HAIPUMED, B IJ1. 12 MoHOorpaduu [14] u B
pabote [31]. Pemenue ceficMuueckoi 3aaun Juisi TaKOM HEOJJHOPOIHOM CTPYKTYPBI, IIyCTh JaKe
U TIePUOUYECKOH, SBIsIeTCS CI0XKHBIM. OJTHAKO 3a/1a4y O KOJIeOaHUIX HEOTHOPOAHON CTPYKTYPhI
(cerMeHTHOTO TPyOOMPOBOIA C JeMI(UPYIONUMHU CTHIKAMH) MOXHO CBECTH K 3ajade 0 Koseba-
HUSX OJTHOPOJHOTO TPYOONPOBO/IA CO CpeiHel (MITH yCPETHEHHO ) CKOPOCTHIO PaCIpOCTPAHEHUS
pooIbHBIX BoJH. [IpuBenennbIe B padote [1] u B MoHOTpaduu [9] pa3bsacHEHUS O HAXO0XKICHUU
CpenHel CTepKHEBOW CKOPOCTH B TpyOONpoBoje ¢ AEMI(PHUPYIOIIMMH CTHIKAMHU HE MPOSCHSIOT
3TOT BOIMPOC B JOCTATOYHOM Mepe, a mojaydeHHas: Gpopmysa JUisl CpeAHed CKOPOCTH, CTPOro ro-
BOpSI, HEBEPHA.

OrpannuuBasich B KauecTBe 00pasiia ciiydaeM JeMI(pUPYIOLIETrO CThIKA, UCIIBITHIBAIOLIETO
CBUT, IPUBEJIEM BBIBO (DOPMYJIBI [T CpeiHel (MIN YCpEeAHEHHON ) CKOPOCTH PacpOCTPaHEHUs
IIPOJIOJIHBIX BO3SMYILEHUI B TAKOM CETMEHTHOM TPYOOIIpoBOie. Y TPOIIEHHOW MOJIENBIO YITOMS-
HYTOTO CTHIKa SBJISIETCS pacTpyOHOE coeAMHEHHE TPYO, KOTIa OJJHA U3 COEAUHSIEMBIX TPYO UMeeT
B KOHIIE pacmupenue (pactpy0). POBHBIN KOHEIl BTOpO# TpyObl BXOJIUT B pacTpy0, 00pasys 3a30p
BEJIMYMHBI O (puUC. 6). B 3TOT 3a30p BIJIaBJIEH WK B HEM ILJIOTHO 3aKPETICH IUIUHAPUK IUPUHON
I2 13 MsITKOTO MeTasIa, pe3uHBI I APYTOro AeMiupyromiero Matepuaia. Takum o0Opa3om, ipu
MPOJOTBLHOM JIBHXKEHUH COSTMHEHHBIX TPYO OTHOCUTENHHO APYT APYra B MUIHHIPUIECKOM CI0E
JneMIupyronero Marepuaia IMEIOT MECTO CIBUTOBBIE AedopMariuu (puc. 6).

T Vv

-« -
! ! I, ﬂj’_“

i

Puc. 6. Cxemarudeckoe n300pakeHue AeMII(UPYIOIIEro CThIKa, PabOTaIOIIero Ha CABHUT

Berarcnum yummHeHue 3BeHa (cerMenTa) TpyoornpoBoaa aiuHou L = 1 + 1, (I, < L), co-
CTOSIIIETO U3 MPSMOJIMHEHHOTO y9acTKa TpyObl JUIMHOM |1 1 paboueli yacTu cThika JuInHOM |2 (cam
TPYOOIIPOBOJ] CUUTACTCS COCTOSIIUM W3 TMEPHUOAMYESCKH TTOBTOPSIONIMXCSI 3BEHBEB OIMHMCAHHOTO
tuma). Ecin 0003HaunTh yepes (€) cpeaHron aehopMaIiio 3B€Ha, TO IPH IPOIAOILHBIX JIBHXKE-
HUSX TPYOONpPOBOAA Y/UTMHEHHE ceTMeHTa L paBHO (B IPEANOI0KEHHH MAJIOCTH JAe(OpMAIIHii )

(o2 T
AL = <£)L :All +Al2 == gllll +6tg(p =~ 81111+6(P == gllll +€126 2211+G_5(B. 1)
2

E,

B ¢dopmyne (B.1) e11 1 011 — COOTBETCTBEHHO NPOI0JIbHAS JeopMalMsl U MPOI0JIBHOE
HanpsbkeHue B 4yactu |1 TpyObl, €12 — caBuroBas jaedopmaiust JeMUPYONIEero IHIHHIPUKA
(puc. 6) u T — KacaTenpHOE HANPsDKEHUE Ha ero BHEIIHeH 60koBoii mosepxHoctu. Kpome Toro, E1
u G2 o6o3HayaroT Moaynb KOHra m mMoaysnb cIBUra MaTepuasoB TpyObl U aemiipepa COOTBET-
CTBEHHO (MH/IEKCHI ITOTYEPKUBAIOT, YTO 3TO YIIPYTHUe KOHCTAHTHI pa3HbIX MaTepuanoB). OTMETUM,
yto 1pu BerurciacHuu (B.1) "ymmnenue" konma Tpyost |2, BXomsIei B pacTpy0, CuUTaeTCs Mpo-
UCXOJISIINM 33 CYET CABUTA B JeMIPUPYIOIIEM HUIUHAPE (CM. pHC. 6).

Hcnonp3yem Teneps yCIoBHE paBHOBECHS dJIEMEHTa TPyOONpoBo/ia, COAECPHKAIIETO CTHIK,
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a UIMEHHO: TOT (akt, uro cuna N = Fi1o11, AeiicTByIoMIas B IOTIEPEYHOM CEUYEHUU TPYOBI, YpaBHO-
BEIIMBAETCS CYMMApPHBIMH KacaTelbHbIMH HaNPsKeHUAMH 17D [, T, BOSHUKAIOUMMH Ha BHEITHEH
OOKOBOW MOBEPXHOCTU JEMIT(UPYIONIETO MUIMHIPUKA (B MPHUBEICHHBIX BBIpaXECHUsAX F1 03Ha-
YaeT IUIONIA b ONEPEYHOr0 CedeH s Tpyobl BHemHero guamerpa D, a D = D + 26 — ecTb BHYT-
peHHMI TuameTp pactpy6a). Toraa paBenctso (B.1) mpeoGpasyercs B cienymoiee:

=21y L N N s (B.2)
nDl,G,

E, G, FE

IMonaras B (B.2) (€) = 01, /(E) = N/(F,(E)) u pa3nenuB 00€e 4acTu 3TOr0 paBeHCTBa Ha
N u L, momygaem u3 (B.2) cooTHOIIEHHE MEXIY KECTKOCTSIMU MPH MPOJOIBHOHN aedopmaru
3BeHa (TpyObI co cThikoM) B = F;(E) u Tpy6st B1 = F1E1 B Buste

1 14 6 B,
[ R — + _, B = — .
B B;L nDLG,L L/L+ By -8/(nDl,G,L)

Ipu I,/L < 1u8/D <1 (torna h/L=1, D =D(1+25/D) =~ D u B <B1) dopmyna
(B.3) ana B coBnaaaet ¢ nonydeHHoit B MoHorpaduu T. Pamuaosa [6] (ecnu ucnpaBuTh HETOY-
HOCTH, COJIeprKallliecs MpH ONpeeseHHH )KeCcTKOCTH B, Ha3BaHHOM, MpuBeeHHON 1 0003HaUEeH-
HOW B [6] uepe3 Brp: HampumMep, He onpeeieHHy 0 B TeKcTe KoHCTaHTy K B popmyite (I11.6.1) 3a-
MeHuTh Ha KN).

Ecnu p — ecTh InHeNHas IIOTHOCTh TPYOBI, a p' — JIMHENHas IIOTHOCTh MaTepuaa JeMIl-
Gbupyroero NUINHAPA, TO JETKO OMpeAesSeTCs CPeIHSS WM yCPeIHEHHAs INHEHHAs TNIOTHOCTD
(p) TpyOBI co cThiKOM. I1yCTh, KaKk U Mpexe, F1 — ecTh MWIOIIab MOMEPEYHOTO CEUCHHS TPYOBI,
F2 — miomiaap nmonepeyHoro ceueHus AeMnpupyoOLIEero MIIMHAPa U F3— miomaas nonepeuyHoro
CeueHUs YIIMPEHHON 4acTu BTOPOU TpyOs! (pacTpyOa) Ha CTBIKE, TOTAA

(p) = ply + pl,(1 + Fi/Fl) +p' F/F —p+ ply F3/F1:_ p' F2/Fy . (B.4)
[1pu TommuuHe creHku TpyObl, paBHOii d, Bxoasmue B hopmyny (B.4) minomaau monepey-
HBIX CEUCHHH ONpeensoTcs popMynamu
F,=nD(1-d/D)d, F, =nD(1+4+6/D)6, F; =nD(1+26/D+d/D)d (B.5)
B cnydae d u 6 MHOTO MeHbIIUX auamerpa D (4To Ha nmpakTHKe OOBIYHO HMEET MECTO) U3
(B.5) caenyer, uro F2 =~ F1-d/d, F3=~ F1 u dopmyna ans cpeaHell TMHEHHON TUIOTHOCTH 3BEHA
TpyOOIpPOBO/IA YIIPOIIASTCS ¥ TPUHUMAET BUJI

(B.3)

L,

<p>=p+(p+gp’>f (B.6)

(OtmeTnm, yto B Hamux padorax [30, 32] B ¢popmyne, ananoruvroi (B.6), momymiena
omOKa, a IMEHHO: TIPOITYIIIeH MHOXKUTeNb o/d mepen p').

OO6parumcs Tenepb K BOMPOCY ONpEACIICHHs cpeiHel (WIH YCPeTHEHHOM) CKOPOCTH pac-
IIPOCTPaHEHHUs POIOJIHBIX BO3MYILEHUI B 3BeHE (TPYObI ¢ pacTpyOHBIM CTHIKOM) HJIU B TPYOO-
MIPOBOJIE, COCTOAIIEM U3 Habopa TaKuX 3BeHbEB. MOKHO TPEAIoNIaraTh, 4To 3Ta CKOPOCTh AaeTCs
bopmynoi

B
(pYF,

[Tpu stom, B cuiy BeiTekaromux u3 (B.3) u (B.4) HepasenctB B < By, (p) > p, umeem

(c)=c = (B.7)

C<Cy,rae ¢; = +/B1/(pFy) = E1/p , T. e. IpH HATMYMH AEMIQUPYIONTHX CTHIKOB CTEpIKHEBAs
CKOpOCTh TPYOOIIPOBOJIa YMEHBILIAETCH.

Amnanornynas (B.7) ¢popmyrna s cpenneit ckopocTH, oJydeHHas B cTaThe [5] u npuBe-
JICHHAsI TaKXKe B MOHOTpaduu [6], BMECTO (p) COACPKUT BETUUUHY Prp, IS KOTOPOI HE TAHO
HUKAKOTO BBIPAXEHHs. YKa3aHO JIMIIb, YTO 3Ta "IpHUBEAEHHAasA" MJIOTHOCTb, TOMHOXEHHAsI Ha
TJIOIA b TIOTIEPEYHOTO CeUeHUs TPYOHI, sABIseTcs "d(PHEKTUBHON MacCOl €AMHUIILI e ITUHBI",
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KOTOpasi "HECKOJIbKO OOINbIIe AEHCTBUTENHHOM 3a CYET MPUCOEAMHEHHOM Macchl rpyHTa". Of-
HAKO, KaKk 00BSCHEHO HaMH B padore [33], HUKaKOW MPUCOCTUHEHHONW MAacChl B KJIACCHYCCKOM
(CtokcoBoM [34]) mOHMMAaHUU 3TOTO TEPMHUHA IPU MPOAOIBHBIX IBMKEHUAX TPYOONpOBOJA B
TPYHTE HE CYIIECTBYET, U IOTOMY (DaKTHUYECKU CKOPOCTh PaclpOCTpaHEHHs BOSMYILEHHH B TPY-
OompoBoe ¢ IeMIpUpyOIMUMH CTEIKAaMH B padoTax [5, 6] He onpezeeHa.

W3nosxeHHbIe BBILIE pacCyX/1eHUs (Ha "MH)XKEHEPHOM" ypOBHE) HE SIBJISIOTCS CTPOTUM BbI-
BozioM (hopmyiel (B.7). CTporuii ee BEIBO ITyTeM HCCIIE0BaHUS KOJIeOaHWA JBYXKOMIIOHECHTHON
NEPUOINIECKOi cTpYyKTYyphI 0 MeToay E.A. WnbromuHoi gan Hamu B padotax [30, 32].

YroObl KOMYECTBEHHO OLEHUTH 3 (PeKT nemMndpupyroiet MpoKIaJaKi Ha CThIKaX pPacCcMOT-
pPHUM MIPUMEP CTATIBHOTO TPYOOIPOBO/IA, HMEIOIIETO CIIOKHBIE CTHIKH C PE3UHOBBIMH 3JIEMEHTAMHU.
MexaHnueckue XapakTepUCTUKHU CTAIN U PE3UHBI, HEOOXOAUMBIE ISl BBIYUCIICHUS CKOPOCTEH pac-
NPOCTPAaHEHUS! TPOJIOIBHBIX BOJH B TaKUX HEOJHOPOJHBIX CTPYKTypax B3AThl U3 MOHOrpaduu
I'. Konsckoro [35]; 3T AaHHBIE, TepecunuTaHHbIe B cucTeMy eaunul] CU, nmpuBeneHs! B TaOIHUIIE.

[Tpumem, uTo TpyOONIPOBO, COCTOSIIMM U3 CTANBHBIX TPYO uHOM L = 5 M, umeer pac-
TpyOHOE COEIMHEHHE Ha CThIKaX C JAeMI(UPYIOIMIMMU PE3HMHOBBIMH IMPOKJIAIKaMU IIUPUHON
I>=0.05 ™, Torna |y = 4.95 m. [Tycte HapyxHbIi 1uamerp Tpyd D = 0.61 M, TonmmuHa UX CTEHOK
coctasisiet d = 0.01 m. JIst 3a30pa B pacTpyOHBIX COEAMHEHUAX, & 3HAUUT U JIJIsI TOJIIHHBI PE3HU-
HOBOTO JIeMII(DUPYIOMIETO MUJIUHAPA, padOTAIMIEro Ha cABUT, nmpuMeM 3HaueHue o = 0.01 m.
B npunsThix 3Hauennsx (11 d, 8, D) D ~ D n, cornacuo (B.5), F3~ F2 ~ F1. Berunciennoe 1o
dbopmynam (B.2) — (B.4) c ucnonp30BaHNEM JTaHHBIX TaOJUIIbI, 3HAUCHHE CPEIHEN CTeP)KHEBON
CKOpOCTH TpyOOIpoBoa paBHo ¢ = (c) = 721 m/c.

Mexannveckue KOHCTAHTbI MaTepuajJaoB CErMEHTHOI'O prﬁonponona

Marepuan ITnotHoCTH Mopaynp Onra Monyinb casura CreprxkHeBast CKOPOCTh
p *x 103, xr/m® E, ITa G, Ila c, M/c
Cranp 7.8 21.1-10%° 8.1-10% 5190
Pe3una 0.93 2.0-10° 0.7-10° 46

[TomyyeHHass CKOPOCTh 3HAYUTEIHLHO MEHbIIE CKOPOCTU PACIPOCTPAHEHUS MPOJOIBHBIX
BOJIH B OJTHOPOJHOM CTaIbHON TpyOe (CM. TAOJIMITy) M MOXKET OBITh MEHBIIIE CKOPOCTH PaCIpo-
CTpaHEeHUs CECMUYECKUX BOJIH B HEKOTOPBIX TUIIAX TpyHTa [36, Tab1. 5.1] 1 0coOEHHO B TOPHBIX
nopoaax [37, ri. 9]. Tem caMbIM IOATBEPKAAETCSA BO3MOXKHOCTh BO3HUKHOBEHUSI CBEPX3BYKOBOT'O
pekuMa, BBEJICHHOTO B paboTe [5], U B cilydyae HE HAKJIOHHOTO PaclpOCTPAaHEHMs MPOAOIbHOM
ceificMHUecKOM BOJIHBI B/IOJIb CETMEHTHOI'O TPyOOIIPOBOA € AEMII(PUPYIOIIUMH CThIKAMH.
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M.ILI. Hcpaunos. Ep ocmu Kygypuza ceiicMuk myJjikun mavscupu

Annomayusn: Texuc celicMux myaKuuiap 6yp4ax ocmuoa mavCupuoan Keaub Yukkam Kyeyp 6a epyHmHuHe
CMayuoHap 6a HOCMAYUOHAP Xapaxkamu maokux KuiuHean. bypuax ocmuda mavcup KUiaémean myaKkunuu oyuiama
64 KYHOANAHZ MYAKUHAAD KYPUHUMUOA UPOOATawl MYMKUHIUSY, MADCUP IMY8UU MYAKUHEA HUcOamawn Kysyp VKu
oyunab mapkanysuu myjaKuH mesiucu OKOPUIUSU Kypcamuiean. DNacmuk epyHm 6d KYSYPHUHZ Oupaaiuxkoacu
mebpanuma xapakamu Xakuoazu OOTUKIUK MACAIACUHUHe Kyuunuwu Oepunean. Tawku macaniawune ONUHEAH
AHATUMUK equMU, UI2apu MAakiug) Smunean SMIUPUK OOTUKIUKIAP2a HUCOAMAH 2DYHM YUYH KY8yp 6d ZPYHM
opacuoazu y3apo mavcup KYYUHUHE HA3APULL MEH2IaMACUea Kelmupuiean. mogyul me3nueuoan 10Kopu 6d mogyul
mesnueueaua pexncuMaapod Kyeyp VUYH eHUMIAPHUHS XOAamu icyod Gapkiu xapakmepoa Gapk  Kuiuuiu
Kypcamuiza, 3uizanabapoouwiiukka xucobnawaapoa xucobea oauws Kepaxiueu acociaueas. Tascpuba opxanu
AHUKTIAHAOUSAH KY8Yp2d 2DYHMHUHE MAbCUupu d¢pexmunu xucobea onysuu “yzapomawvcup mooenu’” 6yuuya wy kaou
Macaranapuume Kyuuaumuoasu ¢apaziap 6a esumuoay Kam4uiukiap myspuianean.

Kanum cyznap: ceiimux myaKum, ep ocmu Kygypu, meopaHumHu1e 00NUKIUSU.
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M.Sh. Israilov. The action of a seismic wave on an underground pipeline

Abstract: Abstract: Stationary and non-stationary movements of the pipeline and soil caused by oblique in-
cidence of a plane seismic wave are studied. It is shown that an oblique wave can be represented as several longitu-
dinal and transverse waves propagating along the pipeline with velocities greater than the speed of the incident wave.
The statement of the related problem of joint longitudinal vibrations of elastic soil and pipeline is given. It has been
established that the obtained analytical solution of the external problem for the soil leads to a theoretical expression
for the force of interaction between the pipeline and the soil, with respect to which empirical relationships were
previously proposed. It is substantiated that the solutions for the pipeline in supersonic and subsonic modes demon-
strate a significantly different nature of their behavior, which should be taken into account in seismic resistance
calculations. Significant inaccuracies were corrected in the formulation and solution of similar problems according
to the "interaction model", which takes into account the effect of soil on the pipeline through experimentally deter-
mined functions.

Keywords: seismic waves; underground pipeline; related fluctuations.

YK 539.3

TEOPETUYECKUE 3HAYEHUS TAPAMETPOB B3AUMO/IEMCTBUS
MNOA3EMHOI'O TPYBOIIPOBOJA C 'PYHTOM
Mapaonos b.M., Mup3aes HU., Xo:xmerosn I'.X.

Hncmumym mexanuku u ceticmocmouxocmu coopyosceruti um. M. T. Vpaszbaesa AH PY3, Tawxenm, Y36exucman
E-mail; batsam@list.ru

Annomayusn’: Obcyscoensvt 60nPoCbl ONpedeieHust KOIPOUYUeHma ynpy2020 63aumMo0etiCmeus Mexcoy mpy-
00npo60OOM U OKpYIHCAIOWUM e20 epyHmoM. Pewenuem cmamuueckoil tunelinoll 3a0ayu 0 nepemeujeHusx mpyovl 6
2pYHme npu 0eticmeuu 3a0aHHOU CUIbL HA OOHOM U3 ee MOopYos, K020a U36eCMHA IKCNEPUMEHMATLHO ONPEeOeleHHAs.
3a8UCUMOCb CUNLA — NEpeMeujeHle Ha mopye, onpedeieHvl nepeMeujeHis movek mpyovl no ee npoooabHOU OCU.
Ipusedernvl popmynvi 0 GblUUCAEHU KOIPDuUYyUenma ynpyeoeo 63aumMo0eticmsus no yupyeum XapaKkmepucmukam
2PYHMA, A MAaKce GIUAHUE HATUYUsl cC60000HOU (OHEeBHOIL) NOBEPXHOCIMU 2PYHIA HA PACHpedeNeHUe IMo2o KodPu-
YueHma om NOAPHOZO Yeid.

Knroueswte cnosa: noozemuuiii mpyoonpoeood, 3aKoH 63auM00eticmsus; Kodg@uyuenm 63aumooeticmsus.

MatemaTnueckoe MOJEIMPOBAaHUE IOBEJIEHUS IOJ3EMHBIX COOPY)KEHUH IOJ BO3JEH-
CTBHEM CEHCMHMYECKHUX BOJIH IIPUBOJUT K PEIICHUIO TPEXMEPHOM HECTALIMOHAPHOM 3a1aun. Tpex-
MEpHas MOCTaHOBKA 3aJja4M CBSI3aHA C HAJIMYMEM JHEBHOU MOBEPXHOCTH, IOITOMY MaTeMaTHye-
CKasl IOCTAaHOBKA JIBYMEPHBIX U OJIHOMEPHBIX 3a/1a4 TpeOyeT 000CHOBAaHUS IPaBOMEPHOCTH. st
UCCIICIOBaHMS TMHAMMYECKHX MPOLIECCOB B MOJ3EMHBIX MPOTSHKEHHBIX TPYyOOIPOBOAAX UCIIONb-
3yeTcsi OJJHOMEpHasi MOJelb TPyOONpOBOAa C pa3jIMYHBIMHM 3aKOHAMH €r0 B3aUMOJIEWUCTBUS C
rpyHToM. OHOMepHasi MOZesb TPyOOIpoOBOia MPUMEHUMA Ul CPABHUTENILHO JUIMHHBIX BOJIH,
KaKOBBIMU SIBJISIFOTCSA CEHCMUYECKHE BOJIHBI OT 3emileTpsiceHuil. OnpeneneHue 3aKkoHa B3auMo-
JeMCTBUSL MEXKAY TPYOOIIPOBOJIOM U TPYHTOM PA3IMYHOTO TUMA JOJDKHO ONMUPAThCs Ha Pe3yllb-
TaThl HKCIIEPUMEHTAJILHBIX HCCIEI0BaHUH.

B nocnennee BpeMs NosBWINCH CTaThu [1, 2], MOCBSAIIEHHBIE BOIPOCAM ITPaBOMOYHOCTH
pUMEeHEeHUsT 0000IEeHHON Kitaccuuecko monaenu Bunkiepa—@oiirta s pelmieHus 3aaad cra-
TUKU ¥ TUHAMUKHU CJIOKHBIX CHCTEM IMOJI3EMHBIX JIe(OPMHUPYEMBIX TpyOOrIpoBo1oB. ABTOP [1, 2]
YTBEPKAAET, UTO SKCIIEPUMEHTAIILHO YCTAaHOBJICHHbBIE 3aBUCMOCTH MEXKIy IepeMelIeHIeM He-
neGpopMHupyeMoro Tea TUIa, HanpuMep, GyHIaMeHTa COOPY)KEHUs, U ICHCTBYIOIIEH HAa HETO CH-
JIO¥ HEJIB3sI MPUMEHSATH I AiehopMupyeMoTo Terna (TpydorpoBoaa). CienyeT OTMETUTb, YTO BbI-
HIeyKa3aHHbIE 3aBUCUMOCTHU B cilydae MoJenu Bunkiiepa—@oiirra ncnob30BaHbl JUIsl pEILICHUS
3a/1a4 CTaTUKH OAJIOK M AehOpMHUPYEMBIX TPyOOIIPOBOAOB, HaMpUMep, B padoTax [3, 4], a Takke
JUHAMUYECKOH CTallMOHapHOW 3ajjauu KojeOaHWi Oalku Ha yrpyrom OCHOBaHUH B pabote [5].
OTMeTuM, 4TO MPEICTABICHHBIE aBTOPOM cTaTel [ 1, 2] peleHus OTHOCATCS K CTallMOHAPHBIM 3a-
Jadam o0TeKaHus O0ECKOHEYHOTO MTOJI3eMHOT0 TPYOOIIPOBO/1a POAOJIBHOM BOIHOM O€3 ydyeTa BiH-
SIHUS CBOOOAHOM MoBepXHOCTH. CUnTaeM, 4TO Takas MOCTaHOBKA 3aJ1a4 SIBJISETCS] HECKOJIBKO Ue-
AIM3UPOBAHHOM U JJaJieKa OT peajbHON CUTYalH, IOCKOJIBbKY PE3YJIbTaThl OIYYEHHBIX PEILICHUI
3aTPYJHUTEILHO CPaBHUBATh C SKCIEPUMEHTAIBHBIMHU JTaHHBIMU. 371ech Oojiee MHTEpecHO, Ha

24



HAIII B3TJI511, IeTajbHee MPOBECTH CPAaBHEHHUE PE3YNIbTATOB, MONYUYEHHBIX aBTOpoM [ 1, 2], ¢ akcme-
PUMEHTAJILHBIMU JaHHBIMH, JIJI YCTAHOBJICHHS 3HAUYEHUS OTHOIICHUS JJIMHBI BOJIH K JUIMHE TPY-
601poBoa, MPU KOTOPOM PE3yJIbTaThl PACUETOB MO KIACCUYECKOM MOEIN Majio OTINYAOTCS OT
npeasiokeHHo B [ 1, 2].

Kak u3BecTHO, KOHTAKTHasA CUJIa B3aUMOJACHCTBHSI CUCTEMbI «YIPYTHil CTEPKEHb — OKPY-
JKarollasi Cpesia» B OTIIMUUE OT CUCTEMBI «HEAEPOPMUPYEMOE TEJIO — OKpY’Karolasi cpeaa», Kak
MOKAa3bIBAET aHAIN3 HKCIIEPUMEHTAIbHBIX UCCIIEe0BaHMM [6—8], B 3aBUCHUMOCTH OT MEXaHMYECKHUX
CBOMCTB CTEP>KHS U CPE/Ibl, YCIOBUM KOHTAKTA U BEJIMYMHBI IEHCTBYIOIIETO YCUIIMSI 3aKOHBI B3a-
UMOJICUCTBUS MEXKTY TPYOOIIPOBOJOM M IPYHTOM MOT'YT UMETh pa3InyHbIi XxapakTep. [IpoBeneH-
HBbIC dKCIIEpPUMEHTANIbHBIC uccienoBanus [9 — 11] mokasamu, 4TO 3aBUCUMOCTH KacaTeIbHOTO
HAMPSDKEHUs, YCTAaHABIMBAIOIIETO 3Ty 3aKOHOMEPHOCTH, OT AepopManiu CABUra HOCUT HEUHEH-
HBIN XapaKTep U 3aBHCUT OT CKOPOCTHU HarpyxeHus. Ha 3Ty 3aBUCHMOCTB, Kak IOKa3aHo B paboTe
[9], Takke BiHsIET BETMUMHA JTUHAMHYECKOTO JaBJeHHS 32 GPOHTOM BOJIHBI. OlleHKa BIHSHUSA
OTHOILIEHUS CKOpPOCTEN paclpoCTpaHEHHs MPOJOJIbHBIX BOJH B I'PYHTOBOM Cpejie U MaTepuaie
TpyOomnpoBoja u3yueHa B padorax [9, 12-14]. Uccrnenoanue ocodeHHOCTEH (HOPMUPOBAHUS U
pacrpocTpaHeHHUs BOJH B TPYOOIIPOBOJIE MO BO3JEHCTBUEM CEMCMHUUECKOW BOJHBI MPU 3aKOHE
B3aUMOJICHCTBHS IO MOJIENH «HUACaJIbHO YIPYroMIacTUYEeCKOro Tesa» nposeneHo B [15]. [una-
MHYECKas yCTONYNBOCTh MMOJI3EMHBIX TPYOOIPOBOIOB paccMoTpeHa B [13, 16, 17].

B nacrosimeli cratee npeniaraercs hopMylia JUisi BEBIYUCICHUS KO3 PHUIIEHTa yIpyroro
B3aMMOJICHCTBUS TPpyOONpPOBOAAa C TPYHTOM IO 3aJaHHBIM MEXaHHUYECKHM XapaKTepUCTHKaM
TPYHTAa, B IPEINONI0KEHUH €ro 1ehOpMUPOBAHHUS TIO MOZIENU YIPyroro tena. [[poBoauTcs orieHka
BIIUSIHUS TITyOUHBI 3aJ105KE€HUS TPYOONIpOBOAa Ha KOAPGUIIMEHT B3aUMOIEHCTBUS.

Metoa. Ilpy manpix 3HAYEHUAX [EHCTBYIOIIETO YCHUJIUS HAa TOBEPXHOCTH KOHTAKTa
CTEpXHS CO CPEIOM OTCYTCTBYET MPOCKaJIb3bIBAHNE, U B3aUMHOE CMEUIEHHE KOHTAaKTUPYIOLIUX
TeJ MPOUCXOAUT 3a cyeT AedopManuu B 06JacTu KoHTakTa. C pocTOM YCHIIMSI KOHTAKTHAs CUJIa
YBEJIMUYMBAETCS, U HACTYIIAeT MOMEHT, NP KOTOPOM HEKOTOPBIE CEUEHUsI CTEPXKHS OYIyT Haxo-
JTUTHCA B COCTOSIHUM IPOCKAJIb3bIBAHUSA, TJ€ CUIIY KOHTaKTa MOXHO OMNPENEIUTh, HAPUMED, B
COOTBETCTBHHM € 3akoHOM KyroHna.

DKCIEePUMEHTAIBHOE OmpezeieHre Kod(pdHUIMeHTa MpoaoiIbHOrO B3auMOICHCTBUS K
TPYOBI C TPYHTOM MPOBOJUIIOCH CIIEIYIOIIUM 00pa3oM.

YcranoBka (puc. 1) 3acbInaercsi [pyHTOM JI0 HEOOXOAUMOM BBICOTHI € TIOCIONHBIM YILIOT-
HeHueM. ToJmuHa Kaxa0ro ciios Bo Bcex ciydasx ~ 0.1 M. ['opu30HTaIbHOCTh PACIIONIOKEHUS
TpyObI yCTaHABIMBAETCS HUBEIHPOM. Uepe3 HECKOIBKO CYTOK BBIPBIBAETCS TPaHIIEs, OJIrOTaB-
JIMBAEeTCsl OCHOBAHUE U B HETrO YKJazabiBaeTcs TpyOa. [Ipy moBTOpeHUM ONBITOB TPYyOy pacKambl-
BaJIM U YKJIa/IbIBAJIM 32aHOBO TaKUM ke criocoboMm. [IpononsHoe ycumnue P n3mMepsiocs ¢ HOMOIIBIO
JTUHAMOMETpA, a MEPEMEIICHHUs] — MHAMKATOPAMH YacOBOIO THUIMA B MEpPeAHEN W 3aJHeH JacTax

TpyOHI (puc. 2).

1 - ¢ Neremrrr e v T sHAL
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- ! - STt e \-q‘
VSV evey ST 5
L 0 0;4 ():8 o, MM
Puc. 1. Cxema ycTaHOBKH JJIS1 IPOBEICHUS IKCTIEPIMEHTOB! Puc. 2. lmarpamma B3anMOJI€HCTBUS YyTyH-
1 — neGenka; 2 — muaaMomeTtp; 3 — TpyOa; 4 — rpyHT; Hoii TpyOsI (D,=0,169 M) ¢ meckom: 1 —
5 — unnuKarop H=0.6 m; 2 - H=0.4

JlnmuHa TpyObI BO BCEX OMMbITaX OblIa paBHA |, mpu 5TOM ciieyer 3aMeTHTh, uto | < L, rae

25



L — nnuna ceiicMuueckoit BoaHbL. OOBIUHO JUIMHA CEMCMHUYECKO BOJHBI BRIUUCISIETCSA 1O (op-
myse L=Cp-T. 3necs Cp — CKOpOCTh pactipocTpaHeH st IPOI0JIbHON CEHCMHUECKON BOJIHBI, 3HAYE-
HHE KOTOPOH ISl pa3IMYHBIX TPpyHTOB KoJseonercs B peaenax 100-5000 m/c. Tlepuon cericmu-
YEeCKOW BOJHBI T, MO 3aKCSIM YCKOPCHHM Pa3IMYHBIX 3€MIICTPSICEHUI, HAXOAUTCS B Mpeesiax
0.1-1 c. CnenoBarenbHO, ATMHA CEHCMUYECKON BOJIHBI B 3aBUCUMOCTHU OT CBOMCTB IPYHTA MOKET
HaxoauThes B mpeaenax ot 100 qo 300 m. [nuna | TpyObl B pa3inyHbIX ONbITaX Obliia paBHA 2—
3 M, HamHOTO MeHbIe L. Ha puc. 2 mpuBenensl pe3yabTaThl OTAEIBHBIX OMBITOB, Iie 7a=P/nDnl,
U — cpe/iHee 3HaYCHUE IMOKA3aHUS IEPETHUX U 3aIHUX HHIUKATOPOB.

PaccMoTpuM 3a7ady 0 paBHOBECHH YIPYIOro CTEpKHS JUIMHOM |, Korma B Kamoi ero
TOYKE HE JIOCTHTAeTCs COCTOSHUE CKOJIBKEHUS, a, CIEAOBATEIbHO, CHJIa TPEHUS 33 CIUHUILY
JUTMHBI CTEP>KHSI HE MaKCUMaJbHa!

lT.] < fN,
rae N — HopMmanbHasl Chiia Ha eMHHIY JIHHBI ctepxHs, H/M; f — koaddunment tpenns. Toraa
MO>KHO I10JIaraTh
7, = A(x)fN npu—1<1<1,
rje A — Benmu4uHa, Ha3siBaeMas kodddumnuertom momHoTH [12]. Ock OX HampaBiieHa BJIOJIb OCH
CTEpIKHS, HA4aJ0 KOOPJIMHAT YCTAaHOBJICHO B ceueHnH x=0. YpaBHEHHE paBHOBECHUS CTEPIKHS 3a-
MUCBIBACTCS B BUJIE
do

Sa = —A(X)fN (1)

Pemenue ypaBuenus (1) npu gelicTBHUE 0CEBOTO ycruus Py
So =P, npux =1
MOYKHO TIPEJICTaBUTh B BHJIE

l
o= fS—NJ A(x)dx + o1 . (2)

X
3neck o=Edu/dx— oceBoe Hampsikenue, rae U=U(X) — oceBoe mepemerienue; E — moayns FOnra
Marepuaiia ctepxHs; o1 = P1/S, rae S — miiomaab monepeyHoro ce4eH st CTePIKHS.
[Tonaras B popmyne (2) x=0, Haiinem HanpspkeHue B cedeHun X=0

l
0y = fS—NJ A(x)dx + o . 3)

N3 dpopmynsl (2) BUIHO, YTO 33/1a4a 00 ONpeAeICHUN HANPSHKEHUS B IPOU3BOJIBHOM ceye-
HUH CTEP)KHS CBOJUTCS K PEIICHUIO HHTETPAIbHOTO ypaBHeHHs (1) pojia OTHOCHTENILHO TaK Ha3bl-
BAaeMOro Kod(pQuIMeHTa MoJHOTHI A(X), KOTOPOE C OJHUM U TE€M e 3HaueHueM ycuiuit Po = Soo
1 P1uMeeT MHOXKECTBO perieHu, MoATOMY 3Ha4eHUe HanpspKkeHus 1o popmysie (3) onpenensercs
HeoHo3Ha4YHO. Ecnu Oyzner u3BecTeH K03 (HUIIMEHT MOTHOTHI A(X), TO HampsHKEHHE 1O GopMyJe
(3) onpenensercs omgHO3HAYHO. [Ipr 3TOM 1715 Ka)KI0T0 YaCTHOTO ciydast KOd()PUITUEHT MOTHOTHI
HE00XO0IMMO ONPEEIATh U3 (PU3MUECKUX YCIOBUI Ha MOBEPXHOCTH KOHTAKTA, a TAKXKE XapaKTepa
JIBYDKEHUS, TIPEIIIECTBOBABIIETO MOKOK. HekoTopsie BUABI ATHX (U3NYECKUX YCIOBHH Ha TO-
BEPXHOCTH KOHTAaKTa MPH OTCYTCTBUU B3aUMHOTO MPOCKATb3bIBAHUS MEXKAY KOHTAKTUPYIOIIUMHU
TEJIaMU PACCMATPUBAIMCH B TEOPUH TIpeaBapUTeIbHOTO cMenieHus [12]. O6o3HaunM depe3 Umax
MaKCHUMAIIbHOE CMEIEHUE CeYeH s CTePsKHs MepeJl CPBIBOM, a 4epe3 |7 max| = fN — MakcumansHoe
3HaYeHNe KOHTAKTHOW CHJIbI, pa3MEpPHOCTbIO H/M, 3a €AUHUILY JUIMHBI CTEpKHA. B mepBom npu-
omuxeHud nonaraeM |7 max| = K(N)eDu. Ecnu mpenonoxkuts, 4To HopMalnbHas CHla MEHsSeTCs
MaJio BIOMb OCH cTepskHs, To MoxHO mpuHsTh K(N)=ki=const, H/m®. MakcumanbHOe 3HadYeHHe
Umax COOTBETCTBYET MAaKCHMAIILHOMY 3HAYCHUIO CHJIBI TPSHUS |T*max| = TN, T.€. Umax = fN / mDk1, m.

B nanno# ctatbe orpaHUYMMCS TPUHLIMIHAIBLHON CTOPOHOM PEIICHUS 3a/1a4l O PaBHOBE-
CHH CTEP)KHS B Cy4ae JMHEHHOW 3aBUCUMOCTH CHJIBI KOHTAKTa OT MepeMeIeH s U, TAe B ypaB-
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Henud (1) koaddurment nonuotsr npunsT A = —Ki1unD / fN. YpaBHeHue paBHOBECHS CTEPIKHS 3a-
MUCHIBAEM B BUJIC

do
Sa=nDk1uan0<x<l. (4)

Jlnst MHTErpupOBaHus ypaBHEHUsI (4) cuuTaeM, 4TO Ha Topell crepxHs X = | meiicTByer
oceBoe ycunue P1. [Ipu aTom Topen X = 0 cBoOo1eH, T.C.

c=0npux=0, (5)
du
Hnnazo npux = 0. (6)
Pemenne ypaBHeHus (4) npy yKa3aHHBIX BbIIIE TPAHUYHbBIX YCIOBUSAX UMEET BU
P, ch(ax)
U=———"-—-, (7
ES ash(al)
T[Dk1

3aechk Sh(z) u ch(z) — runepbonudeckue GyHKIUK CHHYCA B KOCHHYCa, @ = o

Pemenue (7) 0JHO3HAYHO OMPEICIACTCS MIPU 33 JaHHOM 3HaYeHUH Kodduinenta Ki. Dxc-
MEpUMEHTAIBHOE OIpeeIeHHE 3TOro Koa(duIeHTa B MPOU3BOIBHOM CEUYEHUH TPYyOOIPOBOIa
CBSI3aHO C OIPEJIEIICHHBIMHI TPYIHOCTAMHM, IOCKOJIBKY B HUX HEOOXOJMMO OJHOBPEMEHHO H3Me-
PHTH ITEpEMEIIEHHE CEYEHHUS TPYOOIIPOBOIa M ICHCTBYIOIIETO B 3TOM CEYEHUH IIPOIOILHOTO YCH-
aust. T1o 3Tol MPUYMHE MOJIaraeM, 4To CyHIECTBYET SKCIIEPUMEHTAIBHO YCTAHOBJIEHHAs 3aBUCH-
MOCTh MEXKIY HPHIIOKCHHOM CHIIOW P1 M cpelHNM mepeMenieHneM MKy cedeHussMu X = 0 u
X = I, uep = [u(0) + u(l)]/2, T.e. momaraem, 4TO UMEET MECTO 3aBUCUMOCTb

P, = F(ug) - (8)

N3 paBenctBa (7) HaXomuM Ucp M TIOJCTABUM B SKCICPUMEHTAIbHYIO 3aBHCHMOCTH

P1 = F(ucp), Torna momygaem
F(ucp)(l + ch al)
Yoo = T ES ashal )

ITOCKOIBKY 3aBHCUMOCTS (8) YCTaHOBIIEHA SKCIIEPUMEHTAIBHO, TO OHA XapaKTEPU3YET U3-
MEHEHHE CPETHETO TIepEeMEIIEH ST TOPIIOB TPYOOIPOBO/Ia MPH ACHCTBUH 33aHHOTO MTPOI0JIHLHOTO
YCHIIHS, TTO9TOMY PaBEHCTBO (9) CIYKUT TPAHCIEHIAECHTHBIM YPAaBHEHUEM IS ONIPENCIICHUS Be-
JMYUHBI 0. MUHUMAJIbHBIH KOPEHBb 3TOTO YPaBHEHHSI (i=0/1 MTO3BOJISIET BBIYUCIUTH KOIPPHUITHCHT
MPOJIOJILHOTO CIIBUTa Ha MOBEPXHOCTH TPYyOOIPOBOIa MO (hopMyIie

k1 = az i

%)

U3 ycnosus |A(X)| < 1 ciexyet, 9To IS peanu3aluy B3aUMOCHCTBUSA TPyOOIPOBO/Ia 110
JMHEHHOMY 3aKOHY JIUIs BEJIMYHH 011 JIOJDKHO BBITOJTHSATHCS YCIOBUE

FN
TS (10)

HepasenctBo (10) ciyxut yciaoBueMm BbIOOpa kopHs ypaBHeHHs (9). U3 ypaBHeHus (9)
HaXOJMM BBIpaXXEHHE I IPo1osIbHOTO yeruns F(Ur) mpu a=a1, n 3anmceiBaeM hopmyity (7) B BUIe
cha;x
Uep 1+ cha D)’
Hapymenwne ycnosus (10) yka3pIBaeT Ha peann3aiiyio APyrux 3aK0OHOB B3aUMOJICHCTBHSI, B YaCTHO-
CTH, BO3MOXXHOCTb ITOSIBJIEHUS 30HBI CKOJIBXKEHHS, CBSI3aHHYIO C 3aKOHOM cyXxoro TpeHus Kymona.
Paccmotpum vactHbIil ciydaid. [lycTh sxcnepuMeHTanbHasi 3aBUCUMOCTD (8) UMEeT JIn-
HEUHBIN BUL

a; <

u=2

P1 = koucp .
Jli1st onpeienieHnst BeNMYUHBI 0.=a1 U3 (9) HOIydUM TPaHCLEHICHTHOE YpaBHECHHE
2BshB —y(1+chB) =0, (11)
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rae = aul, y = kol / ES. Haubonb1uii KOpeHb 3TOT0 YpaBHEHHS IOJDKEH YOBICTBOPSATH YCIOBHIO

L [N

PaBHOCHCTBYIOIIAS KAcCATENILHOM CHITBI HA TOBEPXHOCTH TPYOOIIPOBO/IA BBIYHUCIICTCS TI0 POpMyJie
do; ES Y
=|k/DudxS = = .
[ kl SO(]) Z.Lp—l— WC

DTa cuiia YpaBHOBEIIMBACTCS C ICHCTBYIONIEH Ha TOpel MpoaobHOM cuimoi P1 = Kolep,
T.€. ClIeAyeT noyarate 1 = P1, U3 KOTOPOTO MOJIy4aeM ypaBHEHUE OTHOCUTEIBHO [

 2BshB
V= +chp)’

(12)

coBmnagaroiiee ¢ (11).

PacueTs! GBI MPOBENEHH! T CTATBHOTO Tpybonposoaa (E=2-10° MIla) BHemHuM nua-
merpom D = 0.2 m, Tommuaoi 0 = 0.005 M u paznuyHoii ryouHoit yknaaku h. IInoTHOCTh rpyHTa
npunaTo p = 2000 kr/M°. HopManeHas cuiIa 3a eQUHHILY JUTHHE TPYOOIIPOBO/IA BEIYHCIIANACK TI0
dopmyne N = pgrDh, xosbdunuent tpeuus f=0.4. [lepemenienne Topia npunaTo ue=0.001 m.
B pacderax ncnosib30BaHbI OJyYeHHBIC B padboTe [9] aKCriepruMeHTaIbHBIC JaHHBIC 3aBUCUMOCTH
ko oT ryOuHBI ykiIaaku h, annpokcuMupoBaHHbie )yHKIHCH

ko = Aexp[n(h —hy)], ho<h<h;,. (13)

B Ta6mnune npencrasnens 3Hadenus K1 (H/M%) s pasnmunbix nokasareneit nmapamerpa 4

 ryouns! yknaaku h. Pacyers: Bemonnens jus | =4 m, ho=0.3m, h1 =1.5m,n=0.3 M2,

3navenns Ko3gpduuuenTos npoxoabuoro casura ko (H/m), ki (H/m%) u moanorsr A1 = A(l)
AJIS1 pa3IHYHBIX rJyOuH yriaaaku h(m) u 3Havennii napamerpa A (H/m)

A=2-108 H/m
h, m 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 15
ko-10°, H/m 200 | 215 |232 |250 |270 |291 |313 |338 | 3.64 4,92
ki-108, H/m® 0.80 |0.86 | 0.92 1.00 |108 |1.16 1.25 1.35 1.45 1.35
M 033 |027 |023 |021 |019 |0.18 |0.17 |0.17 |0.17 0.16
A=6-10% H/™m
h, m 0.3 0.4 0.5 06 |0.7 0.8 0.9 1.0 1.1 15
ko-10°%, H/m 6.00 |6.46 |6.97 |7.51|8.10 8.73 [9.41 |10.01 | 11.0 | 148
ki-108, H/m® 240 | 258 | 278 |3.00|3.23 350 [375 |4.05 440 | 4.05
M 100 |081 |0.70 | 0.63 |0.58 0.55 [ 053 |0.51 0.50 | 0.50
A =107, H/m
h, m 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 15
ko-10%, H/m 11.0 | 116 |122 | 128 135 | 14.9 15.0 | 18.2
ki-108, H/m® 443 | 465 |4.90 |5.15 541 |5.70 6.00 | 5.70
M 100 |0.93 |0.85 |0.78 0.73 | 0.69 0.66 | 0.60

W3 ananm3a TaOIMYHBIX TaHHBIX CIIEIYET, YTO YBEIHYCHHUE TITyOMHBI YKIAJAKH TPYOOIpo-
BOJIa B TPYHTE NPUBEIET K POCTY 3HAYEHHH KO PHUIIMEHTOB POOIBHOTO caBHra Ko, K1 1 cHIKe-
U0 KodddunuenTa mosHoTH A1. Kpome toro, mis riyounsr ykiaaaku h = 0.3 M ycTaHOBICHO
npesesbHOe 3HaueHue napamerpa A = 6-10°, H/m, npu koTopoM K03 (ULMEHT TOTHOTH HPUHHU-
MaeT 3HadeHue A1 = 1. DTO yKa3bIBaeT Ha HAYaJlo OTPBIBA B CeUEeHUH X = | moBepxHOCTH TpyOO-
IPOBOJIAa OT TPYHTOBOM Cpeibl, MpUUYEM JAIbHEHIINN POCT 3HAYSHUS STOTO apameTpa MpUBEIET
K OTPBIBY OT IPYHTA B TMIOCJIEAYIONINX CEUYCHHUSX TPYOHI.

Ha puc. 3 npeacraBneHsl 3aBUCUMOCTH 0ceBOTo Hamnpspkenus o(MIla) Bmons ocu tpyoo-
IPOBOJIA JUIS IBYX JIaHHBIX MapaMeTpa A U pa3IUYHbIX TIYOUH YKJIaJKH TPyOOIpoBOAa B TPYHTE.
Buano, yTo HampspKeHHs 10 OcH TPYOONPOBOIA PACTYT MO JIUHEHHOMY 3aKOHY, U POCT TITyOUHBI
YKJIAJIKU ¥ 3HaYCHUS apameTpa A TpUBEACT K YBETUUECHUIO HANIPSDKEHUS B CEUEHUSAX TPYOBI.

[Tpu onpenencunn KO3 duIMeHTa KeCTKOCTH K1 ObliIa HCIIOJIb30BaHa MOJIENb MPEIBAPH-
TEJILHOTO CMEILEHHsI, IpeIo’keHHast B padote [12], rie He paccMaTpuBaeTcs KOHTAKTHAs 3a/1a4a
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MEXy TpyOOIIPOBOJIOM M OKpYXaroIllel ero rpyHToBo# cpeaoit. OTcyTcTBUE pelIeHus 3TOH 3a-
Jla4u, KaK 0TMEYaJIoCh BBILIE, IPUBOJUT K HEOIIPEIEIEHHOCTH, CBOAILIEH K PELIEHUIO HHTErpajlb-
HOT'O ypaBHEHUs [IEPBOTO POJIa VISl ONpeaeeHus QYHKIIMU MTOTHOTHI A(X).

A=2-10% H/™m A=610% H/™m
c(MIIa) 5_60\1113) _
1.6 3 5
1.4 "
1.2 4
1] 3] 3
2 2
0.8 X
06 1 2
0.4 1]
0.2
0 02 04 06 Y 1 1 0 02 04 06 Y 11

Puc. 3. I'paduku pacnpeneneHus 0CeBOro HaNpsDKEHUS IO JUTHHE TPYOOIIpoBoia B 30HE KOHTAKTa 0e3 CKOJIbkKe-
HUSL U1 IBYX 3HaueHui napamerpa A (H/M) u riry6unst ykinaaku h (m):
1-h=03;2-h=0.7;3-h=09;4-h=11;5-h=15

Ecin ucnons3oBarh MOJEIb YIPYro Cpeipl A HHIMHIAPUYECKOrO CIOS HNPU YHCTOM
CIBHI'E C HEMOJABMKHOM BHEIIHEN IPaHUIEN PaiuycoM R, TO MOYKHO MOJIYYUTh 3aKOH U3MEHEHHS
HepeMENIEHHS JaCTUI] [10 TOJIIUHE CIO0S

ln(r / R) oy
" In(a/R)
KacaTenbHoe HanpshKeHUe BIOJb TOBEPXHOCTH TPYOOIIPOBO/IA BEIpaXKaeTcs GopMyIIoi
dw  pu(x) 19
g =
dr  aln(a/R)’
/i€ L — MOYJIb CIBUTA TPYHTOBOM CPEJIbI; @ — BHEIIHUHI paauyc Tpybonposojaa. Toraa ypaBHenue

paBHOBecHs (4) IpUHUMAET BUJ

do nDu .
Sa——T[DT aIn(R/a )u(x) (15)

CpaBHuBas nmpaBble yacTu ypaBHeHu# (4) u (15), nomyuum

ko = aln(R/a) (16)
®opmyny (16) MOKHO MCIIOJIB30BaTh B KAUE€CTBE TEOPETUUECKOTO CIIOCO0a OmpeIeICHHs
ko3¢ duireHTa K 1 mpoBecTH CpaBHEHHE ¢ IKCIICPUMEHTAIBHBIM 3HaUeHHEeM. BHIHO, 4TO K03 (-
(UIMEHT 3aBUCHUT OT MOYJIS CIBHIA TPYHTA M OOPATHO MPOITOPIHOHATIEH BeININHE JToraprdma
OTHOIICHUS pajyca TpyOOnpoBoIa K BHEIIHEMY PaJnyCy CJIOS TPYHTA.
Crnyuail yueta BIUSIHUSL CBOOOAHOMN TPaHUIIBI YIIPYTOTO MOJIYIPOCTPAHCTBA PACCMOTPEH B
pabote [14], rae s KacaTelnbHOTrO HAMPSHKCHHS TOJTyICHO BHIPAKCHUE
. 9) = [6W1 ow,r — 2R sinf
e or, 9,0
3nech (I, §) — monspHBIe KOOPAUHATHI ¢ IICHTPOM Ha ocH TpybompoBoaa, R = h — a,
ow, u(x) ow, u(x) > - >
or, rIn(R/a)’ dr, YP(r,0)In(R/a) W =Vr? —4Rrsin6 + 42,
KosddurpeHT mpo1oabpHOro CIBUra B pacCMaTPUBAEMOM CIIyYae 3aBUCHT OT MOJISIPHOTO
yrna 0 u Beruncisercs no popmyne (rae R = R/a):
1—2Rsinf
— —|. (17)
1—4Rsinf + 4Rzl
Ha puc. 4 npezacraBineHbl 3aBUCUMOCTH OTHOIIEHHUsT K2/K1 OT momnsipHOTO yrina juist jieBoi

k2=k1l1+
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YacTH MOBEPXHOCTU TPYOOIMpPOBOJIa MPU PA3IMYHBIX 3HAYCHUsAX OoTHouleHus R. Ilpsmas nunus

Kc = 1 coOTBETCTBYET CiIy4ar0 OTCYTCTBHUSI CBOOOIHOM IPaHHIIbI TPYHTA.
ke ke
12

J

0.6
-

6

o W

45 1 @s o 05 .1 156(pagHan) 45 1 45 o 0s i 15 @(paaman)
A ke
1024
1051
11
15 0
095 14 19
13 0.9 18
12 17
0.9 n _ 056 16
45 1 45 Y 1 15 B(paaman) 45 4 @5 0 05 1 15 O(pagman

Puc. 4. Kpupble 3aBUCHMOCTH KO3(D(ULMEHTA IPOJOILHOTO CABUIa OT IOJISPHOTO yIuia 0 A7 pasiudHbIX
snauennii ormomenns I 1-R=106; 2-R=115: 3-R=1%5: 4-R=13%: 5-R=145; 6-R=14
7-R=16; 8-R=18; 9—R=2: 10-R=25; 11-R=5; 12-R=6; 13-R=8; 14-R=11,
15-R=15; 16—R=25; 17-R=3: 18-R=45. 19-R=65; 20—-R=100

W3 puc. 4 BUIHO, 4TO KpHUBBIC pactpesencHus KodhduimenTa Ke mo 1yre oKpyKHOCTH
UMEIOT BO3PACTAOLIUE U Majatolye ydacTku —/2 < Oo, 6o < 0 < m/2, CUMMETPUYHO PACIIOIOKEH-
HBbIE OTHOCHTEIHHO TOUYKH, OJIM3KON Hadaly KOOpPAHMHAT, YTO yKa3bIBaeT HA POCT U CHU)KCHHUE
3TOro ko3¢ uIMenHTa Ha 3THUX ydacTkax. OcpenHeHHOe 3HaUeHHE K03(duimenTa npooabHOro
C/IBHTA Ha TIOBEPXHOCTH TPYOOIPOBOJIa MOKHO BBIYHCIHTH 1O (hopMyIIe

ke = ki[1+J(R)],
/2 _
1 j 1—2Rsiné

e =— — —db .
A /=% ) T"4Rsndg 1 4k?

-1/2

Pacueramu ycTaHOBIIEHO, 4T0 | < 1 mpu R > 1, mosTomy MoxHO monarats K = Ki.

VYder cB0601HOM MOBEPXHOCTH (CM. pHC. 4) BIUSET Ha XapakTep pacnpeaeacHus kodddu-
LMEHTa B3aUMOJCUCTBUS IO NOJIIpHOMY yrily. OCpeIHEHHE 3HAaYEHUS €TI0 10 3TOMY YIUIy YKa3bl-
BaeT Ha TO, YTO MPH TIIyOMHE YKIIAJAKK TpyOonpoBoaa h>2a BiusHue CBOOOIHOM TOBEPXHOCTH HA
K03 (UIIMEHT IPOOIBHOTO CIBUTa MOKET OTPaXKaThCs Yepes3 IaBlIieHUE IPyHTa Ha TPyOOIPOBO/I.

3akiroueHue

1. ®opMupoBaHUE KOHTAKTHOW CHJIBI B3aUMOJIEHCTBUSI 1e(hOPMUPYEMOTO TPYyOOIpOBOIa
C OKpY’KarolllMM T'PYHTOM CYIIECTBEHHO 3aBUCUT OT CBOWCTBA I'PYHTOBOM CpENbI, BBIpaKarole-
rocsi Yepe3 IKCIePHUMEHTATbHBIN K03 GuImeHT Ko.

2. IIpu OTCYTCTBUM MOJIENH OKPY’KAIOIIEro TPyOOIIpoOBOa IPYHTA U PELIEHUS] COOTBETCTBY-
IOlIEH BHELIHEH KOHTaKTHOM 3aJaud HamOoJiee TOCTOBEPHBIM OCTAETCsl KCIIEPUMEHTAILHO BO3-
MOJKHBII CIIOCOO OIPEENIEHUS 3aBUCUMOCTH MEX/ly JIEMCTBYIOIIEN Ha TOpEL IPOI0JIbHON CUIIBI U
MEPEMEILIEHUEM CEUYEHUS ITOTO TOPLA, IIOCKOJIBKY 3Ta 3aBUCUMOCTD CONEPKUT IIEPBUYHBIC TaHHBIE
0 (PU3UKO-MEXaHUYECKUX CBOMCTBAX IPYHTa, BOJIM3M KOHTAKTHOM MOBEPXHOCTH TPYOOIPOBOIA.
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3. Ha 3akmrouyenue aBTopa ctareii [ 1, 2] mo moBo 1y UCHIOIB30BaHUS KO (OUIIMEHTOB yIIPY-
rOro OTIOpa IPYHTOBOTO OCHOBAHMS B pacueTax (yHIaMEHTOB (BKECTKHX TEJ) COOPYKEHUH ISt
OIMCaHMs 3aKOHOB B3aUMOJAEHUCTBUS TPYOONPOBOJA C ITPYHTOM, CIEAYET OTHECTHCh C OCTOPOX-
HOCTBIO, TOCKOJIbKY BBIBOJI C/IEJIaH HA OCHOBAHUU PEIICHHS 3a/1a41 KoJIeOaHHH 1151 06CKOHEYHOTO
TpyOonpoBoga. Ha 3Hauenue kospdunmenta B3aMMOAECHCTBUS BIUSAIOT HE TOJIBKO CBOWCTBA
IPyHTa ¥ JUIMHA TpyOOIpPOBO/a, HO U INIyOHHa ero 3ajnokeHus. OTCYyTCTBYIOT 3KCIIEpUMEHTAb-
HbI€ JJaHHbIE, TIO3BOJISIFOIME OLIEHUTh ONBITHBIM IIyTEM BIMSIHUE JUIMHBI BOJIHBI U TEOMETPUU TPY-
OonpoBoja Ha popMupoBaHue KO3 GUIIMEHTA POJOIBHOTO cBUra K1.

4. YueT cBOOOHOM MOBEPXHOCTH YIIPYro# cpebl MPUBOAUT K KPUBOJUHEHHOMY Xapak-
Tepy 3aKOHA pacmpezeneHus K03 UIeHTa IpoI0JIFHOTO CABHraA 110 Ayre OKpyx)HocTH. Ocpen-
HEHME €ro 3HaYeHUs 10 TOMY YTy yKa3blBaeT Ha TO, YTO IIPU INIyOUMHE YKIAJAKH TpyOOonpoBoIa
h>2a BiusHue CBOOOMHOW MOBEPXHOCTH Ha KO3()(UIMEHT MpPOIOIBHOTO CIABHra MOXET OTpa-
KaTbCs Uepe3 JaBJIeHUe IPyHTa Ha TPYOOIPOBOI.

5. JIsid MHKEHEPHBIX pacyeTOB IIPU JEUCTBUM JUIMHHBIX CEMCMUYECKUX BOJH MOYKHO HC-
H0JIb30BaTh KOG GHUIUEHT K1, ONpe/IeICHHBII OMBITHBIM ITyTEM.
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b.M.Mapoonoe, U.Mupsaes., I' X. Xosxcmemos. Ep ocmu Kysypaapununz zpynm ounan y3apo mavcupu napamemp-
JAPUHUHZ HA3ApUIl KUIMAmaapu

Annomayun: Ep ocmu Kysypunune epynm Ouian y3apo mabCupuHuHe S1ACMuKiuk KodQ@uyuenmunu aHukiauw maca-
nanapu mMyxokama Kuauxeas. I pynmoa dcotinawean KygypHuHe 6up momoHu2a Ky4 mavCup KuieaHodazu KCnepumeHm OpKau
AHUKNAH2AH KYY — KYBYD CUTHCULLU MYHOCADAM MABAYM OY12an0a Yu3UKaU CIAmuK Macanany evui opKaiu KygypHuHe yKu oyiiad
HYKManapuHute Kyuuwy anukianean. I pynmuune mexanux xoccanapu 6ytiuya y3apo mavcup Kodgduyuenmunu xucooaiaw yuym
@opmyna kenmupunean. Kysyp epynmoa maviym 4ykypauxoa i#colinaueanod, Kyuianuunapoan 3pKut CUpm Masicyoiuey y3apo
mavcup KoIPPuyuenmunune noaap KOOpouHama oyuuIa maKCUMIAHUWY KeTMUPUISAH.

Kanum cyznap: ep ocmu Kysypaapu, y3apo mascup KOHYHU, Y3apo MabCup KoIPhuyuenmu.
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B.M. Mardonov, I. Mirzaev, G.Kh. Khojmetov. Theoretical values of parameters of interaction of underground pipe-
line with soil

Abstract: Issues of determining the coefficient of elastic interaction between the pipeline and the soil surrounding it were
discussed. By solving the static linear problem of pipe displacements in the soil under the action of a given force at one of its ends,
when the experimentally determined dependence force - displacement at the end is known, the displacements of pipe points along
its longitudinal axis are determined. Formulas are given for calculating the coefficient of elastic interaction according to the elastic
characteristics of the soil, as well as the influence of the presence of a free (daytime) soil surface on the distribution of this coeffi-
cient from the polar angle.

Keywords: underground pipeline; law of interaction; interaction coefficient.
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I[I/IHAMI/I‘-IECKI/Iﬂ AHAJIN3 I[BI/I)ICEHPII?'I PET'YJISAITOPA CKOPOCTHU
CumkoB M.H., Kocumos I11.C.

Hayuonanvnoiil uccneoosamenvcruti mexuonoauueckuii yuugepcumem «MHUCuCy,
Anmanvixckuil gunuan, Yzbexucman
E-mail: mansurl06@mail.ru

Annomauyusn: PaccmompeHsl 60NpOCyl Cyecmsosanist CMayuOHAPHO20 08UINCEHUs U YCMOUYUBOCHb O8U-
JHceHUst 00HO20 U3 8UO08 PPUKYUOHHOZ0 pe2yasimopa ¢ yeHmpobexchvimu wapamu. M3nodceno o peanusayuu npo-
SPAMMHO20 OBUNICEHUSL C NOMOWBIO NAPAMEMpPA YRPAGIEHUsl, KOMOPbILL npedcmagisien co60t CULY, NPULONCEHHYIO K
NOOBUNCHOMY Koaecy. M3 ycaosus OUHAMUYHOCMU 8bISIGNEH ABHBILL 8UO0 ynpasisiowezo napamempa. Cozdanvl docma-
MOouHbIE YCNI0BUSL YCIMOUMUBOCIU CIMAYUOHAPHO20 08UdICEHUSL. [IIsl KOHKPEMHO20 UOA NPOZPAMMHO20 OBUNCEHUSI O~
JIyuenbl YUCTEHHbLe Pe3YTIbmMampl, KOMopble npedCmasisiom coboll nepe MeweHue YeHmpa Macc noOGUNCHO20 Koecd
8 HanpasneHul OCU 8PaUeHUs.

Knioueevie cnosa: cmayuonaproe ogusicenue; yCmouuugocms;, ynpagienue; cmaduiu3ayusi.

Beenenue. CymiecTByeT mpobiieMa peryIupoBaHus CKOPOCTH JBMKEHHSI Pa3IMYHbBIX MeXa-
HU3MOB, IIPUMEHSAEMBIX B TEXHOJIOTMUECKHX IPOLIECCAX, TAKUX KaK IEPEMOTOYHBIE MAILUHBI, I/1€
TpeOyeTcsi "3BMEHEHHE YTJIOBOM CKOPOCTH BAJIOB IO OIIPEIeIEeHHOMY 3aKOHY. Perynsaropsl ckopocTu
MO3BOJISIFOT YCTAHOBUTH ONTUMAJIBHBIN CKOPOCTHOM PEXKUM U PErYIMPOBATh YIIIOBYKO CKOPOCTh HA
X0y, a TaKKe 00J1a/Taf0T MaJION IITYMHOCTHIO M BUOpammen. imeeTcst MHOYKECTBO BHIOB PETYJISATO-
POB CKOpPOCTH, TaKUX KaK JIOOOBbIE, KOHYCHBIE U T.1. OcoObIil HHTEpeC MPEACTaBISAIOT TUHAMHKA
peryasTopa, BOMpOChl YyCTOMUYMBOCTH U CTAOMIIM3alIMU ABIKEHHH, pean3aluy MporpaMMHOTO JIBU-
YKEHUS, a TAKKE€ KUHEMaTU4YeCKUX cBA3eil. OCHOBHOM LIENBIO IAaHHOW CTaThHU SIBIISIETCS BOIIPOC pe-
aM3aIy MPOTPaMMHBIX JIBIYKEHUHN B (DPUKIIMOHHBIX PETYIATOPAX CKOPOCTH C YUETOM XapakTe-
PUCTHKHU JBUTATENS, a TAKXKE CHUHTE3 YIPABIEHUSA, KOTOPOE pealnu3yeT 3aJaHHOE JBHKeHue. B
OTJINYME OT KJIACCMYECKON MOCTAHOBKH PETYIMPOBAHUS C MOMOIIBIO LIEHTPOOESIKHBIX IAPUKOB B
KauyecTBE yIpaBJeHUs OepeTcsi TOPU30HTaIbHAs CUIIa, IEHCTBYIOINIAs Ha IPOMEXYTOUHOE KOJIECO.

Perynsarop ckopocTu kKak MeXxaHWYecKasi CUCTeMa MPEACTaBIseT co00il cUCTeMy ¢ KMHE-
MAaTUYECKOU CBA3BIO. J[JIs TAKUX CUCTEM BOIIPOCHI AMHAMUKH, YCTOMYMBOCTH YACTHBIX IBXKEHHM,
a TaKkKe CTa0MIM3alus JBUKEHUS PEIIaloTCs B paMKax oO0Iel TEOPUU HETOJIOHOMHBIX CHCTEM
[1-3]. CymiecTByeT MHOXKECTBO padOT, KacaroliXcs JMHAMUKY peryisitopa [3—9] ¢ HeHTpoOex-
HBIM MEXaHHM3MOM, T'JI€ PACCMOTPEHBI BOMPOCHI CYILIECTBOBAHUS YACTHBIX PEIIEHUN U YCTOWYHU-
BOCTHU JIBWKEHHA. BoImpockl cTabuan3anyy 1 ONTUMAIbHOW CTa0MIIN3aIllMK CTAllMOHAPHBIX JIBU-
KEHUI paccMOTpeHbl B paboTax [4—7], rae 3ajadya CBOAUTCS K OMpeNeeHnto pemeHuit nudde-
PEHIMAIBHBIX YPaBHEHUH OTHOCUTENBHO KO3(PPHUIIMEHTOB MOJOKUTEIBHO ONPEICIICHHON KBa-
paTu4HO# (POPMBI UM MPUCOCTUHEHUIO K YPaBHEHUSM OCBOOOXKIEHHOW CUCTEMBI OT YCIOBHBIX
CBs3eH ypaBHEHUI perynsTopa. B padorax [8-9] uccnenyercs BnusiHue 1e(OPMHPYEMOCTH TIPO-
MEXYTOYHOTO Kojieca B 00JacTH KOHTAaKTa Ha YCTOWYHMBOCTb CTALlMOHAPHOTO JBMkeHus. [Ipu
9TOM JIBUKEHHME TPOMEKYTOUHOTO KOJIECA B IPOJOIBHOM HAIPABIEHUH OCYLIECTBIISIETCA 34 CUET
ynpyrux nedopmaruii. B kauecTBe Moaenu kadyenus paccmorpena moaens M.B. Kengpimna. Cre-
IyeT OTMETHTb, YTO HEJO0CTaTKaMH (PPUKLIUOHHOTO PErynasiTopa sBJSIOTCS I0CTaTOYHO OOJIbIINE
Harpy3Kd Ha Bajibl, 0yKCOBaHHUE, UTO MPUBOIUT K U3HAILIMBAHUIO PETYIUPYIOIIET0 KOJleca, a TaKKe
YCIIOBUS Pean3allii KHHEMaTHUYECKUX CBSI3EH.
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Metoabl. PaccMOTprM THHAMUKY ABMKCHHS OJHOTO W3 BHJIOB (DPUKIIMOHHOTO PEryIisi-
TOpa CKOPOCTH MOJ JACUCTBUEM BpalIAlOUIMX MOMEHTOB, MPHUJIOKEHHBIX K BXOJHOMY M BBIXO/I-
Homy Bajam (puc. 1). [Ipu sTom mpeanonaraercs, 4To MEX/y peryJupyroluM KOJIeCOM U KOHY-
COM B IIPOJIOJIbHOM HaIIpaBJIEHUU IPOCKAIb3bIBAHUE OTCYTCTBYET, T. €. HA MEXaHUYECKYIO CHUC-
TeMy, KpOME IeOMETPUIECKON CBsi3U p —2lsinfi=c,
TaK)K€ HaJOKeHa KUHEMaTudecKasl CBs3b, Mpel-
CTaBIISIIOIIAs COOOH OTCYTCTBHE MPOCKAIb3bIBAHUS
TOYKU KOHTAKTa P B ONIEpeYHOM HaIpaBJIECHUH, KO-
TOpasi UMeeT BU/T

rw; = (ry + psina) o, . (D)

Kax uzBectHo [ 1-2], 1ist cocTaBieHus ypaB-
HEHUM JIBIDKCHHS] MEXaHUUECKUX CUCTEM C FeOMeT-
PUYECKUMH M KUHEMAaTHUYECKHUMU CBSA3SMU YI00HO
MoJIb30BaThesl ypaBHeHusMu [1.Anmens. B kaue- Puc. 1. lunamuka JABIKEHHS (DPUKIIMOHHOTO
CTB€ HE3aBHCHMBIX MEPEMEHHBIX NpUMEM yroua [ peryisiTopa
MeXIy Topu3oHTaIbHOW ockto 0203 u mpsimoi
O3A1, a TaKKe yroi MmoBopoTa KOHyca ¢2. DHEPTUsl yCKOPEHHS CUCTEMbI UMEET BU]]

1 1 1
S= Em1ﬁ2 + 511(05)% + i) + 511(00% + w3) + myW4 . (2)

Tak Kak B KJIacCHUECKOH MOCTAHOBKE PEryIMpOBAHUE OCYILECTBIIAETCS ¢ TIOMOIIBIO -
PHUKOB, YCKOpPEHHE TOYEUHOTO MIapuKa NpeIcTaBIseT co00il TeOMEeTPHYECKYIO CyMMY YCKOPEHHIA
B CII0KHOM JIBUKEHUU:

— — — —
W, =W, +W +W..
[IpoeKTUpYs COCTABISIONIUE TIOJHOTO YCKOPEHUs Ha KOOPAMHATHBIE OCH, CBA3AHHBIE C
IIapUKOM, OyJIeM UMeTh Cleylomee:
W, = lsin ,B.a')z + 2lw,p cosf,
W, = 1B* + lws sin B,
W, =1 — lw3sinB cosf .
CoOTBETCTBEHHO
) . . 2 . B 2 o B 2
W2 = (IsinB w, + 2lw,f cosB)” + (If — lw? sinBcos B)” + (I6% + lw?sinB)”.

C yuetom KuHemMaTHuecKoil cBs3u (1) sHeprus yckopeHus: IpuMeT BU:
2

. . 1 1, + psina sina g 1
S = leml(sinﬁﬁ + cos,[?,[i’z)2 +§]1< 2T P W, + " pwz) +§]2(I)§ +
1
+ms ((l sin B @, + 2lw,f3 cos ,3)2 + (Z,B —lwssin B cos,b’)z) + -, 3)
rae p =2l cosp, p = —2lsin B B; M1, M2, M3 — COOTBETCTBEHHO Macca IUCKa ¢ BaJlOM, Macca

KOHYCa ¥ Macca IapoBOTo Ipy3a; Ji1, Jo— MOMEHTHI HHEPIIMH JUCKA U KOHYCA OTHOCUTEIILHO OCH
Bpamenus; OzA = | — mmHa crepxHs.

OO0001ICHHBIE CHITBI, COOTBETCTBYIOIINE HE3aBUCHMBIM TIEPEMEHHBIM (2, 3, OTIPEIIEIISTIOTCS
4epe3 3JIeMEHTapHbIe paboThl HA BUPTYAIbHBIX MEPEMEICHHSIX:

r, + psinf
6A(p = M;(w1)8@; + M50, = M1(w1)2r—5§02 + My6¢, =
1
r, + psinf r, + psinf
S Mz) S, = Q(p26(p2 =@y, = M1(w1)2r—— M,,

1
8Ap = _(Cl(P — Po) +ca(x — fo))(gﬁ ,
WK C yYETOM T€OMETPHIECKOH CBsA3U p — X = p — 2| COSB = C umeeM

§4g = —(c1(p — Po) + co(x — %) )8B = 21 (cl(p — Po) + 2lc,(sin B — sinﬁo)) sinB 6 .

= <M1(w1)

1
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Ortcrona monmyunm Qp = 21 (C1 (p — po) + 2lc,(sin B — sin EO)) sin 8, rae C1, C2 — XKecT-

KOCTH TIPYKHH; P, Xo = 21sin By — inHa NpyKKUH B HeAePOPMHUPYEMOM IIOJIOKEHUHU. 3aBUCH-

MOCTh MOMeHTa M1 (w1) OT YriIOBOM CKOPOCTH (1 SIBISIETCS IOCTATOYHO €CTECTBEHHOM, TaK KaK K

Bay 1 yacT MOJIBOJIUTCS IEKTPOABUTATEID, TIE€ XapAKTEPUCTHKH 3aBUCST OT YTIIOBOW CKOPOCTH.
VYpaBHEHUS IBWKCHUS B HE3aBHCUMBIX IIEPEMEHHBIX UMEIOT CIICAYIOIINN BU:

r, + p sina\? . : :
]1 (—) +]2 + 2m3l2 S]l’l2 ﬁ (0] + Zl(l)z (m3l Sin Zﬁ -

41
r, + psina\sinasinf) . r, +psina\r, +psina
—/1 ( ) B =M (wz ) - M, 4)
2] r 2 2

1(2m, sin? B + m3)f + 2mylsin B cos B B2 — maw3lsin B cos B =
= (cl(p — Po) + 2lcy(cos B — cos EO)) sin f3,

rae M1 = My (w1), M2 = Mo =CONSt — MOMEHTBI, IPHIIOKEHHBIE K BaJlaM JTUCKa M KOHYCA.
HerpynHo yoenutbcsi, 4TO ypaBHEHHUSI ABUKEHUS IOMTYCKAIOT YaCTHOE JIBIKEHHE, KOTOPOE
COOTBETCTBYET CTAIIMOHAPHOMY JBUKEHHUIO (OTHOCUTEIILHOE PAaBHOBECHE):
B = Bolp =po)w;, = w3 . (5)
[ToncraBnsis (5) B ypaBHEHUS ABUKEHUS, TTOJTYIHM YCJIOBHS CYIIECTBOBAHHUS CTAI[HOHAP-
HOTO JIBIKEHUS:

T+ posSina\r, + pysina
M, (a)g 2 T Po ) 2 T Po —M,, 6)
4] 4]

msl(w9)? sin By cos By = — (cl(po — Po) + 2lcy(cos By — cos Eo)) sin 3, .
Tenepps paccMOTpUM BONPOC YCTOMYMBOCTU CTALIMOHAPHOTO BMXKEHUS (5) OTHOCUTEIBHO
MepeMEHHBIX w2 1 5. COCTaBUM ypaBHEHHS BO3MYIICHHOTO JIBHKCHUS, BBOIS HOBBIC IIEPEMEHHbIE
w, = w3 + wy, u f=Po+ f, rae wh, B XapaKTepU3yloT OTKIOHEHHS OT HEBO3MYILEHHOTO JBHU-
eHust. [10ICTaBIIsAs HOBBIE TIEPEMCHHBIC B YPABHCHUS IBIDKCHUS U pasjiaras B psiji HeJIMHCHHBIC
YJIEHBI B OKPECTHOCTH HEBO3MYIIICHHOTO JIBIDKEHUSI, OyJIeM UMETh

13 + po sin a\®
I, ((%) + Jo + 2m3l? sin? ,BO> w4 + 2lwd m3lsin 2B, —
1

(rz + po Sin a) sinasinfy ) ., (rz + p, sin a) (aMl) ,
2 7 7 p 2 dw,/, z

5, + py sin a\ fOM
- (2 . )( 1) + M, (wo, po) >2lsinﬁoﬁ’+...+’
1 9po/,

21(m, sin? By + m3) B’ — mzl(w) sin 28, wh + (w9)? cos 2B,8") =
= (Acos By — 21(cy + cy)sin? By) B’ + - +.
YpaBHeHHsI IBIKEHUS B TIEPBOM MPUOIIKEHUH IPUMYT CIETYIOIIUNA BHUI:
a0y + A1,05 + 3" +af’ =0, azwy +ayp +apf =0.
OTcroa moy4uM XapakTepUCTUYECKOE YpaBHEHHE EPBOTO MPUOIMKECHHS
a11a22/13 + a12a22/12 + (a11023 — Ap1a13)A + Q12053 — Ap1044 =0,

sina
L&t

. 2
2+ poSina .
rae a;; = J; (T) + J, + 2mgl? sin? B, ,
r2+posina (OM . r2+posina sin a sin
aip = = (FERE) (51) | asg = 210§ (mal sin 26, — Jy (L) TR
1 0 1 1
2+ posina [OMq sina . 0 .:
A1q = (—) (—) + M; (wo, po) 2lsinfy, a,; = —mzlw;sin2p, ,
T 9po/ 1

Ay, = 21(my sin? By + m3), ays = (—Acos By + 21(c; + ¢,) sin? By) — mzl(w3)? cos 2, ,
A =c¢i(po — Po) + c2(x0 — Xo) -
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JI71s1 yCTOMYMBOCTH HEBO3MYIIIEHHOTO ABUKEHUSI HA OCHOBaHUU TeopeMbl A.M. JIssmyHoBa
00 YyCTOHYHBOCTH IO TIEPBOMY MPUOIUKCHHUIO JOCTATOYHO, YTOOBI KOPHU XapaKTEPUCTUIECKOTO
ypaBHEHUS JIMHEIHOTO MPUOIMIKEHHS] UMEIT OTPUIATENIbHBIE BEIIECTBEHHbIE YACTH, T. €. BBHINOJI-
HeHue anredbpandeckoro kputepus [ 'ypBuma:

T, + po sin a\
a11a22 = 2l ]1 (L) +]2 + 2m3l2 Sinz ﬁo (m1 Sinz ﬁo + m3) > 0 )

1

T, + po Sin a) (aMl)
—A
s b)), ((—Acos B,y +

+21(c; + ¢;) sin? By) — m3l(w9)? sin 23, -

T, + po Sin a> <6M1>
+ My (wo, po)
( T 0/, 1\Wo, Po )

Ay = a1207,(a11023 — p1053) — A11022(A12023 — A21014) > 0 = ajpa43 —ajagy > 0=

5, + pg Sin @\ /OM T, + pg Sin a\ sin « sin
> — ( 2 pO > ( 1) 2[(1)(2) <m3l Sin Zﬁo _]1 ( z po ) ’BO) -
0

Q12023 — Q21014 = _<

sina

ZlSinﬁo > 0,

2 0w, &1 T

sin

T, + po Sina

(1 (i
1
- 2lsin B, > 0.

Crnemyer OTMETHTB, YTO MEPBOE YCIOBHE BBHITIOJHSICTCS aBTOMATHYECKH, a TMOCTIEAYIONINE
JIBa YCJIOBHUS HAJIaraloT OrpaHUYEHUS Ha KHHEMaTH4ec-
KM€ U IMHAMUYECKUE XapaKTepUCTUKH cucTeMbl. [Ipu
9TOM, €CIIM MOMEHT, MPUJIOKEHHBIN Ha Bajl aucka M,
SIBJIIETCS TIOCTOSIHHBIM, TO UIMEET MECTO KPUTHUUECKHI
cnydai. B aToMm citydae yCcTOMYMBOCTH CTAllHOHAPHOTO
JBUKEHHUSI MOYKHO JTIOOUTHCS NOOABICHHEM JUCCHIA-
TUBHOM CHJIBI TIO TIEPEMEHHOM [3.

Teneps paccMOTpUM BOMPOC peaau3aluy Mmpo-
IPaMMHOTO JIBUKEHUS, KOTOPOE COOTBETCTBYET Ha3Ha-
YEHUIO PETYIATOpa, T. €. IEPEMEHHOMY 3HAYEHHIO BbI-
XOIHOM yIIIOBOM CKOpoCTH w2 = w2(t). IIpu sTOM pea-
JU3aLUI0 POTPAMMHOTO JBUKEHHS OyIeM OCYIIEeCTB-
JIATB C IOMOIIBIO CUIIBI U (YIIPABIEHHMS ), IIPUIIOKEHHON
K OCH JICKa B TOPU30HTAILHOM HarpaBiieHuH (puc. 2).

[Ipu Takoit mocTaHOBKE 33Ja4u CUCTEMA TaKXKe MPEJICTaBIsieT cO00il CUCTeMY ¢ KMHEMa-
TUYECKOM CBSI3bIO (2), a SHEprusl yCKOPEHHsI B HE3aBUCHUMBIX MIEPEMEHHBIX (2, p IPUMET BUT

r, + po sina\ /OM
27 Po ) ( 1) + M; (wo, po)
dpo

2
> + J, + 2m3l? sin? B, (
0 1

L&t

Puc. 2. Peanmmzanus nmporpaMMHOTO

JABWXXCHUA C IIOMOIIBIO CHUJIBI U

1 1 (ry+psina sinap > r,+psina 1
S==-mp?+= ( W, + w>+(—w>+— w2 + w3
) 1P 2]1 r 2 T 2 T 2 2]2( 2 2
COOTBETCTBEHHO YPAaBHEHUS ABUKEHUS B HE3aBUCUMBIX IEPEMEHHBIX TPUMYT BU/]I
,+psina . sinap r, + psina .
1 ( W, + wz) (—> 20y =
4] 4] 41
1, + psina T + psina
= M, wz(z P > (2 P )‘Mz' (7)
4] 4]

mp =Fp+u.
Jlns yno6cTBa aHanu3a ypaBHeHHM 1BUKeHUs (7) BBEIEeM HOBYIO IEPEMEHHYIO
1, + psina
7 '
B nepeMeHHBIX @2 U Z ypaBHEHUs IBUKEHHS MOYKHO 3aIlMCaTh B BUJIE
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1w, + 2wy)z = My(w,2)z — (M, + J,05) (8)
myp = Fp +u.
Tak Kak B MpOrpaMMHOM JIBUKEHUH PEATM3yeTCs U3MEHEHHUE YIIIOBOW CKOPOCTH HA BbI-
xozie w2 = w2(t), TO, MOJCTABIISIS )KeIaeMoe IBH)KESHHE B IEPBOC YPaBHEHHE, HMEEM

M, + J,a
=]1w2 M1(w22)—(22i2)_]1@22 . €©)

IlosrydeHHO€E ypaBHEHME IPEACTABISAET COOOM YCI0BHE PEATU3YEMOCTH U C TOUYKH 3PEHHUS
CHCTEM C YCIIOBHBIMH CBSI3SIMU Ha3bIBAETCS YCIOBHEM JMHAMUYHOCTH. B o0miem ciyyae ypaBHe-
Hue (9) He uHTErpUpyeTcs B KBaaparypax. s onpeneneHus napaMerpa ynpasieHus (yrnpasis-
IOLIEN CUIIBI) AOIYCTUM, YTO [IEPEMEHHBIE B ITpaBOi yacTu ypaBHEeHHUs (9) ABisitoTcs AuddepeH-
LUPYEMBIMH, U C 00eUX CTOPOH ypaBHeHUs (9) OepeM MpoU3BOIHYIO IO BPEMEHHU:

z

.. 1 aM1(w1) . J200, . Wy (Mz +]2d)2) .
7 =]1w2 “ P hy7 =~ — J10,z | — w—z M, (w,z) — — —Jiw,z || +
oM, (M + J,w,) . .
+ awl w, + 2 —]10)2 zZ\,
WJTH, TIOJICTABIISAS BBIPAKEHUE Z, TTOTYIHM
1 oM, (w,) J26, Wy (M, + J,w,)
zZ= WyZ — — ]z —— | M{(wy,z) —————Jiw,z || +
T, @, “ dw, 2 2 J10, 0, 1(w,2) 2 Jiw;
oM, (M, + ;) ) 1 (M; + J,w,) )
+ D, wy + 2 — J1w; Ty M, (w,2) —f—hwzz ,
1 __Tytpsina .  sina . . _ sina..
Mes B BUAY, UTO Z = — zZ= o p,Z= o [, ¥ IOJICTABJISIA BO BTOPOE ypaB-

HeHue (8) BbIpakeHUE P, MOTYyYUM SIBHBIM BUJ TapaMeTpa yrpaBieHHs Kak QYHKIUIO OT KOOp-
JIMHATHI p U BpEMEHU t.

Takum 06pazom, mapaMeTp ynpaBieHus: U 3aBUCUT HE TOJBKO OT paccTosHus p (0T mepe-
JaTOYHOM (PYHKIIUH Z), HO U OT XapaKTEPUCTHKU MOMeHTa Mi(w1), a TakKe OT MPOTPAMMHOTO
nBrokeHust wa(t).

Tenepps paccMOTpUM BONIPOC PeaTU3yeMOCTH KHHEMATUYECKO CBsI3U (8), HaJIO’KEHHOM Ha
cucTteMy. YpaBHEHUE TUHAMUYHOCTU

,+psina . sin ap r, +psina .
J1 (—wz + wz)( )"‘]2‘02 =
n 41 41
1, + psina T + psina
— M, a)2< 2 TP ) ( 2 TP >_ M,
4] 4]
MO>KHO TepenucaTh B BUIE
(M, + J,w,)

Jiw; = My (wq) — 2
OcBob6oauM cucTeMy OT KHHEMAaTHUECKOM CBSI3H, 3aMEHsIsI ee cuiioi peakuuu. [Ipumensis
TeopeMy 00 U3MEHEHUH KHHETHYEeCKOr0 MOMEHTa OTHOCUTEIILHO OCH BpallleHus KoJieca 1, umeem
Jiw; = M;(w,) — Ry1y,
rie R1— cuna peakiyu kuHeMaTu4eckoit cBs3u (2). CpaBHUBAS MPaBbIe YaCTH YPaBHEHUM, MOTyYHM
(M3 + J07)
B zr '

YIH/ITLIBaH, 4YTO KMHEMATH4YECKasd CBA3b PCaAIM3YyCTCAd C NMOMOIINBIO CHJIBI TPCHUS, NMECM
Ma+/2w;
zr

1

|R1| =

HOPMAJIbHOT'O JaBJICHH.

< fiN, rue f1 — koaddunreHT TpeHus B npoaosHOM HanpasieHud; N — cuna
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PesyabTaTsl uccjenoBanus. B o0meMm cirydae ypaBHeHue (9) He MHTETpUPYETCS B KBaJI-
parypax. PaccMoTpuMm peanu3anuio KOHKpPET-
HOTO JOIIYCTUMOTO IIEPUOAUYECKOTO 3aKOHa
IpOrpaMMHOI'O IBUKCHUS IIPU CICAYIOIIUX 3HA- 0124
YCHHMSIX  I[MApaMeTPOB  CHCTEMBI: M1 = 6 KT;
mz= 10 kr; r1= 0.1m; r2= 0.12 m; J1 = 0.03 krm?; b
J,=05 xrxm? wo(t)=1+0.2sint, M,(t) = i
4 — O.1wf Hwm, z(0) = 0.5.

Uucnennoe pemenue auddepeHmaib-

0194

017+

0,154

HOTO ypaBHEHHs JaeT ciueaymomui rpapuk m3- +——7r"—"—F———F———
MEHEHUsI TIEPEMEHHON p OT BpeMeHH (puc. 3.). ’ ’ 1tn . &
N3 nosydeHHBIX YHUCIEHHBIX pE3yJbTATOB Puc. 3. V3meHeHue nepeMeHHOI! p
BUJHO, YTO MIPOMEKYTOYHOC KOJIECO CHavaila OT BpEMCHH

MIEPEMEIAETCS B IONIEPEYHOM HAIIPABJICHUH 10 ONPEAEICHHOTO MOJIOKEHHUS, 3aTEM LIEHTP KoJieca
COBEpIIAET KoebdaTeabHOE IBUKECHHUE.

3akiarouyenue. PaccMOTpeH BOMpOC CYIIECTBOBAHUS CTAllMOHAPHOTO JIBMKEHUS Peryiisi-
TOpa CKOPOCTU C KJIACCHUYECKUM LEHTPOOEKHBIM PEryIsTOPOM, i€ YCTOMYHUBOCTh CTallHOHAp-
HOro ABMXKCHUSA IMPUBOJUTCA K OCO6eHHOMy KPUTHYCCKOMY CJIydaro. HOJ’Iy‘IeHBI JOCTAaTOYHBIC
YCIIOBHSI YCTOWYMBOCTH, KOTOpBIE BKJIIOYAIOT B ce0s KMHEMaTHYECKUE M JUHAMUYECKHUE IMapa-
MeTpHI peryisaropa. McenenoBan BOIpoc peanu3aluy YacTHbIX (IPOrpaMMHBIX) JBMXKEHHUH pery-
JATOpa € MOMOIIBIO TOPU30HTAIBHON YIPABISAIOIEH CUJIbL, IPUIIOKEHHON K Bally Aucka. Iloiry-
YeH SBHBIA BUJI YIPABJAIOIIEr0 apameTpa Kak (yHKIMH OT IepefaTOuyHON (YHKIMH, a TakkKe
YCIIOBHE PEATM3yEeMOCTH KMHEMATU4eCKOH cBs3M. Bo BTOpoM cirydae perysisitop cnocoOcTByeT
pean3anyy IpOrpaMMHBIX IBH)KEHUH, JOITyCKaeMBbIX YCIIOBUAMH AMHAMUYHOCTH. [IpoBeneH me-
XaHWYECKUN aHAJIN3 MOJIYYCHHBIX PE3YIbTAaTOB MOCPEACTBOM JBYX MOAXOA0B K PEryIMPOBAHUIO.
ITomyueHsl yncaeHHbBIE PE3YIBTATHI U1 KOHKPETHOTO 3aKOHA IIPOIPAaMMHOIO JIBUKEHUS PeTyJis-
TOpA.
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Annomayun: OpuxyuoH pezyiamoprHune CMayuoHap Xapakamu 8a YHuHe mypeyHau MAcaiac Kidaccuk MoCiazuy Xo-
auoa Kypuob yuruiean. Cmayuonap Xapakamuu yCmusopiueuHu masMUHIOSYY emapiunux wapmiapu monuiean. Pezynamopoa
dacmypuil Xapakamuiy amaned OuUpUuLL Ky32ary8uaHn 2uIOUpaKka Kyuuiean 6owkapuut napamempu(kys) époamuoa amanea oui-
pun Myammocu Kypuneat. Junamuxiux wapmuoan 60wKapyeuu Kyunu yseapuus Konynu anuxianean. Cucmemaza me2umuiiu aHux
KuiimMamiapoa Ky32ay84an UlOUPaKHu Macca MapKkazuHu 20pu30HmMall UyHAIUUWOA2U XapaKamuHu aHUKI08YY 2PapuK OTUHSaH.

Kanum cyznap: cmayuonap xapaxam; mypeyHiuK; 60uxapuut; Cmaduiu3ayus.
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Sidikov M.N., Kosimov Sh.S. Dynamic analysis of speed controller movements

Abstract: The issues of the existence of stationary motion and the stability of the motion of one of the types of friction
regulator with centrifugal balls are considered, and the question of the implementation of program motion using a control pa-
rameter, which is a force applied to a movable wheel, is also considered. An explicit form of the control parameter is obtained
from the dynamicity condition. Sufficient conditions for the stability of stationary motion are obtained, numerical results are
obtained for a specific type of program motion, which represent the movement of the center of mass of the movable wheel in the
direction of the axis of rotation.

Keywords: stationary movement; stability; control; stabilization.
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NONLINEAR LAWS OF COTTON YARN STRAIN
Sultanov K.S., Ismoilova S.1., Xazratova T.Ya.
Institute of Mechanics and Seismic Stability of Structures After M.T.Urazbaev, Tashkent, Uzbekistan
E-mail: ismailova.sabida@mail.ru

Abstract: Based on the analysis of experiment results on cotton yarn tension to a break, it is established that
the cause of the “tensile force-strain” diagrams non-linearity is the change in yarn structure under tension. Based on
the generalized Eyring model (standard-linear viscoelastic body), a physically nonlinear elastic-viscoplastic law of
cotton yarn strain under tension with allowance for unloading is proposed, where the moduli of strain and unloading
and the coefficient of volume viscosity of cotton yarn are the strain functions. The influence of elastic, viscous and
plastic properties of cotton yarn on the qualitative and quantitative picture of the stress-strain state of cotton yarn
during stretching and unloading under the action of semi-cyclic and non-uniform dynamic loads is shown.

Keywords: cotton yarn; variable strain modulus; non-linear law of tension; loading; unloading; critical
load; yarn rupture rate.

Introduction. The problem of thread and yarn rupture in technological processes of textile
production, as reported in [1], is far from its final solution. The strength of cotton yarn (hereinafter
yarn) is a basic characteristic of its rupture rate.

There are various methods of determination and assessment of textile thread and yarn strength
[2-4]. Among them the most valid one is the determination and assessment of yarn by its stress-strain
state [4]. This requires a direct knowledge of the law of yarn straining under tensile loads.

The laws of yarn straining are determined experimentally. It is known that the yarn consists
of fibers of 2-5 cm long with special arrangement of these fibers relative to yarn axis. Position of
each fiber around yarn axis depends of the mode of spinning [5]. As a result of spinning there
forms a complex interweaving of filaments and then a yarn. Obtained yarn structure specifies all
mechanical properties of yarn.

Results in [6-19] show that yarn has the most complex structure that causes the occurrence
of non-linear strain mechanisms at tension. Because of the complexity of yarn straining process
there is no any established laws of yarn deformation which could account for complex structure of
yarn and threads and the change of this structure under extension.

In [20-22] with modified Finite Elements Method (FEM) yarn is considered as a bunch of
finite elements-fibers, that is, yarn is modeled as a mechanical structure which consists of the
elements-fibers. Modified FEM reduces the problem of statics to the problem of mechanics using
the method of dynamic relaxation. Yarn is considered to be anisotropic along the radius, and iso-
tropic along the length. In [20] an algorithm of calculations and the principles of stress and strain
calculations under tension and torsion are given. In [21] calculation results for four types of cotton
yarn produced by ring and rotor spinning are presented. The effect of the parameters of accepted
model on the values of tensile force and torsional moment is determined. An assessment of this
effect is done. In [22], using a special method, a spiral arrangement of fibers in yarn is predeter-
mined. Based on it, fiber path in yarn, the change in radial coordinates of the fibers, twisting re-
gression in yarn could be determined. The dependences of tensile force P on relative strain ¢ for
four different types of cotton yarn, produced by ring and rotor spinning are built. Experimental
and calculated curves P(¢) are compared and a good agreement is obtained. The model proposed
in [20] is definitely not a law of deformation or an equation of state of yarn; it presents a finite
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element model of cotton yarn.

In [23,24] by Finite Element Method the stress-strain state of yarn is determined consider-
ing it as linear [23] and non-linear [24] elastic one. Here yarn diameter (non-regularity) is taken as
a variable, that is, the one changing according to sinusoid law. Here again the comparison of ex-
perimental and design diagrams o(e) gives a good agreement.

In [25] experimental results are given to determine the effect of twisting angle on mechan-
ical characteristics of yarn having twisted structure produced by ring spinning. Based on tests data
a formula was proposed to determine the effect of yarn twist on limit strength. It is noted that the
twisting builds a friction inside yarn between the fibers and mainly determines the mechanical
characteristics of yarn.

At present there is no reliable law of yarn deformation which would account for all the
factors observed in experiments and mentioned above.

It is known that all deformed materials in a certain range of strain changes, obey Hooke’s
law, that is, they show elastic properties under straining. Textile threads and yarn at initial stages
of tension also deform elastically. Naturally, following this condition, yarns are considered as lin-
ear-elastic body and the solutions of a great number of applied problems of yarn mechanics could
be obtained.

Textile yarns, both natural ones (cotton, silk, linen and others), and artificial polymeric
ones possess viscous properties. Viscous properties of silk threads were studied for the first time
by W.Weber in Gettingen as early as 1835 [4]. Further, the studies of viscous-elastic linear and
non-linear properties of textile threads have been developing in two directions: hereditary theory
and rheological theories of viscous-elasticity.

Hereditary theory with sufficient accuracy and reliability accounts for viscous-elastic (creep
and relaxation) properties of textile threads under straining. However, it should be noted that using
the laws of deformation of hereditary type, particularly non-linear laws of hereditary viscous-elas-
ticity, a solution of applied problems of yarn mechanics meets essential mathematical difficulties.

The search of more simple solutions of applied problems of yarn mechanics has led to the
use of model laws of material deformation, that is, the laws presented in the form of mechanical
models that describe the processes of deformation of elastic, viscous-elastic bodies. Sometimes these
models are called rheological models (such as Calvin-Voigt, Maxwell, Zinner, Eiring and other mod-
els). These models, described by differential relationships, are simple ones and allow the solution of
a number of applied problems of yarn mechanics [26]. As seen in [4] the models by Calvin, Voigt
and Maxwell are not applicable to describe the rheological properties of yarns. Zinner or Eiring
models, known also as a model of standard-linear body, explain the observed tests data and in a
certain extent are applicable to the solution of applied problems of yarn mechanics [4].

The model of standard-linear body has two priorities: visualization, on the one hand, and
obvious realization of the laws of thermodynamics, on the second hand. One more merit of the
model is a possibility to calculate an internal energy for any given system, presenting the energy
of elastic springs and the velocity of irreversible energy dissipation by viscous elements. All other
means to describe deformation processes give a possibility to calculate total energy of deformation,
but do not permit to separate accumulated energy from dissipated one [4]. Detailed analysis of
hereditary theory of viscous-elasticity and rheological mechanical models is given in [2-4].

It should be noted that discussed laws of deformation of textile yarns and threads are de-
veloped based of basic hypothesis of the mechanics of continuity, uniformity and isotropic char-
acter of material, that is, a thread is taken as a continuous uniform isotropic solid deformable body.
However, it is known that from as early as the time of thread formation, textile threads and espe-
cially textile yarns in their structural composition substantially differ from the hypotheses of the
mechanics of solids. As mentioned above, textile threads and especially yarns have the most com-
plex structure that consists of natural, synthetic fibers or of macro-molecular polymeric chains.
The fact, that threads and yarns were and are still considered to be isotropic uniform solid elastic,
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viscous-elastic and even elastic viscous-plastic material, presents a forced simplification in solving
the problems of yarn mechanics.

As mentioned earlier, the laws of deformation of materials, including threads and yarns,
may be derived only on the basis of experiments. Sometimes they are called the determinant equa-
tions or the equations of state (strain).

The simplest experiment or the form of mechanical testing of yarns is an experimental
determination of “loading-extension” dependence F(¢) when tensile load F is applied by some law
at constant rate. Here ¢ is a longitudinal strain of yarn.

Since an actual thread with real (actual) structure is tested in tension experiments, the ob-
tained dependences F(¢) or o(e) indicate the process of thread extension with all its physical and
mechanical structural characteristics (o is a longitudinal stress in thread). Hence, the dependences
F(¢) or o(e) obtained in tests may be considered as real laws of yarn deformation under tension,
and only on these grounds the mathematical relationships could be developed. Certainly, when
building the equations of state, it is necessary to make them extremely simple and easy to use in
applied problems of yarn mechanics; they should express all basic properties of material under
straining. It should be noted, that this is not always the case. Linear and non-linear viscous-elastic
equations of yarn state obtained on the basis of analysis of tests data and built by the use of both
Boltzmann-Volterra’s hereditary theory and rheological models, only partially express the exper-
imental factors obtained in tests when plotting the diagrams o(¢).

The first fundamental experimental dependences o(e) for cotton yarn, in our opinion, were
obtained by R.L.Steinberger in 1934 [27-30].

It should be stated here that results obtained by R.L.Steinberger [27, 28] are unique in both
their importance and reliability of experiments. They clearly show that acetate cellulose fibers at
tension are elastically-viscous-plastically deformed and this aspect should be taken into consider-
ation when developing the laws of straining.

In [27] based on results of extension tests with single fibers of cotton, silk, wool, nettle and
flax, a comparative analysis of the diagrams o(¢) and limit strength of these fibers was conducted.
It was established, that single natural fibers demonstrate sufficiently high tensile strength that
could be compared with the strength of copper wire (os = 400 MPa). In [27] the strength of single
fibers is explained by their molecular specific features.

Tests results given in [27-30] make clear the mechanisms of straining of single natural and
synthetic fibers under tension. The dependences o(e), that is, tests laws of fibers straining are es-
sentially non-linear ones. As reported in [27-30], it is difficult to determine the boundaries of
elastic and plastic strain of fibers under extension. Elastic strains of fibers occur at ¢ < 1 %, then,
single fibers are deformed mostly plastically. Non-linearity in single and filament yarns under
extension is related to specific features of their structure [31-33].

In [31-33] the measure of structural changes is an area of cross section of wool fiber. These
works state that wool fiber may be of different length even at initial and un-strained state. The
fiber is considered as structurally non-uniform in length and is reduced to dimension non-uniform-
ities. This is one of the approaches to consider structural changes under fiber extension. On the
basis of dimensional and structural variables of fiber, the rheological models of strain are consid-
ered by the use of hereditary theory and by mechanical models [31].

In [32] a comparison of the theory to experimental data on wool fiber extension according
to the dependences o(¢) was carried out and a good agreement was obtained.

Consideration of non-linear properties occurrence at extension of single and filament yarns
depending on the value of cross section, essentially complicates the construction of laws of their
strain under tension. The advent of modern high-precision devices-profilometers [34], which allow
to measure with high accuracy the diameter of fibers and yarns (20 mm-300 mm long, with diam-
eter d > 0.01 mm), does not simplify the problem of construction of fiber and yarn strain laws with
consideration of dimensional non-uniformities.
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In [35], fiber extension diagram a(¢) is considered as a superposition of a multitude of such
diagrams for separate portions of fiber along its length, here Young’s modulus along the length of
fiber is a variable value, depending on the change in mean cross section of fiber. Such approach
presents an attempt to construct physically non-linear law of extension related to the changes in
fiber cross section dimensions.

At present it is experimentally stated that Young’s modulus of a single yarn depends also
on strain rate. In [36] remarkable tests were carried out to study the dynamic extension of carbon
filament yarn. The values of Young’s modulus were measured under different strain rates. It was
stated that for brittle practically elastic under limit extension carbon filament yarn, Young’s mod-
ulus at strain rates differing by 7, 8 times (de/dt = 61 s and de/dt = 9 %), was 2.7-10° MPa and
2.2-10° MPa.

It should be noted that Young’s dynamic modulus Ep differs from static one Es by 1.23
times, that is, Ep/ Es = 1.23. Naturally for less elastic, viscous-elastic or viscous-plastic yarns this
relation may be much greater than 1.23.

In tests presented in36 there is revealed an independence of critical value of longitudinal
strain e, at which yarn breaks, on strain rate de/dt, that is, at all velocities of dynamic extension
yarn breaks at the same value of strain ¢ = ex= 12.9%. This is also a very important result.

In [37] the values of Young’s dynamic modulus are experimentally determined in twisted
nylon, dycron, viscose, acetate yarns as a function of twist angle at low (acoustic) level of stresses.
Here the modulus of dynamic strain is determined as E, = CZp, using the technique of impulse of
acoustic wave propagation, where Co is a velocity of propagation of strain plane waves, po an initial
density of yarn material. It was established that the value of dynamic modulus of twisted filament
yarn Ep is greater or equal to dynamic modulus of single yarn E3, that is, E, /EJ = 1 — 4. In other
words, twisted yarn may have higher strength than single yarn from the same initial material.

In the processes of modern textile yarn production and with an improvement of technolog-
ical processes, the intensities of dynamic loading and strain rate under extension are increasing.
Hence, the tests results from [36—37] also should be taken into account when developing the laws
of threads and yarn strain under extension.

In [38] filament yarn made of polyester, polypropylene and nylon was tested on tensile
strength under the effect of cyclic loads varying in strain range of tension ¢ from 0 to 0.2%. Based
on tests results a two-modulus equation was proposed to determine the stresses in yarn. These
modulus are considered to be the composite parts of Young’s modulus of yarn, that is, they consist
of actual part Er and imaginary part Es. It is possible to think that these modules in a certain extent
characterize static and dynamic Young’s modulus of yarn.

In [39] a complex viscous-elastic-plastic Nishihara’s model is used to describe experi-
mental strain properties of a bundle of cotton fibers under compression. This law includes an elas-
tic Hooke’s model, viscous-elastic Calvin’s model and Bingham’s model. Based on tests data the
parameters of Nishihara’s model are determined. It is shown that recommended model describes
the compression process of a bundle of kapoka fibers under compression. However, it is rather
difficult to use the proposed model in solution of yarn dynamics problems.

As noted in [40] fibrous threads and yarn are the unique textile materials connected by
friction forces, and their strain occurs as a result of fiber strain and their reversible and irreversible
mutual displacements. So, the properties of fiber material depend on fiber properties, their arrange-
ment and interactions between the fibers. At present the laws of straining, which consider these
aspects, are not developed yet.

Equations of state describing the process of yarn and thread strain with consideration of
elastic recovery and inverse relaxation, using the theory of viscous-elasticity, gain their develop-
ment in [41-44].

The works mentioned above do not settle the problem of development of strain laws of
textile threads and yarns. On the basis of analysis of these works we may formulate the basic
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requirements to the law of strain of threads and yarns under extension:

1. Textile threads and especially yarns have a complex multi-layer structure which includes
molecular (micromolecules), permolecular (fibrils) levels, micro-level (fiber) and macro-level (fi-
brous material). Due to complexity of the structure the threads and yarns are in length and radial
direction non-uniform and anisotropic material.

2. Structural construction of thread and yarn is changing under the straining, so physical-
mechanical, geometrical and strength characteristics of thread and yarn under extenson are changing
as well.

3. The modulus of elasticity and strain as well as all other mechanical characteristics of
yarn depend on the change in structure under straining, on the extent of fiber twist in yarn and on
loading velocity or strain rate.

4. Natural and synthetic threads and yarns undoubtedly possess viscous properties at all
stages of straining. Elastic properties of yarn are seen at the initial stages of straining.

5. Plastic properties of thread and yarn are seen also at the very initial stages of straining.
Irreversible plastic strains begin to form immediately after elastic stages of straining.

6. At repeated extensions of yarn after unloading, the loading occurs (as in many elastic-
plastic materials) along the unloading line till the stress value is reached at the moment of unload-
ing. Further the strain process heads along the line of extension.

7. Non-linearity of extension diagram or non-linear change in yarn stresses, depending on
strain values at extension, is related to the change in mechanical characteristics of material due to
straining.

As pointed in [40], current problem of yarn mechanics is a development of the methods of
prediction of operational properties of fiber materials and their changes under external effects.
Solution of this problem depends on the development of strain law that would take into consider-
ation physical non-linear properties of fiber materials under extension [4].

Materials and experiments. To carry out the tests to determine the law of yarn straining
at extension, a cotton yarn of card system, produced on pneumatic-mechanical spinning frame
from middle-staple cotton growing in Uzbekistan was used. The yarn was produced according to
the standards adopted in Uzbekistan: with nominal linear yarn density (in brackets is a number of
studied bobbins): T=14.0 (2); 15.4 (2); 16.5 (2); 18.5 (5); 29.0 (16); 50.0 (10); 72.0 (4); 100.0 (3)
and 160.0 (1) tex (1 tex=10-5 H/m). Yarn selection for the tests with given linear densities was
random. Before the tests, linear density of yarn for each bobbin was separately determined. To
measure yarn linear density with measuring meter HM-3, 50 small bundles were twisted in auto-
matic mode (leas) of 112.5 m length (for 100 revolutions of measuring meter). Then, twisted sam-
ples were weighed by turns on SK-60 H scales. After weighing all bundles the printer gave the
following data: the date of checking-up, batch number, total number of weighed leas, total linear
density of all leas in deniers, maximum indicator, minimum indicator, the difference between the
maximum and minimum, mean linear density on denier, standard deviation, variation coefficient
(%) and maximum deviation.

Using the results of linear density measurements for each bobbin we have determined the
variation coefficients of linear density irregularity (quadratic irregularity). The value of variation
coefficient C, for examined in tests 45 bobbins of cotton yarn changes in the range from 0.6 to 2%.

Experiments of yarn extension were conducted on «Statimat C» device. This device
(fig. 1(a, b)) conducts yarn tensile tests in automatic mode with proper software, reeling yarn off
the bobbin and holding it by clamps at a given distance about 500 mm.

The accuracy of load measuring is 0.1% of the capacity of measuring head (100 H), and
the prolongation is 0.1% from given value of (100%). Clamping length is 60-800 mm, velocity
100-500 mm/min. Tests results are displayed on the PC screen, and when the test with a sample
is finished, data obtained is printed.

The tests were conducted by the series of 50 repetitions with each bobbin (45 bobbins in
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all). The length of the samples was 500 mm, mean rate of yarn strain under extension about 0.015
st (velocity of sliding clamp was 450 mm/min).
a = Ly b

Fig. 1. Front panel of «Statimat C» device: a — general plane; b — installation scheme; 1 — automated shifter;
2 — blow-off nozzle; 3 — measuring clutch; 4 —movable clutch; 5 — regulating valve of movable clutch;
6 — trash bin; 7 — stop button-STOP; 8 — emergency stop; 9 — main switch; 10 — manipulator

Fig. 2(a) gives the graphs of 50 dependences of tensile force versus relative strain F(e)
(F incN, ¢ in %), obtained for cotton yarn with linear density T=50 tex.
The dependences F(e) obtained in tests for the rest 45 yarn bobbins are similar to the curves

in fig. 2(a). As seen from fig. 2(a), experimental dependences F(e) are non-linear ones, here in
strain process the curvature sign F(e) is changed.
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Fig. 2. Experimental diagrams (a), averaged diagram (b) at tension of cotton yarn
with linear density T=50 tex.

At the beginning of cotton yarn strain process the dependence F(¢) has downward convex-
ity, and then, upward convexity. Further the dependence F(e) remains almost linear.

At yarn extension, as pointed in [31-33], the occurrence of non-linearity in dependences
F(¢) is related to the change in structural construction of yarn. So, the change in yarn structure is
accompanied by the change in physical-mechanical characteristics of material, that is, the change
in density, elasticity modulus (stiffness), Poisson’s ratio and so on.

These mechanical characteristics of yarn material are changing in irreversible manner, from
yarn extension to its rupture. At initial stages of yarn extension, when the value of longitudinal
strain is negligible, the yarn deforms elastically, then, there occurs an elastic-plastic and plastic
strain of yarn. Cotton yarn that consists of cotton fibers, as a natural biological material, possesses
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viscous properties. Here viscosity means an internal friction in yarn.

As was stated in [27-30], it is very difficult from the diagram F(¢) to determine the bound-
aries of elastic and plastic strains. With consideration of viscous characteristics of material this
problem becomes more complex. Elasticity modulus or rigidity modulus of yarn for the entire
extension process we would call strain modulus.

Typical curves of dependences of tensile forces versus relative strain are given in [26].
According to [26], these curves are mainly of three types: convex downwards, convex upwards
and with variable sign of curvature, which is observed in our tests. For the first two types of curves
in [26] the laws of changes of yarn strain modulus are proposed depending on strain changes. For
the third type of curves the changes in current modulus of strain under yarn extension are not
defined. Obtained experimental data allow the determination of changes in current modulus of
strain E of cotton yarn under extension

From the diagram F(e) it is possible to determine actual strain modulus E; or secant modu-
lus of strain E. Actual modulus of strain is determined by drawing a tangential line in each point
of the curve F(¢) or approximately Esr= Ac/A¢. Secant modulus of strain in each point of the curve
F(¢) equals to E = F/e.

To determine Ef the curve F(e) in fig. 2(a) is divided by 50 intervals with approximately
similar step Ae. The values AF corresponding to Ae and Es= AF/Ae are defined, the value of secant
modulus of strain E for the same interval points are determined as E = F/e, where F and ¢ are the
values of longitudinal tensile force and strain in %, on the boundaries of intervals. Strain models,
as a rule, are written for the dependences of normal stresses versus relative strain o(¢). Relative
strain ¢ in this expression is a dimensionless value in contrast to diagrams, given in fig. 2(a) and
(b), where it is indicated in percent (¢ = 107 %).

To determine normal stresses in a sample we would make use of the relationship ¢ = F/S,
where S is a conventional cross section of yarn, which could be determined by formula S = T/ pv.
In the formula T is a linear density in tex, and pv is a volume weight of cotton substance of the
fibers, (for cotton it equals to pv= 1.5 mg/mm?®). Then, strain modulus may be determined from the
expressions Er = AFpv /(AeT) and E = Fpv /eT. These expressions for cotton yarn are reduced to
the form Es = 1500AF /A¢T, E = 1500 F/ €T, 0 = 15 F/T, where AF and F are indicated in cH, Ae
and ¢ in %, T in tex. The values of E, E and ¢ are obtained in MPa.

The change of strain modulus relative to the strain itself, obtained from averaged depend-
ence F(¢) (fig. 2(b)), is given in fig. 3(a).
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Fig. 3. Change in strain modulus depending on strain (a), (b) approximation of the dependence E(g)

Here the curve 1 refers to the change in actual modulus Ey, and the curve 2 to the change
in secant modulus E. In both cases strain modules dramatically decrease from initial value to some
minimum value. Then, Erand E are growing up to the maximum and again drop down. Comparison
of dependences E¢(¢) and E(¢) shows that on the whole, the characters of their changes coincide.
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However, E: (¢) is changing unevenly, while E(¢) more smoothly. Their extreme values differ.

Extremums of E (¢) are greater than corresponding Extremums of E(¢). This is explained
by the fact that E=AF/A¢ or Es=Aco/Ae approximately substitutes E+=dF/de or Er=do/de, respec-
tively. Based on this, for the future considerations as the grounds we would take the dependences
of secant modulus of yarn strain E(¢) as, in the first place, the change of E(¢) is stable and contin-
uous, and in the second place, the determination of the function E(¢) is more reliable (E=F/¢ or
E=ol¢).

As seen from fig. 3(a), the change of secant modulus of strain (hereinafter strain modulus),
depending on ¢ is essentially non-linear.

The character of strain modulus change E(e) in fig. 3(a) shows that at the beginning of the
process of cotton yarn strain, the strain modulus strongly drops from initial value of Ex down to
value of Ee, reached at e=¢.. Further the increase of the value of E up to a En, at e=¢m IS observed.

Then comes the drop of the value of modulus E down to the value Ex at e=ex. When the values
of e=¢&x or E=Ex are reached, there occurs a rupture of cotton yarn.

Altogether for the yarn from 45 bobbins with nine different nominal values of linear den-
sity, 45 dependences F(¢) were obtained similar to the dependences given in fig. 2(a) and (b). From
averaged 45 dependences F(¢), 45 dependences E(¢) were obtained, also similar to the curves in
fig. 3(a).

Analysis of obtained dependences E(e) shows that characteristic parameters for them are
the values of strain modules En, Ee, Em and Ex reached at the values of relative strains e, em and ex
respectively. Determination of approximating functions for the dependences E(e) given in fig. 3(a),
and following [26], determination of the equations of state (laws of straining) of cotton yarns that
were tested, are the problems to be solved next.

Here it should be noted that non-linear change of E(e) is a reason of non-linear dependences
F(¢) given in fig. 2(a). With the curve E(¢) (fig. 3(a)) the boundaries of elastic and plastic areas of
strain under yarn extension may be determined, that is impossible to do with diagrams F(¢). Here
on the portion [0, &e] the yarn is strained elastically. On this portion up to &.=0.00162 there occurs
some aligning of cotton fibers in yarn. So, the value of £ drops. When strain reaches the value of
ge the process of aligning of cotton fibers in yarn stops and they are more closely pressed to each
other and E increases up to its maximum E=En, at e=em. On this portion [ee, k] fiber displacements
relative to each other are possible. These relative displacements may be reversible or irreversible.
That is why, in this strain interval yarn is deformed partly reversible, partly irreversible, that is,
elastic-plastically. When strain modulus reaches the value of E=En in strain interval [em, ], the
value of E decreases. In this interval yarn extension has plastic character. Relative displacement
of cotton fibers is irreversible and the process of destruction of yarn structure goes on. When the
strain reaches a critical value of e=¢, yarn breaks. This explanation of yarn strain process at ex-
tension perfectly corresponds to the changes in E(€) and F(¢) given in fig. 2(a,b) and fig. 3(a).

So, obtained from experimental diagrams of yarn extension (Figure 2(a,b)) changes of
strain modulus depending on strains in a certain extent permit to reveal the mechanisms of elastic,
elastic-plastic and plastic strain of yarn at extension.

Approximation of nonlinear dependence E(g). In [45], a rather complex analytical descrip-
tion of change curve of strain modulus 2, given in fig. 3(a), is presented. In contrast to [45], we
offer the method of numeric approximation of curve 2 in fig. 3(a).

The main point of the method is that using discrete values of E and ¢ in curve 2 (fig. 3(a))
all intermediate values of the parameters between two points are determined. Here we may use the
method of linear interpolation. However, in cases, for example, when the step between two points
is sufficiently great, we take extreme points only, linear interpolation does not give very precise
values of E and ¢. So to determine the values of E between two discrete points, the following
relationships are proposed:

E¢(e,) = E; exp(Bils) , (1D
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Bi = In(E;41/E;), (2)
[oo= St T8 3)
St Eiv1 — &
where fi is a dimensionless indicator of the degree, being the parameter which characterizes the
intensity of changes of strain modulus E on the portion [i, i + 1], Isi a parameter, which character-
izes structural change of yarn at extension, E; strain modulus value in point i and Ei+1 in point i + 1,
&i strain value in point i, and ¢i+1 in point i + 1, & is a current value of strain at any point on the
portion [i, i + 1], Et current value of strain modulus corresponding to the value of &:.

Equation (2) follows from equation (1) at &:=¢i+1 and Et=Ei+1. The value of i in the range
of discussed portion is constant. Note, that equation (1) with consideration of (2) and (3), as cal-
culations show, gives the results, practically similar to the ones obtained by the method of linear
interpolation. However, equations (1)—(3) have a higher accuracy at approximation of curvilinear
portions E(¢) (curve 2, fig. 3(a)) with less number of points.

Fig. 3(b) present approximation results of nonlinear dependence E(¢) obtained on the basis
of tests data. We would conditionally call it a test curve. Here curve 1 (black points) is a depend-
ence E(e) (test curve) corresponding to curve 2 in fig. 3(a). Curve 3 (dash lines) is obtained at
approximation of the dependence E(¢) by equations (1)—(3) using only extreme value of E and ¢,
that is, 4 points En, en, Es, €, Em, ém and Ex, k. In this case the divergence between approximating
and test curves reaches 10-20%. Approximating curve 2 (dotted curve with two points) is obtained
using 10 points including extreme ones. Here, in the interval [0, ;] three points, in the interval
[6, em] three points and in the interval [em, &] four points, intermediate points in indicated intervals
are taken randomly. Fig. 3(b) shows that in this case the agreement between test and approximating
curves is 95-97%. When in approximation we use all 50 points on test curve, we would get a solid
curve 1. In this case there is a 100% agreement between test and approximating curves.

As shown above, by equations (1)—(3) any curvilinear test dependences E(¢) may be ap-
proximated; this would permit to build physically non-linear laws of yarn strain at extension with
variable strain modulus, depending on structural changes in material.

Physically nonlinear law of yarn strain at extension. On the basis of viscous-elastic model of
standard-linear body a law of deformation of structurally-unstable medium-soil under compression
with variable strain modules was constructed [46,47]. While soils of undisturbed structure begin to
damage under compressive loads, the structure of cotton yarn is damaged at extension. In [45] on
the basis of the model of standard-linear body, a non-linear law of yarn strain was proposed. How-
ever, in [45] the laws of changes in the moduli of yarn strain appeared to be imperfect. Following
[46] and advancing the work done in [46], a physically non-linear law of cotton yarn straining at
extension is proposed on the basis of a model of standard-linear body and relationships (1) — (3).

As mentioned above, the model of standard-linear body (among mechanical models) is the
one that in a best way describes the strain process in materials that possess rheological properties.
That is why the model is taken as a basic one to construct the proposed nonlinear law of yarn strain
at extension.

Physically nonlinear law of cotton yarn straining with consideration of elastic, viscous and
plastic properties of material and structural changes at extension includes the following equations

do (o) o _dz-:_l_ ) ) ds>0 4
Eyodr THE g T g THEE at =0, )
do de de

=— at —>0. 5
Er(e)dt dt a dt ®)

Where o — is a longitudinal (axial) tensile stress; ¢ — longitudinal (axial) strain; t—time; Ep (&)
— variable strain modulus under dynamic (at de/dt—) extension of yarn; Es (¢) — variable strain
modulus under static (at de/dt—0) extension of yarn; u(e) — variable parameter considering plastic
properties of material; Er (¢) — variable unloading modulus, considering plastic properties of yarn
straining.
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Viscosity parameter u(e) is related to the coefficient of volume viscosity # of yarn by the
relation

Ep(e)Es(e)
= ) 6
4O = 5,0 — B I ©®
The moduli of dynamic and static extensions are related by the equation
y =) )
ES(E) .

To determine phenomenologically the values of unloading modulus at yarn extension the
following relations are proposed

Er(e) =Ep(e) at 0<e<g,, (8)
Er(e) = Ep(e) explop(ls —1)] at g, <e<¢y,, )
&
ER=EDexp[go(€—m—1)] at £ > ¢, (10)
B
where ¢ = @ is a dimensionless coefficient that characterizes the slope of unloading curve
m
to the axis of strain in diagram o(e); Kz = ?8 is a dimensionless coefficient, that characterizes
D

maximum possible value of unloading modulus; I = gi a parameter that characterizes the depend-

ence of yarn plastic properties at extension on the change in its structure.

According to equations (8)—(10), the process of yarn deformation in strain range [0 < & < &]
is completely reversible, in the range [e, <& <em] is partly reversible, that is, here the slope of
unloading modulus Er to the strain axis is gradually increasing, depending on structural changes
in yarn. When & =&, Is=0 and Er(e) =Ep(¢), and at & = em, Is=lsmax= em/es, Er(g) reaches the
maximum value and then, in the range [em < ¢ < &] remains constant according to equation (10).

Equations (4), (5) together with determinant relationships (6)—(10) are physically non-lin-
ear elastic-viscous-plastic law of cotton yarn deformation at extension with consideration of ten-
sion rate and unloading at any stage of straining.

Determination and assessment of the values of proposed law parameters. Deformation law
(4), (5) and determinant relationships (6)—(10) contain the functions of changes of strain modules
Es(e), Ep(e) the functions of changes of coefficients of volume viscosity # (&) or viscosity param-
eter u (¢), and the functions of changes of unloading modulus Er(e). All these functions should be
determined from corresponding results of experiments.

To analyze and assess the proposed law, some approximate values of the parameters of
these functions should be known. Curvilinear dependence E(¢) (curve 1, Figure 3(b)) obtained on
the basis of experimental diagram F(e) is a function of Es(g). As, in this case, the rate of yarn
extension is de/dt = 0.015 s72, it presents a quasi-static mode (de/dt — 0) of deformation. Then,
using relation (7), Ep(¢) is determined. To do this it is necessary to know the value of y.

According to tests results [36] for carbon filament yarn the value is y = Ep/Es = 1.23 at
strain rates de/dt = 61 st and de/dt =9 s7L. In tests described in [36], lower limit of strain rate is
9% it is 600 times greater than the strain rate of discussed yarn. Upper limit of strain is 61 s2,
this is also not a limit rate of carbon yarn strain. Hence, for carbon filament yarn we may consider
that y > 1.23. For cotton yarn that possesses more pronounced viscous properties, than carbon yarn,
we may assume that y changes in the range from 1.1 to 4. An exact value of y should be determined
from corresponding experiments. In determinant relations (8)—(10) all parameters of unloading,
that is &, em and Is are known, except the parameter Kr=ERr(¢)/ Ep(¢). The value of Kr may also be
assessed approximately. In the case of equation (8), Kr= 1, in case of equation (10) assume that
Kr=10 and greater.

Unfortunately, there is no tests data on the values of volume viscosity # (&) or viscosity
parameter u (¢) at the change of yarn extension strain from ¢ = en= 0 to ¢ = &, that is, to a rupture.
We would take an attempt to assess approximately the value of # (&) by the following way.
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It is known that the values of coefficient of volume viscosity # for structurally undisturbed
material are less than for structurally damaged material. Hence, assume that the function of coef-
ficient of yarn volume viscosity 7 (¢) at yarn extension, when there occurs the process of its struc-
tural damage, is increasing with strain increase. Then, according to equation (6) the value of vis-
cosity parameter u decreases, that is, the function u (¢) is a decay function of argument ¢. Assume,
that viscosity parameter at yarn extension in the range of strain changes 0 < ¢ < &, decreases ac-
cording to exponential law

p(e) = uy exp(—a &./&) (11)
Where un is an initial value of viscosity parameter for structurally undamaged yarn; a dimension-
less coefficient that characterizes the intensity of decay value of .
At & = & from (11) we get

W=t = pye " (12)
Hence
a = In(uy/ux) (13)
With (7) from equation (6) we get
_ YEs(e)
MO =5 ) )

At present, the value of 7 (¢) coefficient of volume viscosity of cotton yarn is not deter-
mined yet. So, the value of 7 (¢) is taken approximately.

From reference data, volume viscosity of glass is # = 10°~10° MPa-s, volume viscosity of
liquid carbon bisulfide at the temperature 200C is # = 0.576 - 10® MPa-s, volume viscosity of wa-
ter at the temperature 150C is # = 3.09 - 107° MPa-s.

According to these data volume viscosity is changing in a very wide range: from 3.09 - 10~
9MPa-s for water to 10 MPa-s for glass. Volume viscosity of cotton yarn is approximately taken
as = 10>-10° MPa-s at ¢ = 0, that is, this coefficient of volume viscosity refers to undamaged yarn.

Then, with equation (14) at y= 2, Ex = 3195 MPa and 5 = 10 MPa's we get un = 64 s, If
assume that # = 10 s—1, then un = 6.4 s1. Approximately assume that the value of un changes in
the range from un =100s™ toun =15

Using assessed value of parameters of the models (4) and (5), it becomes possible to con-
duct an analysis of the equations of proposed law of yarn strain.

As noted in [48], the coefficient of volume viscosity is a quantity measure of additional
force of internal friction in material. In other words, volume viscosity in a certain extent charac-
terizes the reconstruction of yarn structure. So, the coefficient of volume viscosity # or the param-
eter of volume viscosity u plays an important role in the process of yarn straining.

On the basis of known values of parameters of the law (4), consider the change in stresses.
For this in accordance with experiments, we would give the change in strain by the equation

=g sin% , (15)
where & is a critical value of strain, reached at t = t; t — time, = — Pythagoras’ number.

Fig. 4(a) gives strain changes in tests under extension of yarn with linear density T=50 tex
(black points) and its approximation by equation (15) (solid curve). As seen from fig. 6 strain
changes in experiments and by equation (15) coincide with high accuracy.

Yarn strain at extension increases practically linear with time (fig. 4(a)). Before yarn rup-
ture, when its structure is strongly weakened, the dependences ¢ (t) display a non-linear portion as
well. Calculations of design value of strain by equation (6) may be conducted with any step At.
Strain modules Es (&) corresponding to each value are determined by equations (1) — (3).

The value of Ep(¢) is determined from relationship (7). Then, by equation (4), using the
Method of Finite Differences, stress changes are determined according to the proposed nonlinear
law of yarn straining.

Initial data for this problem are the results of tests processing of extension of cotton yarn
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with linear density T =50tex: enx =0.00025; & =0.00162; em =0.01317; & =0.06202;
En = 3195 MPa; E; = 2130 MPa; En = 4074 MPa; Ex = 2920 MPa.

From these initial data, the function of changes in static modulus of yarn extension E(¢) is
determined. From relationship (7) the function of dynamic extension of yarn Ep (¢) = yEs (¢) is
determined. Change range of y, as stated above, is taken to be 1,1 <y <4. Change range of initial
value of viscosity parameter is 1 < un <100 s, Function of u(e) is determined from relation (11).

When analyzing the equations of law (4), (5) with account of unloading, that is, with equa-
tions (8)—(10), initial data given above are sufficient to determine the unloading function.
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Fig. 4. Strain (a), and stress change in time (b) at tension of cotton yarn, comparison of experimental and design
diagrams at tension (c), dependences o (¢) at various values of viscosity parameter un (d)

Results of calculations and their comparison with experiment. Consider the change in lon-
gitudinal stresses in yarn o(t) under its extension till the breakage (fig. 4(b)). Curve 1 (black dash
points) corresponds to experimental curve in fig. 2(b). Curve 2 (dash one) is obtained at approxi-
mation of test dependence E(e¢) by relationships (1)—(3) using only the values of en, &5, €m, &, En,
E., Emand Ex, that is, it is obtained using curve 3 in fig. 3(b). In this case design tests dependences
o(t) agree in rather satisfactory manner. Curve 3 (dash with two points) is obtained when using
curve 2 of dependence E(e) in fig. 3(b), that is, approximation of tests curve in this case occurs
using ten points. In this case, the agreement between test and design curves is 98%. In case when
curve 1 is used in design (fig. 3(b)), that is, at approximation of test dependence E(e), with 50 tests
points, we get a 100% agreement of test and design dependences o(t). In these calculations an
initial value of viscosity parameter is un = 100 s1. Fig. 4(b) shows that after yarn break at &= &,
the stress drops to zero.

Excluding the time from dependences &(t) and o(t) (fig. 4(a) and 4(b)) we would build the
diagrams of yarn extension o(¢) (fig. 4(c)). Here curves 2-4 correspond to the same designations
as in fig. 4(b). These curves differ, the same as curves 2-4 in fig. 4(b), in number of test points at
approximation of test dependence E(¢) by equations (1)—(3). Here, as in case of o(t) (fig. 4(b)) with
increasing number of points used at approximation of function E(e) the accuracy of coincidence
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of test and design dependences o(¢) is increasing too. However, the use of only 4 extreme points
from test dependence E(¢), also gives a satisfactory agreement of test and design curves o(¢) at
un =100 st (curves 1 and 2, fig. 4(c)).

The effect of changes in values of un on dependences o(¢) is shown in fig. 4(d). Here curve
1 corresponds to curve 1, fig. 4(c), which completely corresponds to experimental curve o(g) with
exception of some difference at moments close to rupture. Curve 2 is obtained at un= 10 s%, and
curve 3 at un = 151, As seen, with increasing value of yarn viscosity parameter un, that corre-
sponds to the decrease in value of coefficient of viscosity # according to equation (6), the discrep-
ancy between test and design dependences o(e) becomes significant. Design results in fig. 4(d)
show that the value of un for studied in experiments cotton yarn is un = 100 s,

Varying the values of un at known functions Es (¢) and Ep (¢) the values of un may be de-
termined on the basis of the equation of law (4). This becomes possible with discussed numeric
solution of «zero-dimensional» problem. Developed program of numeric analysis equation (4) in
«DELFI» environment may be used to determine the values of un on the basis of comparison of
test and design curves o(e). Fig. 4(d) also indicates that the increase in value of coefficient of
volume viscosity # (the decrease in volume viscosity parameter x) leads to the increase in stress
of yarn rupture (curves 1-3).

These results agree well with functional characteristic of volume viscosity of materials,
analyzed in [48].

Analysis of nonlinear law of yarn strain with consideration of unloading. Results above
show that nonlinear law of straining (4) worked on the basis of the model of standard-linear body,
describes the process of yarn extension till its rupture. The agreement of test and design results is
good. The occurrence of non-linear properties of straining is due to changes in strain modulus at
yarn straining. Consider the work of equation (4) with equation (5), that is, with consideration of
unloading. For this we would combine the analysis of equations of models (4) and (5). As noted
above, yarn extension in strain range 0 <& <&, has an elastic character, in the range &, <¢ <eém
elastic-plastic character, and in the range em < & < & plastic character. First consider the process of
unloading in elastic portion. For this, the following changes are introduced into equation (15)

e(t) = abs (ea sin %) (16)

Where &, is an amplitude (maximum value) of strain at yarn extension.

When the strain is ¢ = &5 there occurs an un-
a loading, as de/dt <0. According to equation (16),
56 current value of strain ¢(t) is always positive, as yarn
works on extension only and does not work on com-
pression.

Using equations (1)—(16), consider the yarn
unloading in the interval of strain changes 0 < ¢ < &,.
Initial problems remain without changes, with ex-
ception of ea = &, un =100 s, Kr =1 and the step

N
o

Stress, MPa

2/ of calculation here and later is At = 0.001 s. Calcu-
lation results are given in fig. 5. Yarn loading (ex-
b o tension) occurs along = curve 1 (fig. 5).

. WY When strain reaches the value of 3 = ¢, at

Fig. 5. Diagrams of “loading-unloading” process  dg/dt < 0 their occurs an unloading along the line 2,

Instrainrange 0 <e <z, atBr =EsorBr =Eo. ot pp = E or along the line 3 at Er = Ep. In the latter

case at Er = Ep the unloading occurs along a broken line (ab0). In viscous-elastic materials under

complete cyclic loadings, a hysteresis loop is formed. From fig. 5 it is seen that at Er = Es, a
hysteresis loop as such is not formed, but at Er = Ep (line 3), it is formed.

This proves that the unloading in models (4), (5) in elastic portion is taken correctly. How-

ever, in this case, when stress equals to zero, strain should also be equal to zero, that is why (under
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unloading) the unloading from the point (b) is directed along the line b0. At multiple change in
strain till it’s critical value of ¢ = &k, the process «loading-unloading» occurs at Er = Ep along the
curves (0ab0, fig. 5).

Change of strain itself for this case (Er = Ep) is shown in fig. 6(a) (solid curve 1). Changes
in strain rate corresponding to this case are shown in fig. 6(b) (curve 1). As seen from the last
figures, strain in these cases is changing by half-periods of sinusoid, and strain rate unevenly at
points of beginning of basic and repeated loadings. Dash curve 2 in fig. 6(a) corresponds to strain
change at Er = Es. In this case some «delay» in time of strain values is observed when compared
to the case Er = Ep (curve 1), this delay is related to the difference of unloading velocity along the
lines 2 and 3 (fig. 5). According to these results, the law of deformation (4) and (5) works rather
adequately in the portion of elastic strain of yarn.
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Fig. 6. Strain change at tension (a), change in strain velocity (b) under various modes of unloading

In the case, when &2 = em and Kr = 1, that is, the unloading begins when strain reaches the
value of em, the changes of o(¢) could be seen in fig. 7(a). Here and further the unloading takes
place according to equations (5), (8)—(10). Strain-time changes for this case are shown in Figure
6(a), curve 3. Strain rate changes de/dt, referring to this case, are shown in fig. 6(b) (curve 3).

On the first half-cycle the loading occurs along curve 1. When strain reaches the value of
em, the unloading occurs along the line 2. Reloading occurs also along the line 2 till the point (a),
and then, along the line 1. In the point (b) in a new half-cycle the strain again reaches the value em
and there occurs the unloading along the line 3. The cyclic manner of the «loading-unloading»
process goes on till the strain reaches its critical value of ex. At the moment when ¢ = & the rupture
takes place.

Different strain change with time occurs with an increase in parameter in relation
Kr = Er(¢) / Ep (¢). Changes in diagrams o(e) when Kr =5, 10, 100, corresponding to the curves
of strain changes 4, 5, 6, fig. 6(a), are given in fig. 7 (b), (c), (d).

In these cases the values of the rest of initial data remain without changes. As seen from
fig. 7(b)—(d), an increase of the slope of unloading line to the strain axis, that is, an increase in
value of Kgr, leads to more rapid attainment of the value of critical strain ex with time in the process
of half-cyclic changes of yarn loading (curves 4-6, fig. 6(a)).

An increase in strain amplitude to ea = 0.5ex (curve 7, fig. 6(a)) shortens the time of attain-
ment of critical strain &, at which yarn breaks (fig. 8(a)), and, finally, when &a = & (curve 8, fig.
6(a)) a critical value at tx = 3.72 sec is reached on the first half-cycle of strain and yarn rupture
takes place. Curve 1 fig. 4(d) corresponds to this case. The changes in strain rate de/dt, correspond-
ing to curves 7 and 8 fig. 6(a), are given in fig. 6(b) (curves 7 and 8). As mentioned above, in yarn
tensile tests on «Statimat C» device, strain rate is de/dt = 0.015 s*. Rate value is determined from
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tests results as de/dt = ex / tk = 0.06202/3.72 = 0.01667 =~ 0.015 sL. This value of strain rate is an
approximate and averaged value of de/dt. Obtained from calculations and according to test changes
in strain, given in fig. 4(a), strain rate changes are not constant values (curves 1, 3, 7, 8, fig. 6(b)).

For curve 8 fig. 6(b), corresponding to test, maximum value is de/dt = 0.026 s%, and averaged
value is de/dt = 0.013 s%,
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Design results given in fig. 6(b) indicate that yarn strain rate at extension is not a constant,
it is a variable value from the very beginning of yarn extension process (fig. 6(b)).

Using the equation (4) consider the change of design diagram o(e) at strain change accord-
ing to linear law

E=vgt. (17)

Where V. is a strain rate at yarn extension equal to v, = & / tx.

Fig. 8(b) presents the dependences o(¢) at different strain rates.

The value of &= 0.06202 is taken as in tests and stays without changes. The time of attain-
ment of critical strain tx is changing. Dash black points on curve 1 (Figure 8(b)) refer to the values
of stresses at strain changes according to equation (17) at v.= 0.01667 s at ty=3.72 s as in ex-
periment. Curve 2 is obtained at strain change according to formula (16) at the same values of
€a = ex and ti.

As seen from fig. 8(b) at low values of strain rate the curves o(e) in both cases of strain
changes with (16) and (17) coincide completely.

Curve 3 corresponds to the case, when strain rate is v,= 0.01667 s in (17), (tk=3.72 s,
and ex remains without changes), that is, it is 10 times greater than for curve 1. In this case curve
o(e) is actually close to curve o(e) at v.= 0.01667 s* (curve 1). 100 times increase of strain rate
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(v.=1.667 stat tc= 0.0372 s) results in essential increase of stress at linear change of strain ac-
cording to equation (17). In this case the value of critical load, ok at which yarn breaks, becomes
15.8% greater. 1000 times increase in strain rate (curve 5, fig. 8(b)), that is, v.= 16.67 s at
tx=0.00372 s, results in 93% (almost 2 times) increase in the value of ox. Curve 6 in fig. 8(b)
corresponds to the case when strain is changed according to formula (16) at t«= 0.00372 s.
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Fig. 8. “Loading-unloading” diagrams in strain range 0 <& <& /2 at Er = 10Ep — (), Strain velocity effect
on dependence o(e) — (b).

As seen in fig. 8(b), at high strain rates as well as at low ones the changes of o(e) are
practically the same (curves 5,6 and curves 1,2). However, as expected, the increase in strain rate
leads to the increase in breaking load ok at a constant &x. As mentioned above, the independence
of the value of & on strain rate was proved experimentally [36].

According to results shown in fig. 8(b), the dependences o(e) obtained at strain changes
with equations (16) and (17) practically do not differ at different rates of yarn extension. Decrease
in loading time or increase in strain rate leads to yarn break at essentially great stresses.

Analysis results of the proposed physically nonlinear law of yarn straining show that equa-
tions (4) and (5) together with determinant relations (1)—(3) and (6)—(14) correspond to analysis
results of experiments on tensile strength of yarn. The proposed law describes the process of «load-
ing-unloading» at half-cyclic or variable changes of strain-time.

Conclusions. The paper presents a physically nonlinear law of yarn strain at extension.
The law is developed on the basis of experimental diagrams of cotton yarn extension on «Statimat
C» device. It is considered, that nonlinear strain properties of yarn are the results of structure
changes at yarn extension. The change in yarn structure leads to the change in its mechanical
characteristics. Hence, from experimental dependences of longitudinal stresses on longitudinal
strains of yarn o(¢) the curvilinear dependences of yarn strain modulus changes on the values of
strain itself E(¢) were obtained.

A method of numeric approximation of complex dependence E(¢) was offered.

On the basis of the model of standard-linear body, a physically non-linear law of yarn ex-
tension was offered, where strain modulus and coefficient of volume viscosity of cotton yarn are
the strain functions.

Offered law also includes nonlinear equation of unloading, where the unloading modulus
is also a strain function. The totality of presented equations constitutes a physically nonlinear elas-
tic-viscous-plastic law of yarn straining.

Numeric analysis of the proposed law of yarn straining shows its agreement to tests results
obtained at yarn extension till the break. Logical adequacy of a given law under different modes
of straining with unloading is shown.

Results obtained in the paper have shown that the proposed physically non-linear elastic-
viscous-plastic law describes the nonlinear process of yarn straining at extension and explains the
reasons of nonlinear properties of material.
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So, the proposed law may serve as a basis to solve applied problems of the strength of
textile yarns and threads, subjected to the effect of quasi-static and dynamic loads, appearing in
technological processes of textile production.
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K.C. Cynmanos, C.H. Hcmounosa, T.A. Xaspamoega. Ilaxma unununz deghopmayuananumiunu HOYU3IUKIU KOHYHU-
amnapu

Annomayusn: Ilaxma ununune y3unuueada w3uiuuhu maxjcpubanapoa maokux smunub, «4y3yeuu Kyu-oegopmayusiy
OUASPAMMACUNUHE YUBUKCU3 J32apuiuu cababu, UnHUHS Y3WIUWU JCapaénuod YHUHe MEXaHUK XOCCanapil, JdCyMaaoan, depopma-
Yust MOOYTUHUNE J32aPUIUY IKAHAUSY AHUKTAHOU. DUPUHSHURS yMyMaauimupurean mooenu (cmandapm EnuuKor sAaACmuK JHCUcM)
acocuda naxma unuHUHe QUIUK HOYUUK YY3UTULL KOHYHU Uuinab yukunou. Yoy Konynea kypa oeghopmayusi MOOYIU 84 XAACMULL
ENUWKOKTIUK KOI(pPuyuenmu oepopmayusinune QyHKYusnapuoup. JUHaMuK Kywiap mavCupuoan naxma UnUHUHE 4y3uiumuod
xocun 6ynaduean Kyuianuui-oepopmayiis Xonamued, yHuHe SAACMUKIUK, ENUUKOKIUK 64 NIACIUKIUK XYCYCUSIMAApU MabCupi-
HUHZ cugham 6a con oapasicanapu Kypcamuiou.

Kanum cyznap: naxma unu; yzeapyguan 0eghopmayusi MOOYIU; HOUUZUK, 4Y3ULUUL KOHYHU; IOKTAHUUL; IOKCUAHUWL, KDU-
MUK TOKAAHUUL; URHUHS Y3UTUWY Me3NuU.

K.C. Cynmanos, C.H. Hcmounoea, T.A. Xazpamosa. Henuneiinvle 3aKkonbl 0epopmayuu Xa0nkoeoit npaxcu

Annomayusn: Ha ocroge cepuiinblx IKCHEPUMEHMOS8 NO PACMAICEHUIO NPSIJIC C PAZTUYHBIMU TUHEHbIMU NIOMHOCHISAMU
00 0OPbIBA YCMAHOBNEHO, YMO NPUYUHOU NPOSGNIEHUs. HETUHEUHOCTU OUASPAMM (PACTALUBAIOWAS. CUTLA-0eopMayusy» A6IAemcs
6 OCHOBHOM MPUHUHOU USMEHEHUs: MOOYIA depopmayuu npsdicu 8 npoyecce ee pacmsicenus. Ha ocnoge 0606wennoil mooenu
Diipunea (cmandapmuoe 6s3K0ynpy2oe meno) paspabdomarn uau4ecKy HeTUHeUHblll 3aKOH PACMANCEHUs] NPSICU, 20e MOOYIU Oe-
@opmayuu u ko3 Guyuenm o6vemHol 653K0CHU AGIAIOMC PyHKYUAMU Oepopmayuu. Tlokazano enusHue Ynpyeux, Ga3Kux u nid-
CMUYECKUX CEOLICME NPSNCU HA KAYECMEEHHYIO U KOTUYECGEHHYIO KAPMUHY HANPAICEHHO -0epOPMUPOBAHHO20 COCMOSIHUSL NPU
pacmsalcenuu u pasepysre noo Oeticmauem NOJLYYUKIUYECKUX U Hepe2yIsiPHbIX OUHAMUYECKUX HAZDY3OK.

Knrouesvie cniosa: xnon4amobymadichas npsca; nepemenHbiil Mooyib depopmayuu; HenuHeliHbill 3aKOH PACMANCEHUS;
Hazpyosicerue; pasepy3Ka; KpUmuieckds Haspy3Kd; CKOpOCmb pa3pbiéa NPSIJICU.
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VK 519.63+539.37 (575.1)

YUCJIIEHHOE PEHIEHUE 3AJAYY TEOPUU YIIPYI'OCTHU B JE®@OPMALIUAX

A.A. Xamrkurutos?, V.3. :xxymaéson 2
Hayuonanvnoii ynusepcumem Ysoexucmana, Tawxenm, Y3bexucman
2Camapranockuti punuan Tawkenmexkozo ynueepcumema unghopMayuoHHbIx mexnono2u,
Camapxano, Yzoexucman
E-mail: a.xoldjigitov@nuu.uz.

Annomayun: B cmamve ypashenue cosmecmuocmu deghopmayutl, 8 omauyue om ypasHenus Bervmpamu -
Mumuenna 6 HanpsaXCeHUsIX, 3aNUCAHO 6 8ude ulecmu OUPDPepPeHYUaIbHbIX YPAGHEHU OMHOCUMENILHO 0eopMayull.
THoxazano, yumo Juggepenyuanvuvie ypagrnenus deghopmayuli COBMECMHO C YPAGHEHUIMU PABHOB eCUsl, 3ANUCAHHbIM
omHocumenvHo deopmayuil u 3akona I yka, a maxoice ¢ mpemsi SpAHUMHbIMU YCL0BUAMU , COCTNAGISIION HENOJIHYIO
Kpaegyio 3a0auy 6 deopmayusx. ¥Ycmanoeieno, ymo OJis 3aMbIKAHUsl Kpaesoll 3a0a4u HeoOX00UMO paccmMampuéams
VpasHenusi pagHosecus 8 Kauecmee epanudHblx yeaosutl. bonee demanvho paccmompen cayyati niockoi degopma-
yuu. Tlocmpoenvl cummempuynbie KOHEYHO-PA3HOCTHbIE YPAGHEHUSl U PEUler YUCIEHHO Psi0 NPUMEPOS8 N0 MENOOy
nociedogamenbubix npubaudicenutl. JJocmogeprocmos pe3yibmamos 000CHOBAHA CPAGHEHUEM YUCTEHHBIX Pe3YIbind-
MO8 C MOUHBIM PeUeHUeM, a MaKdlice peeHuem 3a0aiu 0 pacmsadiceHuy NAACMUHbL ¢ NPOMUBONOLONCHBIX CIOPOH
napaboauieckol Hazpy3Kou.

Knrwouesvle cnosa: deghopmayus,; ynpy2ocmov, HANpsdiceHust; yPAGHEeHUs. PAGHOGECUsl, Kpaesasi 3a0a4a, umepa-
YUOHHBLU MEMOO.

BBenenne. OObIYHO 337a4U [0 OMPEEIICHUIO HANPSHKEHHO-IEPOPMUPOBAHHOTO COCTOS-
Hus (HJIC) koHCTpYKIUi 1 MX 3JIEMEHTOB B MEXaHUKE 1€ (hOPMHUPYEMOTO TBEPIOTO TEJIa CBOIATCS
K PEIEHHI0 CTaTUYECKON (IMHAMUYECKOW) KpaeBoM 3a/laul OTHOCUTENbHO nepemerienuid. [1pu
3TOM JAedopmaliu 1 HampsbKeHUs: onpenensitoTest mo cootHomeHusM Komm u 3akony ['yka, co-
[JIACHO U3BECTHBIM MEPEMEIICHUSIM.

KpaeBrbie 3a1aun B HanpsiKEHUSIX, OCHOBaHHbBIEC HA YpaBHEHUAX benbTpamu — Murtuenna [1],
SIBJISIETCS] 0OBEKTOM MCCIICIOBAHUSI MHOTOUUCIICHHBIX padoT [2—20]. Cpenu HUX MOKHO OTMETHTh
pa6otsl B.E. [To6enpu [3—15], rae npemiokeHa HOBast TOCTaHOBKA KPAaeBOi 3a1aui TCOPHH YIIPY-
rOCTU B HampsbKeHUAX. B yacTHOM ciydae M3 HOBOM NMOCTaHOBKH CIEIYIOT KJIACCUUYECKHE YpaB-
HeHus benbtpamu—Muruenna. [[luHamudeckue KpaeBble 3a/1a4l OTHOCUTENBHO HAMPSHKEHU pac-
cmotpensl B pabore H.H.KonoBanosa [10]. @opmynupoBka KpaeBoil 3a1a4il OTHOCUTENIBHO Jie-
dbopmaruii ABISIETCS MaJOU3y4EeHHON 00JIaCThIO MEXaHWKHU JehOPMUPYEMOTrO TBEPAOTO Tea.
VYpaBHEHUsSI COBMECTHOCTH zAedopManuii, cieays ypaBHeHHsM benbTpamu-Murtueria, mMoryr
OBITh 3aMKCaHbl B BUJE CUCTEMBI LIecTH AuddepeHIInaNbHbIX YpaBHEHUNH OTHOCUTENBHO aedop-
Maruit [ 1]. DT ypaBHEHHS B COUYETaHHUH C TPEMsl ypaBHEHUSMH PaBHOBECHUS U TPAHUYHBIMH YCJIO-
BUSIMH COCTABJIIOT KPaeBYIO 3aJjauy TEOPHH YIPYrocTu B aedopmanusax. 3ajadya B HOBOI mocTa-
HOBKE OTHOCHTEIBHO JedopMalluii Takke paccMoTpeHa B paborax [Tobempu [3,5,7].

Takum 06pazom, GhopMyaHpOBKa U pelIeHUE KPaeBbIX 3a7ad TEOPUU YIPYTOCTH OTHOCH-
TeJIBHO JedopMaliil ABISIIOTCS BXKHON aKTyalbHOM 3a/1aueil MeXaHUKH 1e(OpMHUPYyeMOTo TBEp-
JI0TO TeJna.

IlocTanoBka KpaeBoii 3aa4u Teopuu ynpyrocru B aepopmanusx. M3sectuo [7], uro
KpaeBasi 3aJja4ua TEOpUHU YIPYTOCTH I U30TPOIHBIX COCTOUT U3 ypaBHEHUS! PABHOBECHS

o;;+X; =0, (1)
3akoHa ['yka

o;; = A00; +2ue;, (2)
cooTHomenus Komm

1

&j :E(ui,j +U;;), )
TPAHUYHBIX YCIOBHUI

U; |21 = Ui0 ; 4)

O-unj‘zz =Si y (5)
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TJIe Gijj— TeH30p HANPSOKEHUH, &jj — TeH30p AeopMariuii; Ui — IepeMeNIeHus; A, L — yIpyrue mo-
crostHabie Jlame; 6 — mapoBas yacTh TeH30pa aedopmanmii; Sj — MOBEPXHOCTHAs HArpy3ka; Xj —
00BEMHBIE cHITHI; Ojj — cuMBOJI KpoHekepa.

C nmomoripio cootHomieHui (2) u (3) ypaBHECHHE PaBHOBECHSI MOXKET OBITh 3alMCaTh OTHO-
CUTENBHO nepemMenienui [1], T.e.

1V, + (A + 100, +X, =0, (6)

rae V? —oneparop Jlamnaca; g =g, .

[Mpomuddhepernmuporas ypaBHeHue (6) 1Mo x;» T.€.

VAL +(A+ )0, +X; =0, (7)
u, moMeHsiB B (7) MecTaMu UHIIEKCHI | I/IJ
iT(A+ ), +X; =0, (8)
cioxuB ypaBHeHus (7) u (8), MoxkHO HalTH [1], uro
WV +(A+ )0, += (X +X,,)=0, 9)

VYpaBHenue (9) cocTaBisieT cuCTEMyY ILIECTH ﬂnq)q)epeHuHaanmx YpaBHEHUN OTHOCUTEIBHO
TeH3opa nedopmanuii. [Ipucoenunsis k ypaBHeHHIO (9) rpaHUYHBIE YCIOBUS, BEIPaXKEHHbIE OTHO-
CUTENBHO AedopMalui, T.e.

U; (gij) |21: uioi (10)
(/1‘%}1' + Zlugij )nj |22 =3, (11)
HOJIy9UM KPaeBYIO 3a1a4y TEOPHHU yIPYTOCTH OTHOCUTEIBHO Ae(OopMaluii.

3amerum, uTo ypaBHeHue (9) ¢ momoribio 3aKoHa ['yka ¥ ypaBHEHHH PaBHOBECHS MOYKET
OBITh HallICHO U3 CIIEAYIOLIETO ypaBHeHI/IH coBMecTHOCTH nedopmartuii [1]:

Ve, i+ 05 €15~ =0, (12)

VYpasaenus (9 — 11) npeacTaBisioT KpaeByro 3aa4y TEOPUH YIPYTOCTH OTHOCUTEINBHO Jie-
dhopmaruii.

Haubosiee Ba)XHBIMU 711 TPAKTUIECKON TOYKHU 3PSHHUS SIBIISTIOTCST KpaeBast 3aj1a4ya ¢ ecTec-
TBEHHBIMU TpaHUYHbIMH ycinoBusMu (11). B atom ciyuae, cinenys ypaBHeHusM benbrpamu —
Muruerna [1], Uit 3aMbIKaHust cucTeMbl U (epeHITMATFHBIX YPAaBHEHUH B KQUECTBE HEJOCTA0-
IIMX TPaHUYHBIX YCIOBHUA K HUM HEOOXOJUMO MPUCOCAMHUTh TPU YPaBHEHHS PaBHOBECHS, pac-
cMaTpHBacMbIe Ha IPaHUIIE 3alaHHON 00JIaCTH, T.C.

(03, (&) +X)x =0. (13)

Taxum o6pa3om, ypaBuenus (9), (11) u (13) nmpeacTaBisitoT KpaeByIo 3a/1a4y TEOPUH YIIPY-
TOCTH B JiepopMaIusx.

IMnockas kpaeBas 3a1a4ya B nepopmanusix. Paccmorpum ypaBHenus (9), B cirydae 1mioc-
KOU JedopMaIiiu, U Ipyu OTCYTCTBHH MAaCcCOBBIX CHII, T.€.

(A+2u) ‘911+yaa;ﬂ+(/1+ ) ‘922 -0, (14)
522 &, 311

(A+2p) oY tu— 2 (4 pu)—2 ¥ 0, (15)
0ey 8‘912 Oy 8822

( v Y )+(A+u )(axay 8x8y)_ (16)

[ToacraBnsis 3akoH ['yka (2) B ypaBHeHUe paBHOBecus (1), B IByXMEPHOM CiIydyae MOKHO
HaWTH, 4YTO
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oe, oe. o¢,

11 22 12 _ 17

(A+2u) 4+ A2 42 o 0, 17)
2

(1+2 )88‘9;2 +ﬂa§l+2yaailz -0, (18)

Mo>xHo nokasatb, 4to ypaBHeHus (14) u (15) sBisitoTcs SKBUBaJIEGHTHBIMU YPABHEHHUIO COB-
mectHOcTH Aedopmanuit. s sToro npoaupdeperunpyeM ypaBHeHus pasHoBecus (17) u (18)
10 X U Y COOTBETCTBEHHO T.€.

2
A+ 2u ) gll Oa;z :_Zygx—‘gl;, (19)
(L+2u) L2 522 8 Oén _ ~2u o° O &y (20)

oy° 3y2 Hony'
C yueroMm cootromenunii (19-20) ypapaenwust (14) u (15), cOOTBEeTCTBEHHO, MOT'YT OBITh ITPH-
BEJICHBI K BUIY

2 2 2
—2/18 & +ﬂ8 5;1 +,Ua 6‘52 =0, (21)
OXoy oy OX
2 2 2
N gxay S +ﬂ68;§1 =0, (22)

CI102kUB 3TH ABa YpaBHCHUS, MOXKHO HaﬁTH, qTO
2 2 2
0'g, 0%, _28 & (23)
o oxy
KOTOPOE SIBJISIETCS] H3BECTHBIM YCIIOBUEM COBMECTHOCTH JIIsl IBYMEPHBIX 3a/1a4.
3aMeTHM, 4TO, CIIOKHB ypaBHeHHs paBHOBecHs (19) u (20), T.e.

82812 4+ i )(82511 0 522) A (82511 522

24
2 oy & 2utop Tae @4

1, TIOJICTABJISISI TOJTyY€HHOE BBIPAKEHHE B (23), MO>KHO HaMTH Cleqyrolee TapMOHHUUECKOE YpaB-
HEHUe:!

V(& + &) =0, (25)
Teneps, paccMatpuBast ypaBHenue (16), coBMecTHO ¢ ypaBHeHUsIME paBHOBecus (17) u (18),
MO>KHO C(OPMYIIMPOBATH TIOCKYIO KPAEBYIO 3a/1a4y TEOPUH YIIPYrOCTH B IehOPMAILIUAIX OTHOCH-

TeNbHO Jepopmanuil &y, Exny &y T.C.

(A+2u )‘%11 5522+2ﬂa§;2=o,
o 85 o¢
Arou)y ey g B g, B
(A+2u) ay e (26)
2
,u(a 2P 8512)+(/1+ )ty 511 86‘22)_

G 8y oXoy  oxoy
C COOTBETCTBYIOIINMH T'PAaHUYHBIMH YCIOBUSMU
(oum +0o,0,) [ =95,

(27)
(Oun +0uN,) [ =S,,

rac
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o = A6y +&5) +2ue,,
Oy = Ay +E5) + 215,
O = 211Ey,
Jlnist 3aMbIKaHUS KpaeBoi 3a1aun (26—27) K HUM cieqyeT 100aBUTh, ypaBHEHHS PABHOBECHS
(17-18) B KauecTBE rpaHUYHBIX YCIOBHH, T.€.

{(l+2,u) a;;uz@;;z +2u 5§z}|r:0, (28)
{(/1+21u) 62;2 +za§l+2y aag)il}hzo. (29)

rjae [ — rpanuia 3agaHHoN oOmactu. Takum oOpazoMm, ypaBHeHUs (26—29) mpeacTaBIsOT TUIOC-
KYIO KpaeBYIO 3a/1a4y TEOPUH YIIPYTrOCTH OTHOCHUTENHHO AedopmMariuii.

['parmunble ycnoBus (27-29) paccMoTpum Oosiee AETANBHO IS MIPSIMOYTOJIBHOM 00IacTH.
[IycTs IpsIMOYrOJIBHMK HAaXOJIUTCS MOJ JCHCTBHEM PACTATMBAIOIMIMX YCWINHA C JBYX CTOPOH IO
ocu OY, ocTanbHbIE CTOPOHBI CBOOOIHBI OT HArpy30K, T.€.

npux=0,: o,|,=0, o,|,=0,

(30)
npuy = O’ lz : O-zz |y:0,|2: (p’ 0-21 |y:0,|2: O’
Toraa ¢ nomoibto 3akoHa ['yka [2]
8—16 "o, e 10' "o, e 10‘ (31)
11~ = QuT P2 ¢ = = 02T = Ou = O
E " E E % E 2u
rjae
. 1%
——— COCMOsHUE NIOCKOU Oeopmayuu —— cno
E =41-v v,=91-v
E  nrockoe nanpsiorcennoe cocmosinue 1% n.H.C
MO>KHO HAlTH Cleylomire BhIpaKeHus s Aeopmarimii:
1
Esp |yg=—Os) & |v_o=0,
22 ly=0 E, 22 12 ly=0 (32)
1
Exp |y, = _Eo'zzv & lya,=0,
&1 heo=0,  &],0=0,
11 |X70 21 |x70 (33)

&1l =0, &4, =0,

W3 1onoaHNTEeNbHBIX IpaHUYHbIX yeroBuid (29) pu y=0,l2 i €, MOXHO HAWTH CIeIyIOIINe Tpa-

{%} |y:0,|2 = _[Z_IU Ocn } |y:o,|2 ' (34)
oy A OX

3aMeTHM, 4TO €22 B IEPBOM ClIaraeMoM rpanndHoM ycioBuu (29)2 ipu y=0, 12 He 3aBucHUT OT apry-
MeHTa Y. AHanornyno rpu x=0,l1 u3 ypaBHeHus (28) s €22 MOXKHO HalTHU CIIE/yOLIee YCIOBHUE!

0y 24 O¢yy
|x:0,|1: - |x:0,|1 ' (35)
OX A oy
3aMeTHuM, 4TO JIOTIOJIHUTENbHbIE TPaHUYHbIE yCi10BuUs (34—35) MoJydeHHbIE Ha OCHOBE ypaB-
HeHuit paBHOBecHs (28—29) Mo3BOJISAIOT 3aMKHYTh KpaeByto 3aaauy (26—-29).
KoHe4Ho-pa3HOCTHBIE YPaBHEHUS] U MeTO/IbI UX pelieHHsi. Tenepp nepexoauM K 4uc-
JICHHOMY PEIICHUIO KpaeBoi 3agauu (26—29). [y 3TOro KpaeByio 3a/1auy pacCCMOTPHUM B MPSIMO-
yroapauke 0<x<l1, 0<y<l> u g mocTpoeHus: ceTouHO 00IaCTH MPOBEAEM JIBa CEMEHCTBA Mmapaj-

nenbHbIX npsambx X =i (i=0,n), y, = jh, (j=0,n), rae h =L /N,, k=12. lns ypasuenus (26)1, c

HUYHBIC YCJIIOBHUSI:
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LIEJIBIO IIOCTPOEHUSI CUMMETPUYHBIX PA3HOCTHBIX YPAaBHEHUHN PACCMOTPUM JBa BAPUAHTA PA3HOCT-
HBIX YPaBHEHMM, & IMEHHO. COOTBETCTBEHHO IIPABOM U JIEBOM ITPOU3BOJHBIMU ULl IIEPBOTO Clla-
raeMoro, T.€.

11 11 22 22 12 12

(/1+2,u) 8i+1;t; & 1 5i+1,j2;‘18i1,j +2u 8i,j+12;]8iyjl _0,
2
36
=
(1+2u) ) ’2hl S+ 20— o == =0,
2
Pemas ypaBHeHwmst (36) OTHOCUTEIIEHO 5” ; TIOJTY9UM
2h g.2+2 . —g.%z . 5.12.+ —g.12.7
= Freria Mzhl S
1 /)
2h &2 g2 g2 R (37)
i1] i ij+1 %0
gil 3-1J g Ly i
A+2u, 2h 2h,
C0XHB 9TH JIBa ypaBHEHUS, MO)I(HO Haﬁm 9TO
1 +& 1]
=2 = (38)
AHaI0THYHO U3 ypaBHEHUS (26) s &?2 nonyan
+8
2 1778,
= %’ (39)

B ypaBuenuu (27), 3aMeHsis1 IPOU3BOIHBIE C COOTBETCTBYIONTUMH PA3HOCTHBIMH OTHOIIIC-
HUSIMH, TTOJTyIHM cnez[yromee KOHC‘IHO-paSHOCTHoe ypaBHEHHUE;

12 11 11 11
|+1 j —2¢& +g| BN €injn ~Cinja " Cinjn +‘9|+1 j+1
> +K +
h 4hh, (40)
12 22 22 22 22
i, j+l_28 +‘C"l j-1 gi+1,j+l_gi+l,j—l_gi—l,j+l+gi+l,j+1
> +K =0,
h, 4h1h2
Pa3peI_Ha}I IMOCJICIHEC YPABHCHHUEC OTHOCUTCIIEHO gl i MOXHO HaﬁTI/I, qTO
11 11
8I12] ~ (K i G ja 71 j+1 +5|+1 i I+lj "‘25| L
4hh, hy
n 2 .2 2 (41)
| J+1 8| j-1 K gi+l,j+1 gi+1,j—1 ‘9—1 j+l g|+l J+1)/( 2 )
2 27
h2 4h1h2 h2

Takum 00Opa3om, HETPYTHO 3aMETUTh, YTO KOHEYHO- pa3HOCTHBIe ypaBHEHUSI PEKYppEHT-
2 n
noro tuma (38), (39) u (41) MO3BOJIAIOT HAUTH UCKOMBIE BETHYHNHBI 8” y &j M &j HA OCHOBE CJie-
JYIOIIETr0 UTEPaIMOHHOrO Mpoiiecca [3]:
(k) (k)

(k) (k)

ket) _ Epinnj TE i Sk Eiin TE i (42)
L 2 T a0l 2 '
(k) (k) (k) _}_g(k_) ) ( ) +g( )

(k+1) _ (K gqu j+ _gquj -1 —6‘ -1, j+1 i+, j+1 n 2|+1J L]

812' i 4 h 2
hh, h;
(k) (k) (k) (k) (k) (k)
€ iinteéija pitlj1 "€ it j1 T € i jn TE i jn 2
> +K )/( > —),
hy 4hh, 1 hz

rne K=1+4/2u, kK — Homep ureparun. ['paHIYHBIE YCIOBHS UMEIOT CIIEAYIOUICH BUI:

(43)
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T :Eo'zz’ €. =Y
. (44)
o - 1o Lo _g
2 iN, E1 22! 1 N, !
0 _ o _
811 0j _0’ 821 0j _0’ (45)
0 _ () —
811 Nij _O' 821 Ny j =0.

k k
U JOTNIOJIHUTEINIbHBIEC TPAaHUYHBIEC YCIOBUS IS 81(1) |y=0,lz u g™ |

., -0, HAXOIATCS W3 ypaBHeHumi (34)

1 (35) 1 UMEIOT BHI:

npu y=0u y=I>
(0) RO
© _ .0 Hh, €0~ €, i
511 io 811 i + 1 hl ,
46
he® g0 (46)
(0) — -0 H 2“1 i+LN, 12 1-LN,
811 iN, _gn iN,-1 7 P hl )
pu X=0 u x=Iy
12 12
©  _ o0 phy €q i — &5
22 O,j - 22 LJ- i h 1
(Oj (0) (47)
©  _ .0 Cph €N i T N
822 Ni.J — “2 N1 .
A h,

3aMeTHM, Y4TO BOKHYIO POJIb UTPAIOT CUMMETpHUHbIe cooTHOIIeHUs (38—39), monydeHHbIe
13 KOHEYHO-Pa3HOCTHBIX AHAJIOTOB ypaBHEHUH paBHOBeCHsI. CXOIMMOCTh UTEPALIMOHHOTO METOAA
(42-47) obecnieunBacTcs B paMKax 0000meHHO# Teopembr Camapcekoro [19] o cxomumocTu ure-
paInMoHHBIX MeT010B. HeTpyaHo 3aMeTnTh 10 cooTHOMEHUsM (42—43) Takke BBITIOJIHEHUE YCITO-
BUS JMaroHaJILHOTO MpeoOIajaHus Ui CUCTEMbl KOHEUHO-PAa3HOCTHBIX YPaBHEHUI.
Yuciaennole mpumepbl. OO0CHYeM CIpaBeITUBOCTH CHOPMYITUPOBAHHON KpaeBOU 3a-
Iaud B AedopMalusax M MPelaraéMoro 4YHCICHHOTO METO/a PEUICHUs KOHEYHO-pa3HOCTHBIX
ypaBHEHUH. 3aMeTUM, YTO T'PaHUYHbIE U JOTIOJHUTEIbHbIE TPAHUYHBIE YCIOBUS SBIISIOTCS ypaB-
HEHUSIMM OTHOCHUTEJIBHO MCKOMBIX BEJIMYMH B IPAaHUYHBIX Y3JOBBIX TOukaX. Takum oOpaszoM,
YpaBHEHMsI, ONIPEIeTICHHbIE BO BHYTPEHHUX TOUKaX U Ha FPaHUIIE 3alaHHOI 001aCcTH, KaK CUCTEMa
YPaBHEHUH pPEIIaoTCs METOJIOM MOCie10BaTeNbHbIX Npuomkenui Tuna 3eiaens [18,19]. Ipu
HyJIeBOM npuOmmkeHnd k=0 nckoMble BETMYMHBI CUUTAIOTCS TPUBHAIbHBIMH. Ha ocHOBe u3io-
KEHHOM METOJMKH pelleH psiA ABYMEPHBIX 3aJau Ul OPSAMOYTOJIbHOM 00JacTu ¢ pa3iudyHbIMU
I'PAaHUYHBIMU YCIIOBUSIMH.

3aoaua o pacmaxcenuu npamoy201bHOU naAAC-
Y . — d —>|j— ad —>
MUHbL NOO Oelicmeuem napadoIUYecKoil Hazpy3Ku. « >
[Tycte mpsMOyrojbHas IJIacTHHA pa3mepoMm (2a,2b) :__ lz 1
HaXOJUTCs MOJ AEHCTBUEM OJHOOCHOM Harpysku napa- — | |,
60Myeckoit (hOpMBbI, IPUITOKEHHON O MPOTUBOIIOJIONK- D ¥ "
HBIM CTOpPOHAaM NEepHEHIUKYISIPHBIM K ocu OX (pucy- «— b |,
HOK). OcTanbHbIe I'paHu CBOOOHBI OT HAarpy3oK, T.€. o | —>
\ ‘ >
npu X=1a: o= So(l—é), o, =0, (48) )

21

npu y=1b: o, =0, o, =0. (49)
Pacrspxenue npsiMoyronbHOMN MIIACTUHBI MO,
JieiicTBUeM apabonnyeckoi Harpy3Ku
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Hcxonnple naHHBIE TapamMeTpoB uMenu cruenyromue 3Hadenus: A=0.78, u=0.5, S=1,

N1=N>=10, a=1, b=1, h=0.2.

UucneHHble 3HAYEHUS KOMIIOHEHTBI TEH30pa JepopMaiiuii €11, MOITYYCHHBIE, COTJIACHO
cooTHoIeHUsM (42— 47), npuBeaeHsl B Ta0 1.

Tabnuya 1
3HavyeHUs] KOMIIOHEHTHI TeH30pa AedopManuii £1110 METOAY UTepALUH
INokasa- x=-1 x=-08 | x=-06 | x=-04 | x=-0.2 | x=0.0 x=0.2 x=0.4 x=0.6 x=0.8 x=1
TCIIb
y=-1 0.0000 | 0.2418 | 0.2394 | 0.2371 | 0.2362 | 0.2353 | 0.2362 | 0.2371 | 0.2394 | 0.2418 | 0.0000
y=-0.8 0.2447 | 0.2418 | 0.2394 | 0.2371 | 0.2362 | 0.2353 | 0.2362 | 0.2371 | 0.2394 | 0.2418 | 0.2447
y=-0.6 0.4350 | 0.4298 | 0.4256 | 0.4214 | 0.4198 | 0.4182 | 0.4198 | 0.4214 | 0.4256 | 0.4298 | 0.4350
y=-04 0.5710 | 0.5642 | 0.5587 | 0.5532 | 0.5510 | 0.5489 | 0.5510 | 0.5532 | 0.5587 | 0.5642 | 0.5710
y=-0.2 0.6525 | 0.6448 | 0.6385 | 0.6322 | 0.6298 | 0.6274 | 0.6298 | 0.6322 | 0.6385 | 0.6448 | 0.6525
y=0.0 0.6797 | 0.6716 | 0.6651 | 0.6585 | 0.6560 | 0.6535 | 0.6560 | 0.6585 | 0.6651 | 0.6716 | 0.6797
y=0.2 0.6525 | 06448 | 0.6385 | 0.6322 | 0.6298 | 0.6274 | 0.6298 | 0.6322 | 0.6385 | 06448 | 0.6525
y=0.4 0.5710 | 0.5642 | 0.5587 | 0.5532 | 0.5510 | 0.5489 | 0.5510 | 0.5532 | 0.5587 | 0.5642 | 0.5710
y=0.6 0.4350 | 0.4298 | 0.4256 | 0.4214 | 0.4198 | 0.4182 | 0.4198 | 0.4214 | 0.4256 | 0.4298 | 0.4350
y=0.8 0.2447 | 0.2418 | 0.2394 | 0.2371 | 0.2362 | 0.2353 | 0.2362 | 0.2371 | 0.2394 | 0.2418 | 0.2447
y=1 0.0000 | 0.2418 | 0.2394 | 0.2371 | 0.2362 | 0.2353 | 0.2362 | 0.2371 | 0.2394 | 0.2418 | 0.0000

B Ta0m. 2 IMPUBCACHBI 3HAUYCHUA KOMIIOHCHTEIL Hal'Ipﬂ)KeHI/Iﬁ 011 BBIYHUCJICHHBIC COT'JIACHO 3a-

11

22

KOHY FyKa, 110 YUCJICHHBIM 3HAYCHUIM Jle(bopMaHI/If/'I 8” ) Elj ,JIOJIYICHHBIX I1I0 PCIICHUIO 3aJa4u
(42-47).
Tabauya 2
3HavyeHHUS] KOMIIOHEHThI TEH30pa HANPSKeHU 011 0 METOAY UTepaALMH
ITokasa- x=-1 x=-0.8 | x=-0.6 | x=-04 | x=-0.2 | x=0.0 | x=0.2 | x=0.4 | x=0.6 | x=0.8 x=1
TCJIb
y=-1 0.0000 0.3557 | 0.3522 | 0.3488 | 0.3474 | 0.3461 | 0.3474 | 0.3488 | 0.3522 | 0.3557 | 0.0000
y=-0.8 0.3600 0.3557 | 0.3522 | 0.3488 | 0.3474 | 0.3461 | 0.3474 | 0.3488 | 0.3522 | 0.3557 | 0.3600
=-0.6 0.6400 0.6324 | 0.6262 | 0.6200 | 0.6177 | 0.6153 | 0.6177 | 0.6200 | 0.6262 | 0.6324 | 0.6400
y=-0.4 0.8400 0.8300 | 0.8219 | 0.8138 | 0.8107 | 0.8076 | 0.8107 | 0.8138 | 0.8219 | 0.8300 | 0.8400
y=-0.2 0.9600 0.9486 | 0.9393 | 0.9300 | 0.9265 | 0.9229 | 0.9265 | 0.9300 | 0.9393 | 0.9486 | 0.9600
y=0.0 1.0000 0.9881 | 0.9784 | 0.9688 | 0.9651 | 0.9614 | 0.9651 | 0.9688 | 0.9784 | 0.9881 | 1.0000
y=0.2 0.9600 0.9486 | 0.9393 | 0.9300 | 0.3265 | 0.9229 | 0.3265 | 0.9300 | 0.9393 | 0.9486 | 0.9600
y=0.4 0.8400 0.8300 | 0.8219 | 0.8138 | 0.8107 | 0.8076 | 0.8107 | 0.8138 | 0.8219 | 0.8300 | 0.8400
y=0.6 0.6400 0.6324 | 0.6262 | 0.6200 | 0.6177 | 0.6153 | 0.6177 | 0.6200 | 0.6262 | 0.6324 | 0.6400
y=0.8 0.3600 0.3557 | 0.3522 | 0.3488 | 0.3474 | 0.3461 | 0.3474 | 0.3488 | 0.3522 | 0.3557 | 0.3600
y=1 0.0000 0.3557 | 0.3522 | 0.3488 | 0.3474 | 0.3461 | 0.3474 | 0.3488 | 0.3522 | 0.3557 | 0.0000

B pabote Tumomenko—I'yabepa [2]

JJIA paCCManI/IBaeMOﬁ 3aga4d Ha

OCHOBC YCJIOBHUA

MUHUMHA3AIUH OSHCPIrun ,Z[e(1)0pMaHI/II/I C HCIIOJIb30BAHHMECM IIOTCHIIMAJla HaHpﬂ)I(eHI/Iﬁ ObLTH
HaﬁﬂeHH CJICAYOIINUEC BBIPAXKCHUA I KOMIIOHCHTOB TCH30Pa HaHpH)KeHHfI:

yZ 3y2 XZ 2
1 ( 2) ( 2 )( 2)

3X2 yZ
=-0.1702S(1-—)(1-=)’,
o, 25

O,

12

— _0.68055 %(1—

XZ
a

y2
-5,

(50)

B Tabmn. 3 u 4 nns cpaBHEHUsI IPUBEACHBI 3HAUEHUsI KOMIIOHEHTOB TEH30pa HAPSLKEHUH 011
u neopmaruii €11, cornacHo cooTHotreHuo (50). [Tpu 3ToM KOMIIOHEHTSI IeopMaliK €11 OTIpe-
nenensl o 3akoHy ['yka (31) ¢ yuerom cootHomienutii (50).

CpaBHeH#us HanpspKeHuit o11 (cM. Tad. 2, 3) u gepopmanmii 11 (cM. Tadm. 1, 4) mokas3bIBatoT,
YTO YUCIICHHBIC PE3YJbTATHI, OJIYYEHHBIC 10 HTEPAIIMOHHOMY MeToy (42—47) u o cooTHOIIE-
HusiM (50), odeHb OM3KH, YeM 00ecTiedrBaeTCs CIPaBEITHBOCTh CHOPMYITUPOBAHHBIX KPACBBIX
3ajJa4, a TakXkKe JOCTOBEPHOCTH MOJIyYEHHBIX YUCICHHBIX PE3yabTaTOB.
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Tabauya 3
3HayeHUs] KOMIIOHEHTHI TEH30pa HANIPsKeHUit o110 (50)

Ilokazatens | X=-1 x=-0.8 | x=-0.6 | x=-04 | x=-0.2 | x=0.0 | x=0.2 | x=04 | x=0.6 | x=0.8 x=1

y=-1 0.0000 | 0.0441 | 0.1394 | 0.2402 | 0.3137 | 0.3404 | 0.3137 | 0.2402 | 0.1394 | 0.0441 | 0.0000
y=-0.8 0.3600 | 0.3803 | 0.4241 | 0.4705 | 0.5043 | 0.5166 | 0.5043 | 0.4705 | 0.4241 | 0.3803 | 0.3600
y=-0.6 0.6400 | 0.6418 | 0.6456 | 0.6496 | 0.6525 | 0.6536 | 0.6525 | 0.6496 | 0.6456 | 0.6418 | 0.6400
y=-0.4 0.8400 | 0.8285 | 0.8037 | 0.7776 | 0.7584 | 0.7515 | 0.7584 | 0.7776 | 0.8037 | 0.8285 | 0.8400
y=-0.2 0.9600 | 0.9406 | 0.8987 | 0.8543 | 0.8220 | 0.8102 | 0.8220 | 0.8543 | 0.8987 | 0.9406 | 0.9600
y=0.0 1.0000 | 0.9779 | 0.9303 | 0.8799 | 0.8431 | 0.8298 | 0.8431 | 0.8799 | 0.9303 | 0.9779 | 1.0000
y=0.2 0.9600 | 0.9406 | 0.8987 | 0.8543 | 0.8220 | 0.8102 | 0.8220 | 0.8543 | 0.8987 | 0.9406 | 0.9600
y=0.4 0.8400 | 0.8285 | 0.8037 | 0.7776 | 0.7584 | 0.7515 | 0.7584 | 0.7776 | 0.8037 | 0.8285 | 0.8400
y=0.6 0.6400 | 0.6418 | 0.6456 | 0.6496 | 0.6525 | 0.6536 | 0.6525 | 0.6496 | 0.6456 | 0.6418 | 0.6400
y=0.8 0.3600 | 0.3803 | 0.4241 | 0.4705 | 0.5043 | 0.5166 | 0.5043 | 0.4705 | 0.4241 | 0.3803 | 0.3600

y=1 0.0000 | 0.0441 | 0.1394 | 0.2402 | 0.3137 | 0.3404 | 0.3137 | 0.2402 | 0.1394 | 0.0441 | 0.0000

Tabnuya 4
3nauyenus aegopmaumii £11BHIYUCIEHHBIE cOrIacHo 3akoHy I'yka mo (50)

IToka3aTenb x=-1 x=-0.8 | x=-0.6 | x=-0.4 | x=-0.2 | x=0.0 | x=0.2 | x=0.4 | x=0.6 x=0.8 x=1

y=-1 0.0000 | 0.0300 | 0.0948 | 0.1633 | 0.2132 | 0.2314 | 0.2132 | 0.1633 | 0.0948 | 0.0300 | 0.0000
y=-0.8 0.2297 | 0.2516 | 0.2877 | 0.3237 | 0.3494 | 0.3586 | 0.3494 | 0.3237 | 0.2877 | 0.2516 | 0.2297
y=-0.6 0.3876 | 0.4144 | 0.4369 | 0.4539 | 0.4644 | 0.4680 | 0.4644 | 0.4539 | 0.4369 | 0.4144 | 0.3876

=-0.4 0.4893 | 0.5256 | 0.5431 | 0.5498 | 0.5515 | 0.5516 | 0.5515 | 0.5498 | 0.5431 | 0.5256 | 0.4893
y=-0.2 0.5459 | 0.5903 | 0.6066 | 0.6084 | 0.6056 | 0.6041 | 0.6056 | 0.6084 | 0.6066 | 0.5903 | 0.5459
y=0.0 0.5640 | 0.6115 | 0.6277 | 0.6282 | 0.6240 | 0.6219 | 0.6240 | 0.6282 | 0.6277 | 0.6115 | 0.5640
y=0.2 0.5459 | 0.5903 | 0.6066 | 0.6084 | 0.6056 | 0.6041 | 0.6056 | 0.6084 | 0.6066 | 0.5903 | 0.5459
y=0.4 0.4893 | 0.5256 | 0.5431 | 0.5498 | 0.5515 | 0.5516 | 0.5515 | 0.5498 | 0.5431 | 0.5256 | 0.4893
y=0.6 0.3876 | 0.4144 | 0.4369 | 0.4539 | 0.4644 | 0.4680 | 0.4644 | 0.4539 | 0.4369 | 0.4144 | 0.3876
y=0.8 0.2297 | 0.2516 | 0.2877 | 0.3237 | 0.3494 | 0.3586 | 0.3494 | 0.3237 | 0.2877 | 0.2516 | 0.2297

y=1 0.0000 | 0.0300 | 0.0948 | 0.1633 | 0.2132 | 0.2314 | 0.2132 | 0.1633 | 0.0948 | 0.0300 | 0.0000

CpaBHelme YUCJICHHBIX PE3yJbTaTOB ¢ TOYHBIM PCHICHUEM. HYCTB IIJI0OCKasd KpacBas 3aJada
B nedopmarusx (26 — 29) paccmarpuBaercs B npsamoyroisauke pasmepom (l1 X 11). Ipoanamusu-

pyeMm GyHKIIUA
& =Y(Y-L), & =X(X-1), &,=xy(x-L)(y-1,), (51)
YIOBJIETBOPSIOIINE YPaBHEHUIO (27), MpH CIEIYIOIUX IPaBbIX YacTsIX, pacCMaTPHBAEMBIX Kak
00BbEMHBIE CHIIBI:
1 0X, oX
Xy = _(X2 - XI1)(2y_ |2). X, = —(2x— I1)(y2 - ylz)i X = Z(El"'gz)’ (52)
Torna, cornacho (51), rpaHMYHBIE U JONOJHUTEIbHBIE TPAHUYHBIE YCIOBUS UMEIOT BUJ
X:O’ I1: &, = y(y_lz)' &y :O’ &y :O'
y=0,1: ¢,=x(x-1), &,=0, ¢&,=0.
HcxonHble naHHBIE HapaMeTpoB uMeroT cieayroumid Bua: A=0.78, p=0.5, li=l>=1,
N:=N.=10, h=0.1.

(53)

Tabauya 5
3HavyeHUs] KOMIIOHEHTHI TeH30pa Aedopmanuu €11 mo (51)
ITokazaTens x=0 x=0.1 x=0.2 x=0.3 x=0.4 x=0.5 x=0.6 x=0.7 x=0.8 x=0.9 x=1

y=0 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
y=0.1 -0.0900 | -0.0900 | -0.0900 | -0.0900 | -0.0900 | -0.0900 | -0.0900 | -0.0900 | -0.0900 | -0.0900 | -0.0900
y=0.2 -0.1600 | -0.1600 | -0.1600 | -0.1600 | -0.1600 | -0.1600 | -0.1600 | -0.1600 | -0.1600 | -0.1600 | -0.1600
y=0.3 -0.2100 | -0.2100 | -0.2100 | -0.2100 | -0.2100 | -0.2100 | -0.2100 | -0.2100 | -0.2100 | -0.2100 | -0.2100
y=0.4 -0.2400 | -0.2400 | -0.2400 | -0.2400 | -0.2400 | -0.2400 | -0.2400 | -0.2400 | -0.2400 | -0.2400 | -0.2400
y=0.5 -0.2500 | -0.2500 | -0.2500 | -0.2500 | -0.2500 | -0.2500 | -0.2500 | -0.2500 | -0.2500 | -0.2500 | -0.2500
y=0.6 -0.2400 | -0.2400 | -0.2400 | -0.2400 | -0.2400 | -0.2400 | -0.2400 | -0.2400 | -0.2400 | -0.2400 | -0.2400
y=0.7 -0.2100 | -0.2100 | -0.2100 | -0.2100 | -0.2100 | -0.2100 | -0.2100 | -0.2100 | -0.2100 | -0.2100 | -0.2100
y=0.8 -0.1600 | -0.1600 | -0.1600 | -0.1600 | -0.1600 | -0.1600 | -0.1600 | -0.1600 | -0.1600 | -0.1600 | -0.1600
y=0.9 -0.0900 | -0.0900 | -0.0900 | -0.0900 | -0.0900 | -0.0900 | -0.0900 | -0.0900 | -0.0900 | -0.0900 | -0.0900
y=1 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
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B 1a61n.5 npuBeneHb! 3HaYCHUS KOMIIOHEHTHI T€H30pa Ae(OpMaIiy ¢11, BEIYMCICHHBIE, CO-
TJIACHO TOYHOMY peteHuio (51). B T1abi.6 npuBeeHbl 3HaYeHNsI KOMIIOHEHTHI TEH30pa edopma-
VM €11, HAWJICHHBIE 110 UTEPALIMOHHOMY METO]Ty, COTJIACHO ypaBHEHMsIM (42 — 43), ¢ ydeToM rpa-
HUYHBIX yCiioBui (53).

Tabnuya 6
3HaYeHHU S KOMIIOHEHTDI TeH30pa AeOopPMALIUH £11110 UTEPALMOHHOMY METOIY
IToka3aTenb x=0 x=0.1 x=0.2 x=0.3 x=0.4 x=0.5 x=0.6 x=0.7 x=0.8 x=0.9 x=1

y=0 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
y=0.1 -0.0900 | -0.0889 | -0.0881 | -0.0872 | -0.0869 | -0.0865 | -0.0869 | -0.0872 | -0.0881 | -0.0889 | -0.0900
y=0.2 -0.1600 | -0.1581 | -0.1565 | -0.1550 | -0.1544 | -0.1538 | -0.1544 | -0.1550 | -0.1565 | -0.1581 | -0.1600
y=0.3 -0.2100 | -0.2075 | -0.2055 | -0.2034 | -0.2027 | -0.2019 | -0.2027 | -0.2034 | -0.2055 | -0.2075 | -0.2100
y=0.4 -0.2400 | -0.2371 | -0.2348 | -0.2325 | -0.2316 | -0.2307 | -0.2316 | -0.2325 | -0.2348 | -0.2371 | -0.2400
y=0.5 -0.2500 | -0.2470 | -0.2446 | -0.2422 | -0.2413 | -0.2404 | -0.2413 | -0.2422 | -0.2446 | -0.2470 | -0.2500
y=0.6 -0.2400 | -0.2371 | -0.2348 | -0.2325 | -0.2316 | -0.2307 | -0.2316 | -0.2325 | -0.2348 | -0.2371 | -0.2400
y=0.7 -0.2100 | -0.2075 | -0.2055 | -0.2034 | -0.2027 | -0.2019 | -0.2027 | -0.2034 | -0.2055 | -0.2075 | -0.2100
y=0.8 -0.1600 | -0.1581 | -0.1565 | -0.1550 | -0.1544 | -0.1538 | -0.1544 | -0.1550 | -0.1565 | -0.1581 | -0.1600
y=0.9 -0.0900 | -0.0889 | -0.0881 | -0.0872 | -0.0869 | -0.0865 | -0.0869 | -0.0872 | -0.0881 | -0.0889 | -0.0900
y=1 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000

CpaBHeHue Ta0i. 5 U 6 MOKAa3bIBACT, YTO 3HAYCHHS IPUOIHUKEHHOTO PEIICHUS U TOYHOTO
perieHui mouTr CoBMaaroT. st HOCTHKEHHS TAKOH TOYHOCTH MOTPEOOBAIOCH 76 UTEpaIuii.

3akiaroueHue. B cTaTbe KpaeBas 3ajavya TEOPUM YHPYrOCTH, B OTJIMYME OT ypaBHEHUM
benpTpamu — Mutyena B HalpspKEHUAX, CPOPMYIUPOBAHA OTHOCUTEIBHO TeH30pa Aeopmarinii.
3aMKHYTOCTh KpaeBoil 3a/jaun TOCTUTHYTA IPUCOECAMHEHUEM K TU(depeHIInaTbHbIM YpaBHEHUAM
“coBMecTHOCTH nepopMannii, ypaBHEHUSIM PAaBHOBECU U TPAHUYHBIM YCIIOBHSM JOTIOTHUTEb-
HBIX TPAaHUYHBIX YCJIOBUIA, TOTYYEHHBIX HA OCHOBE ypaBHEHUI paBHOBecHs. [locTpoeHbl cuMmMer-
PUYHBIE CXOJSIINECS KOHEUHO-PA3HOCTHBIE YPAaBHEHUS, U PEIIeH Psijl 337a4 O PacTsHXKEHUU Mpsi-
MOYTOJIbHUKA TOJ JeHCTBUEM pa3IUYHbIX HArpy3oK. JOCTOBEPHOCTH pe3yiabTaToB oOecreueHa
CpPaBHEHHMEM YHCIIEHHBIX PE3yIbTaTOB C TOUHBIM PEIICHUEM, a TAKXKE C U3BECTHBIMU PELICHUSIMU
3a/1auM O PaCTSHKEHUH IIACTHHBI C MapaboIMuecKkoil Harpy3Kou.
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A.A. Xanoxcuzumos, ¥.3. /[icymaézoe. /leghopmayuanapza nucoaman Kyiun2an 31aCMUKiIuK Ha3apuacu macana-
Napunu COMNU evut

Annomayun: Makonaoa oepopmayusnaprune y3nyKCUIUK wapmy, Kywianuuiiapea Hucoaman éunean benmpamu-
Mumuenn menenamacuoar apknu yiapox, depopmayusnapea Hucobamar onmuma ouggepenyuan meHenamaniap KypuHumuoa
ézunean. [legpopmayusnaprune oupghepenyuan meneramanapu, oegpopmayusanapea HuCOaman E3unean My803aHam meHeiamanapu
6a I'yxk KoHyHU Xamoa yuma yezapaguil wiapmiap ouian oupeanuxoa, oepopmayuaniapea Hucoaman Kyuuniean 4eeapasuti Macailanu
mawkun Kunaou. Yeeapaguil wapmiapHune emuiMaciuK MyamMOCUHY, MYBO3AHAM MEHAAMAAAPUHU COXAHUHZ Yeeapacuod
ue2apaguii Wapmiap cugamuoa Kapaus OpKau Xai dmuu Mymxun. Yeeapasuii wapmaap mexuc 0eopmayusianui Xoiamu yuyH
bamacpcun kypub uuxunean. Yexnu-atiupmanu ycyn époamuoa cCuMmempux meH21amanap my3unean 6a Kemma-Kem sKuHiauiuul
yeyau époamuda Kamop Macanianap counu edunean. Hamuoicarapnune uwionununueu, COHau HAMudICAIapHy auuk edumu Ounan
MAaKKocIaw 8a WIYHUH2OEK, Napabonux Kyy Oulan Kapama-Kapuid moMOHOAH Y4y3Uunaémean NaaCmuHKa Macaiac evumu ounan
CONUUMUPULL OPKATU ACOCTAHSAH.

Kanum cyznap: oecpopmayus; 21acmukiui; Ky4iaHuwl; My803aHam meHeaamMacu; ue2apaguil Macaia; 4exiu auupman
menenama, umepayuon ycyi.

A.A. Khaldjigitov, U.Z. Djumayozov. Numerical solution of the elasticity problem in strains

Abstract: In this paper, the strain compatibility equation, in contrast to the Beltrami Mitchell equation in stresses, is
written as six differential equations for strains. The differential equations of deformations, together with the equilibrium equations
written with respect to deformations and Hooke's law, as well as with three boundary conditions, constitute an incomplete boundary
value problem in deformations. To close the boundary value problem, it is necessary to consider the equilibrium equations as
boundary conditions. The case of plane deformation is considered in more detail. Symmetric finite-difference equations are con-
structed and a number of examples are solved numerically using the iterative method. The reliability of the results is substantiated
by comparing the numerical results with the exact solution, as well as by solving the stretching problem of the plate from opposite
sides by a parabolic load.

Keywords: deformation; elasticity; stresses; equilibrium equations; boundary value problem; finite-difference equation;
iterative method.

YK 699.841

IKCHEPUMEHTAJIBHBIE HCCJIIEAOBAHUSA ITOA3EMHBIX IIOJIMITUJIEHOBBIX TPYB
NP JEUCTBUU JUHAMUYECKUX (TUITA CEUCMHUUYECKHUX) HATPY3O0K
C IPUMEHEHUEM METOJA HEHTPOBEX XHOI'O MOAEJIUPOBAHUSA
CaragueB X.C., Tema6aeB 3.P., 'anmackapos B.A., Hlepauézon X.0., Mup3akaouiaos b.H.

Hnemumym mexanuxu u ceticmocmotuikocmu coopyycenuti um. M.T. Ypazbaesa AH PY3, Tawxenm, ¥Y3bexucman
E-mail: imssan@mail.ru

Annomayus: B cmamve npusedenvi pe3ynbmanivl IKCNePUMEHMATbHbIX UCCTEO08AHULL, NPOBEOEH-
HbIX C NOAUMEPHLIMU MPYOAMU APU UCTIOAb30GAHUU MEMO0A YEeHMPODeNCH020 Modenuposanus. Jlano no-
OpobHOe onucanue YCMaHo8KU N0 CO30aHUI0 U B0CNPOU3BEOCHUID OUHAMUYECKUX 8030elicCeUll 8 KapemkKe
yenmpobexcnol ycmanosku. Tlonyuennvie pe3yibmamol npeocmasienvl 6 6ude OCYUIIOSPAPUUECKUX 3a-
nucet, mabauy u 2paguxos.

Knrouesvie cnosa: memoo yeHmpoOexscHo20 MOOEIUPOSanUs, KapemKa, UsMepumenbhvlil KoM-
nJIeKC, NOAUIMULEHO8ble MPYobl,; nepemeujerue epyHma u mpyoul.

Beenenne. CrioxHbIN, HEPETYISIpHBIA XapakTep KoJeOaHUM I'pyHTOB NpH 3eMIieTpsce-
HUSAX OOyCJIOBIMBAET OOJIBILIME TPYIHOCTH MPH Pa3paboTKe M CO3/aHMM YCTAHOBOK, KOTOpbIE
MOTJIHM OBl BOCTIPOU3BOJIMTH 33JaHHOE CEHCMHUECKOE BO3/ICHCTBUE. YUUTHIBAsI 3TO, IKCIIEPUMEH-
TaJbHOE MCCIIEN0BAHNE B3aUMOJCHCTBUS MTOA3EMHBIX COOPYKEHUI C OKPY/KAIOIUM UX I'PYHTOM
[IpU TMHAMUYECKUX (TUIA CeHCMMUYECKMX) BO3ICHCTBUAX MOYKHO IMPOBOJAUTH BOCIIPOU3BEACHUEM
OTHOCHTEJIBHO MPOCTHIX (MMITYJIbCHBIX, TAPMOHUYECKUX, B3PBIBHBIX) BO3ICHCTBUMN, OTBEUAIOIINX
[0 UX aMIUIATYIHO-YaCTOTHBIM XapaKTEPUCTHUKAM HCXOJHOMY CEMCMHMUYECKOMY BO3JIEHCTBHUIO.
IToaTOoMy nIpH TPOBENEHUH IKCIIEPUMEHTAIBHBIX UCCIIEOBAaHUI ¢ IPUMEHEHUEM METO/1a LIEHTPO-
0€XHOro MOJIETMPOBAHUSI OCHOBHBIM KPUTEPHUEM SIBIISIETCS CO3JJaHHE KoJle0aTenbHOro mpoliecca
B KapeTKe IIEHTPOOEKHON yCTaHOBKH, BpaIlAIOIIEHCs ¢ 60JIbII0N CKOPOCThI0. Ha TaHHBI MOMEHT
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CYILLECTBYIOT HECKOJIBKO MPOCTBHIX YCTAaHOBOK ISl CO3IaHMS JUHAMUYECKUX BO3ACUCTBUM, KOTO-
pblie moipoOHo onmcansl B [ 1 — 6]. HemoctaTkamu 3TUX YCTaHOBOK SIBJISIETCS HEBO3ZMOKHOCTB CO3-
JaHUs JITUTETBHBIX KOJIeOaTeIbHBIX POIIECCOB B KAPETKE IICHTPU(PYTH.

ITocranoBka 3agaum. [Ipu npoBeneHNN dKCIIEPUMEHTAIIBHBIX UCCIIEIOBAHUM 110 OlIpese-
JICHUIO BJIMSHUS IMHAMUYECKUX (TUIIA CECMUYECKUX) BO3/I€UCTBUM HA COCTOSHUE MOJIMATUIICHO-
BBIX TPYO, B3aUMOJICHCTBYIOIIUX C TPYHTOM, MCIIOJIb3yEM METO]I IIEHTPOOEKHOI0 MOJIEIHPOBa-
Hus. Jl1d co3nanus JUIMTEIbHBIX KOJIeOaTeNbHbIX IBUKEHUI UCIOJIB30BAHO YCTPONUCTBO IO BOC-
MIPOU3BEICHUIO JMHAMUYECKUX BO3JCHCTBHUI B MMOJIE IIEHTPOOEKHBIX cvit [7 — 11].

Ha puc. 1 npuBesieHO yCTPOWCTBO MO BOCIPOU3BEACHHIO IMHAMHYCCKUX BO3/ICHCTBUI ()
U €ro 3JIeKTpuyecKas cxema (0).

a o
Puc. 1. YcTpoiicTBO 10 BOCIIPOM3BEACHHIO THHAMUYECKIUX BO3ICHCTBHUI (@) U ero anexTpuieckas cxema (6)

YCTpoicTBO IO BOCTIPOU3BEICHUIO TUHAMUYECKUX BO3JICUCTBUM BKIIFOYAET CIEAYIOUINE
OCHOBHBIEC YaCTH: KOPOMBICIIO eHTpudyru 1, kapeTky 2, koHtelHep 3, uiargopmy 4, 31eKTpo-
MarHUTHI 5, yIIPYTHUE JIEMEHTHI 6, TTOTYITPOBOTHUKOBBIE THOBI 7, TA0OPAaTOPHBIN aBTOTpaHCHOP-
marop 8.

[Mpuniun paboThl ycTpoicTBa cienyronuii. [Ipu mogadye nmepeMeHHOTO TOKa B AJIEKTPH-
YECKYIO CXeMY TOK IPOXOIUT Yepe3 OJIWH MOJIYIPOBOJIHUKOBBIN MO U pabOTaeT DIIEKTPOMArHHT,
PaCTONIOKEHHBIN C OJTHOW CTOPOHBI KOHTeHHepa. [Ipu n3aMeHeHnn NOISIPHOCTH TOK IPOXOUT Ye-
pe3 BTOPOI MOJIYIPOBOJIHUKOBBIN JMO/ U TIOJIACTCSl HATIPSHKCHHUE B IPYrOl AIEKTPOMArHUT, pac-
MIOJIOYKEHHBIN C MTPOTHUBOIIOJIOKHON CTOPOHBI KOHTEIHepa. TakuM 00pa3oM, CO3IAI0TCS CTAOUIh-
HbI€ TaApMOHUYECKHE KoJeOaHus miaT(opmel.

CTpyKTypHasi cXxeMa H3MEPUTEIILHOTO KOMILIEKCa IT0Ka3aHa Ha puc. 2.

B cocTaB n3mepuTenbHOro KoMILIeKca HeHTPUGYru BXOIAT (CM. pHC. 2):

- TeH30MeTpHUYeCKue JaTyuku — 1, 4;

- TeH30MeTpHUUecKue ycuiurenu — 2, 5, 11;

- aHanoroBo-1MppoBoi mpeodbpazoBatens (AL — 3, 6, 12;
- JJIEKTpUUECKas JIAaMIIOYKa HaKauBaHus Ha 28 B — 7,

- OJIOK TUTAHUS JUTSI AIEKTPHUYECKOM JTaMITbl — 8;

- IITOPKA JUI IPUKPBITUSL ONITUYECKOTO JaTduka — 9;

- orrtnueckuii natyuk — 10;

- KOMITbIOTEP ¢ MOHUTOpOM — 13, 14,

- mporpaMMHoe obecrnieuenue — 15;

- PTYTHBII TOKOCheMHHK — 16.

Tenzomerpuueckue ycwiurenu — 2, 5, 11 u ALII - 3, 6, 12, pacnosiosxeHsl B 0OJTHOM KOp-
nyce — 17.
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Puc. 2. CTpykTypHas syeKTpHUecKasi cxeMa H3MEpUTENBHOr0 KOMIUIEKca IEHTPpUpYyTru

Metoa. /s nccnenoBanus B3anMOJCHCTBHS OA3EMHBIX MOJIMATHIICHOBBIX TPYO C TpyH-
TOM IIPU ANHAMUYECKHX BO3/CHCTBUSAX UCIIOIB30BAIN YCTaHOBKY (pHc.3). 'eomerpuyeckue pas-
MepsI matdopmel (puc. 3,6) ciexyromue: padoyast ymHa matdopmer — 24.0 cm; mupuHa — 15.0
cM, Beicota — 20.0 cM.
JI7st mpoBeIeH s SKCIIEPUMEHTOB C HCCIIEAYEMOH MOJIENBIO B IUTAT(GOPMY 3aChIITaIi TPYHT
Y IIyTE€M YIUIOTHEHUS JOBOJMIIM JI0 €CTECTBEHHOTO COCTOSHU. MoJenb uccieayeMoi TpyOsl u3
MOJIMATHIICHA JISKUT BHYTPH IUTaTGOPMBI Ha 3apaHee MOJrOTOBICHHOM I'PYHTOBOM OCHOBAHMH.
[Tprdem Moaenb JODKHA TOPU3OHTAIBHO PACIoaraThCsi Ha TPYHTOBOM OCHOBAaHHMH M CBOOOIHO
HepeMeNIaThCsl B MPOAOJIFHOM HaNpaBiIeHUU. J[11 mpoBeIeHns SKCIIepUMEHTANIBHBIX HCCIIe0Ba-
HUH NCTIONIb30BaHa TPyOKa CO CIEeTYIOINMH FeOMETPUIECKUMH Pa3MEpPaMH B MOJICTIH:
- obmras pymmHa Moaenu Tpyosr: | m = 20.0 cm;
- HapYXXHBIH quamerp: di = 2.2 cM;
- BHYTpEeHHHH quamertp: df = 1.5 cm;
- tomuHa cteHku: Am = 0.3 cm;
- nuHa paboyero ydactka: 1 m = 19.6 cm.
Kosdduuunent pacuupenus marepuana: a = 1.5x10 — 4 1/rpan.

0
Puc. 3. O6umii BUI KOHTEHHEpa U IIaTGOPMBL: @ — KOHTEHHED; 6 — mIaTdopma

JInst perucTpanny nepeMerieHus ucciaeayeMon MOJEIN OTHOCUTENIBHO TPYHTa C TOPLIEBOM
CTOPOHBI IIaT(GOPMBI YCTAaHABINBAETCS CHIEIUATBHBIN TEH30METPUIECKUI JATUYMK TePEMEICHUSI.
[Tepemenenust muaThoOpMbl OTHOCUTEIBHO KOHTEHHEPA PETUCTPUPYIOTCS MPHU MOMOIIU IPYTOro
JaTyuKa MepeMellleHus, yCTAaHOBICHHOTO MEX Ty miaaTgopMoil u koHTeitHepoM. Takum 0Opaszom,
MpU JEUCTBUM JUHAMUYECKUX HATPY30K Pa3IMUHON MHTEHCUBHOCTH PETUCTPUPYIOTCS IIEpEMeEILIe-
HUS TIaTPOPMBI OTHOCUTEIBHO KOHTEWHEpa WM MEepPEMEIICHUs HMCCIeAyeMOW MOJENU OTHOCHU-
TEIBHO MIATPOPMEL.
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[IpoBeneHa cepus SKCIEPUMEHTAIbHBIX MCCIENOBAHUN IO HM3YYEHUIO B3aUMOJEHCTBUS
M3y4aeMON MOJEIN C OKPYXKAIOIIKUM I'PYHTOM IIPU JACUCTBUU AUHAMUYECKUX BO3JIEHCTBUU pa3-
JMYHOW MHTEHCUBHOCTH. KpoMme Toro, uccienoBanus IpoBeIeHbI IIPU pa3IMYHbIX TTTyOHHAX pac-
IIOJIOYKEHHUS YKa3aHHOM MOJIEIIH.

Ha puc. 4 nzo0paxkeHpl KOHTEHHEP U mIaTdopMa ¢ pacrojOKEHHON BHYTPH T'PyHTa HC-
CIIelyeMOi MOJIENbIO: @ — MOJENb TPYOBI, PaCHOJI0KEHHAass HAa OBEPXHOCTH TPYHTA; O — MOJIETb
TpYOBI, pacroyiokeHHas Ha TIIyOuHe 3 cM.

Puc. 4. 300paxenue KoHTelHepa ¢ 1aThopMoi U PACIIONOKEHHOH BHYTPU IPYHTA UCCIIEAYEMOM MOJIEIBIO

JU1g MOAETMPOBaHUS CECMUUYECKOTO BO3ACHCTBUSA MOJIENb, HAXOAIIAsACS B KAPETKE 1ICH-
TpuGyry, JOHKHA MOABEPraThCsl TAKOMY JOTOTHUTEILHOMY JUHAMUYECKOMY BO3/EHCTBUIO, KO-
TOPOE BOCIPOM3BOAMIIO ObI JIEHCTBHUE PEATLHOTO 3eMJICTPSICCHUS Ha HATypHBIN 00BheKT. B kave-
CTBE OCHOBHOTO KpUTEpHUs OOBIYHO MPUHUMAIOT MAaKCUMAIbHOE YCKOPEHHUE «a», KOTOpOe MOIy-
YaroT YaCTULIBI TOPOIbI B 30HE U3y4aeMOro 00beKTa MPHU MPOX0KACHUN celicMuyeckux BoJH. [1o-
CKOJIBKY YCKOPEHHUE SIBIISIETCS BEKTOPOM, TO Ha MOJIENIH HEOOXOAUMO BOCIPOU3BOIUTH HE TOIBKO
€ro BEJINYMHY, HO ¥ HaIIPaBJICHUE YCKOPEHUSA B COOTBETCTBUHU C OCSIMU COOPYKEHUS.

[Ipu mpoBeneHUH pacyeToB HA OCHOBAHUU IMOJYYEHHBIX PE3YAbTAaTOB IKCIIEPUMEHTANb-
HBIX 3amucel Bocnosib3yeMcs Gpopmynamu u3 [2].

YckopeHue «a» Ipu CEHCMUYECKOM BO3JIEHCTBUU COMOCTABIIAETCS C KAKOM-TO BETMYUHOM,
OTIpEIeIISAIONIEH YCTOMUNBOCTh U MPOYHOCTh MCCIETYEMbIX 0ObEKTOB. Takoi BEIMUYMHON SIBIIS-
€TCsl YCKOPEHUE «gM», 3aMEHSIoIIee YCKOPEHUE CBOOOTHOTO MaJeHUsl «gH» Ha Mojend. Ha ocHo-
BaHUU 3aKOHA [EHTPOOEIKHOTO MOJECITUPOBAHUS MOYKHO TIPUHSATH

Iu = guNt

Jliis oGecrieueHus: B MOJIENIU TeX K€ YCIOBUHN YCTOMYMBOCTH MPU CEHCMUYECKOM BO3JEH-

CTBHHM, KaKue€ UMEIOTCS B HaType, TOJDKHO coOro1aThes TpeOoBaHue
A/ Gu = Au/ Gu- 1)

CnegoBaTeibHO,

a, = a, - n. (2)

VYckopeHue a, B HaTYpHBIX YCIIOBHUSX 3aBUCHUT OT CUJIbI 3eMJIETPSCEHHSI, OOBIYHO BhIpaka-
erca B Oaytax. KpoMe yckopeHus, celicMuueckoe AEHCTBUE XapaKTepH3yeTcsl MEPUOI0M KoJle-
Oanuit T, KOTOPBIA MOXKET U3MEHATHCS B JJOBOJIBHO IIMPOKUX Mpe/esiax, IPUYeM OCHOBHYIO POJIb
UTPAIOT KOJIeOaHUs C TIEPUOIaMHU OT JECATHIX JOJeH 10 HecKoIbKkux cekyHn (0.1-5 c).

Ecnu nomyctuts, 4yTo celicMuueckue KojaeOaHus UMEI0T CHHYCOUIAIbHBIN XapakTep (rap-
MOHHYECKHE KOJIeOaHUs), TO MOKHO HalKMCcaTh PaBEHCTBO

41
a=-395 ©)
I/ICXOIL}I "3 YCJ'IOBI/Iﬁ TCOMETPUUCCKOT'O HOI[O6PI$I,
Sy=3S,/n. 4)
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Ha ocHoBanuu paBeHCTB (2) 1 (4) MOKHO OIIPENEIUTh MACIITA0 MOJICIIMPOBAHUS [IEPUOIA
konebanuii T. Vicnomnp3ys BeipaskeHue (3), onpeaennum nepro Koineoanui

TOoraga
T,=2m |2 =T )

Takum o0pazoM, mepuoj KoJieOaHuii B MOJEIH JIOJDKEH OBITh B M pa3 MEHBIIE, YeM B
HaType.

OmnpenenuB Bce YCIOBUS MEPEX0a OT MOAETH K HATYPHBIM YCIIOBHUSIM, MOYKHO JI€TIaTh BbI-
YHCIJIEHUS IO MOJIyYEHHBIM JaHHBIM MPOBEICHHBIX TMHAMUYECKUX UCIIBITAHUIN Ha LEHTpUPyTe.

[Tpu mpoBeneHNH SKCIIEPUMEHTOB B U3MEPUTEIIEHOM KOMIUIEKCE EHTPU(YTH UCTIOB30-
BaJIM 3 TEH30METPUYECKUX KaHaja. /[Ba kaHasa — JUIs 3alUCH CUTHAJIOB TEH30METPUYECKUX JIaT-
YHKOB, PACIIOJIOKEHHBIX C UCCIIEyeMbIM OOBEKTOM B TPYHTE M KapeTKH, OJJMH KaHA — IS TIO/I-
cdera yrciaa 000poTOB LEHTPUDPYTH U PUKCAIIMHN KOJTMYECTBA 000POTOB LEHTPUPYTH C IOMOIIbIO
OTITUYECKOTO JTATYUKA.

Pe3yabTaTsl u 00cy:kaenue. [locie npoBeaeHus BceX MOArOTOBUTEIBHBIX paOOT BBIOJI-
HEHBbl SKCIIEpUMEHTAIbHBIE HCCIEAOBAHMS MJIS M3yYeHUs IUHAMHYECKOTO B3aUMOJIEHCTBUS
TPYHTA C UCCIIEYEMBIM 0OBEKTOM.

Ha puc. 5 u 6 npuBeaeHbI MpUMEPHI 3aMUCEN, TOJTYYEHHBIX MPH MPOBEICHUH SKCIIEPUMEH-
ToB. Ha puc. 5 nmansi 3anmucu xosnebanus kapetku (1) u Mmoaenu TpyOsl (2), CBOOOIHO JexaIieil Ha
MOBEPXHOCTH IpyHTA: | — MakcuMalnbHOE nepeMenieHue kapetku 10 0.16 MM; 2 — MakcuManbHOE
nepemenienue Tpyosr 1o 0.15 mm. Ha puc. 6 npuBenens! 3anucu KoyieO0aHUus KapeTKH U MOJIETH
TpYyOBI, HAXOISAIINECS O] CII0EM I'PYHTa TOJIIKUHOMN 6 cM: 1 — MakcuManbHOE TIepeMeleHue Ka-
petku 110 0.13 MM: 2 — MmakcuMaiibHOE TiepemertieHue Tpyo 10 0.11 mm.
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Puc. 5. 3anmcu koneGanust CBOOOAHO JIeXKaIIeH MOJETIH TPyOB! HA TOBEPXHOCTH TPYHTA
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Puc. 6. 3ammcu koneb6aHus TPYHTA W MOIETH TPYOBI, JIeXkKAIIEH 1O CIIOeM TpyHTa

—
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Ha ocnoBanmm MOJIYYCHHBIX JSKCICPUMCHTAJILHBIX OaHHBIX 6BIJII/I MOCTPOCHBI aMIIJIN-
TYIHO-YaCTOTHBIC XapaKTEPUCTUKH KOJICOAHMI KapETKU U MCCIEAYEMON MOJICIH, KOTOPBIE MPH-
BEJCHBI HA pPUC. 7.

A M
A, Mm

01 01 A

0.0 0,05 01 0,15 02 T.c 00 0.05 0,1 0,15 02 T,c

a o

Puc. 7. AMIITUTYIHO-4aCTOTHBIC XapaKTEPUCTHKU KoebaHuit kapeTku (a) u TpyOsI (6)

Kax moxa3pIBarOT BIYUCIICHUS, 3HAUCHUS] TUHAMUYECKUX BO3JICHCTBUN TIPU TPOBEICHHBIX
UCIBITAHUSAX IO MHTEHCUBHOCTH COOTBETCTBYIOT 3eMJIETPSICEHUSIM B 6—7 OaioB. YacToTHBIN qHa-
Ma30H U TUHAMHYECKUX BO3/IEHCTBUSX B MOJIeTH cocTaBisieT oT 10 10 25 xosiebaHuii B CEKYHTY.

Pe3ynbTaThl IpoBeEHHBIX MOJEIBHBIX MCCIEAOBAHUN ¢ MPUMEHEHUEM METOJa IEeHTPO-
0€KHOTO MOJETMPOBAHUS MOKA3bIBAIOT, YTO IPU AUHAMUYECKUX (TUIA CEHCMUYECKUX) BO3/CH-
CTBUSIX MOJIeNb TPYyOBbI, Jiexaliasi Ha OBEPXHOCTH T'PyHTa, KojeOieTcs ¢ 4acTOTOM, OTIMYaro-
LIEKCS OT YaCTOTHI TPYHTA.

MaxkcumanbHO€ YUCICHHOE 3HaUE€HUE NepeMeleHHs] TPYObl OTHOCUTEIBHO IPYHTA B IIepe-
cuere K HaType coctaBuio 4.0 mm. B Tabnuiie npuBeneHsl pe3yabTaThl MOAEIBHBIX KCIIEPUMEH-
TaJbHBIX JAHHBIX, IPUBEJIECHHBIX K HATYPAJIbHBIM BEJIMUNHAM.

MakcumanbHoe Iie- MakcumansHoe Ie- 3anasgpIBaHUE KO- 3HayeHne OTHOCH-
['myGuHa 3am10-
OIS M peMeleHre TpyHTa, | peMelleHne TpyOku, | jJeOaHus TPYOKH OT | TENBHOTO IepeMere-

’ MM MM TPYHTa, C HUS
0.0 6.8 5.6 1.68 0.82
1.20 6.0 5.4 1.04 0.90
2.4 5.6 5.12 0.41 0.91
3.6 4.8 4.52 0.20 0.94

3akiarouenue. [Ipu yriybnenuu TpyObl B TPYHT 3HaU€HUE €€ MepeMelleHust TpyObl OTIIu-
yaercs OT MoKa3aTelsiel mepeMenieHus rpyHTa. YacToTHbIM XxapakTep KoJiebaHuii TpyObl ¢ yBeu-
YeHHEM TIyOMHBI 3aJI05KeHUS TPUOIIKAeTCsl K YacToTe KoJiebanus rpyHTa. [Ipudem, yuem riyoxe
pacnojio’keHa TpyOa, TeM 3Ha4eHMs] 4acTOT KosieOaHHsl TPyObl U IpyHTa CTAHOBSITCS WICHTHUY-
HBIMH.

Kak BUIHO 13 MOTY4YEHHBIX TaHHBIX, C YBEJIMUYEHUEM IIyOUHBI 3a70KEHUS TP OJAMHAKO-
BBIX IMHAMUYECKUX BO3JCHCTBUIX pa3HUIIa MAKCUMAIbHBIX YUCIICHHBIX 3HAUEHUH MTepeMeleHui
KapeTKu U TpyObl YMEHbIIIAETCs. 3HAUCHUS YACTOTHBIX KOJIeOaHUN KapeTKU U TPYOBI ¢ yBeInue-
HUEM TTTyOHHBI 3aJ105KeHUsT TPYObl MPUOIMKAIOTCS K OIMHAKOBOH.
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X.C. Cazoues, 3.P. Tewaoaes, B.A. I'anuackapos, X.0. lllepnuézos, b.H. Mupzaxaounos. Mapkazoan Kouma mooein-
Aauimupuwi ycyaunu Kyaauw époamuda ounamuk (ceicmuxk mypoazu) Kywiap mawscupudd ep ocmu RoJuIMuieH Kygypia-
PuHu IKCREpUMEHM AN MAOKUKU

Annomavusn: Maxonaoa mapkazoan KoUmMa MOOEIIAUMUpUWL YCyauoan gouoananud, nosumep Kygypiap ounan ymxa-
3UA2AH IKCNEPUMEHMAL MAOKUKOMAAP HAMUNCANApU Kenmupunean. Mapkazoan Kouma Kypuima Kapemxacuoa OUHAMUK KyYIapHU
XOCun KUnaouean 6a amanza owupaouean Kypuima myaa épumunean. Onunean HAMudICanap oCYULIOSPAMMANAP, HCAOBALLAD 84
YUBMANAD KYPUHUMUOA KETMUPUTLAH.

Kanum cyznap: mapxazoan Kouma MOOELIAuMupunL yCyu; Kapemxd, yiio8 MAaicCMyact; ROIUIMULEH Ky8ypaap; epyHm
64 KYBYPHU KYUULU.

H.S. Sagdiev, Z.R. Teshabaev, V.A. Galiaskarov, H.O. Sherniyozov, B.N. Mirzakabilov. Experimental studies of un-
derground polyethylene pipes under the action of dynamic (seismic type) loads using the method of centrifugal simulation

Abstract: The article presents the results of experimental studies carried out with polymer pipes using the method of
centrifugal modeling. A detailed description of the installation for creating and reproducing dynamic effects in the carriage of a
centrifugal installation is given. The results obtained are presented in the form of oscillographic records, tables and graphs.

Keywords: centrifugal simulation method; carriage; measuring complex; polyethylene pipes; soil and pipe movement.
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PAZPABOTKA MOJEJIX U PACYET ITPOU3BOAUTEJIBHOCTH
XJIOIIKOYBOPOYHbLIX MALINH

PuzaeB A.A., ﬁyﬂnameB A.T., Kynapomesn JI.A., Mup3zaesa M.M., I'an:xaes 111.A.
Hucmumym mexanuxu u ceticmocmotikocmu coopyxcenuii um. M.T. Ypasbaeea AH PY3, Tawxenm, Y36exucman
E-mail: don_02@mail.ru

Annomayun: B oannoii cmamve npuseden pacuem npousso0umenbHOCmu Xaonkoyoopounsix mawur. Onucansl panee
NPeONoNHCceHHble MOOENU XIONKOYOOPOUHIX MAWUH, 4 MAKIHCE NPEONOHCEHbI HOBble paspabomaHHble Modenu. Ha ocnoee uucnen-
HO20 UCCTIe008AHUS 8LINOIHEH CONOCMABUMENbHBIN AHANU3 BEPIMUKANLHO-UNUHOETLHBIX XA0NK0Y00pouHblx mawun MX-1,8 u eo-
PUBOHMATILHO-UWUNUHOENbHBIX XI0NK0Y60pounbix mawiun pupmul Ketic 2022. Onpedenerio iusitue napamempos Xionkoyoopounsix
MAWUH HA UX NPOU3800UMENLHOCHTb.

Knrouegvie cnosa: xnonkoyoopounsie Mawumbl;, NPOU3B0OUMETLHOCHb, NAPAMEMPbL, DALAHC BPeMeHl; aKmopbl, Mo-
Oenuposanue; HucienHvle UCCIe008aHUA.

BBenenne. B MupoBoM maciitade pazpaboTka v IPUMEHEHHE YHEPTO- U pecypcocOepera-
IOIUX U BBICOKOA((PEKTUBHBIX XJIIOMKOYOOPOUHBIX MalKH (XYM) 3aHUMArOT OJTHO U3 BEIYIINX
Mmect. [IpuHrMas Bo BHUMaHue TOT (aKT, 4TO «B MHUpe 00IIas MIOIIa b, BhICTIEHHAs AJIsl BbIpa-
IIMBAHMS XJIOIKA, COCTaBJIsAeT 32.4 MJTH reKTapoB, 0OIuii 00beM BBIPaOOTAHHOTO BOJIOKHA — 25.6
MJTH TOHH» [ 1], IpOEKTHPOBaHNE HOBBIX BRICOKOIIPOU3BOMTEIBHBIX SHEPTO- U pecypcochepera-
IOIIMX XJIOMKOYOOPOYHBIX MAIllMH, YCOBEPIICHCTBOBAHUE CYIECTBYIOIIMX MOJICNICH 10 OIICHKE
nokasaresiei ux paboThl, a TaKke MoBbIIeHUE 3()(HEKTUBHOCTH UX UCTIOJIB30BAHUS 32 CUET MPe/I-
BapUTENILHOTO MPOrHO3a Ka4eCcTBa U KOJIMYECTBA COOPAHHOTO C TOMOIIBIO XJIOTIKOYOOPOUHBIX Ma-
IIMH XJIOTKAa-ChIPIIa, BRIPAIIEHHOTO Ha TOJSX, SBISIOTCA OJHON U3 BakHEHIHX 3a1a4 [2 — 8]. B
CBSI3H C OTUM JIs1 00ecredeH s TPOU3BOJUTENHFHOCTH XJIOMKOYOOPOYHBIX MAIlIWH Ha HE0OXO -
MOM YpOBHE 00JIbIII0€ BHUMaHUE YAESIETCS] COBEPIISHCTBOBAHHIO CYIIECTBYIOIINX U pa3paboTke
HOBBIX BBICOKOTOYHBIX M SKOHOMHYECKU Y(P(HEKTUBHBIX METO/I0B OIICHKU M UCIIBITAHHUS.

Kak u3BecTHO, B Y30€KHCTaHE XJIOMOK, BRIPAIIMBAEMBIN Ha OPOIIAEMBIX 3E€MIISIX, BBICE-
BAIOT Ha I'PSJIKAX ¢ MEXAYpsabsiMu 60 1 90 cMm. B 3aBUCUMOCTH OT COPTHOCTH, arpOTEXHHYECKOTO
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yX0/1a ¥ COCTOSIHHSI TIOYBBI YPOIKAMHOCTH XJIOTIKA U3MEHseTcst oT 2 1o 6 1/ra. s cOopa ypoxkas
pa3paboTansl paznuuHbie Moaudukanuu XYM ¢ mupuHOii 3axBata ot 2 110 6 psakoB. M3BecTHo,
gyt0 B MOHOTrpaduu P.JI.Maryanosa [9] B XpOHOJOTHYECKOM MOPSIKE OTTUCAHBI OCHOBHBIC JTAITbI
CO3JaHUSI OTEUECTBEHHBIX OJHO-, IBYX-, YETHIPEX- U MIECTUPSIHBIX XJIOMKOYOOPOUYHBIX MAIIIHH.
OrnrcaHbl KOHCTPYKIIMHU XJIOTTKOYOOPOYHBIX MAIlIMH, UX pa00Yre OpraHbl, a TAK)KE MPEUMYIIECTBA
Y HEJIOCTaTKU B KOHCTPYKITUH.

B V36ekucrane 1o 2018 r. cbop xnonka XYM ocymectsisuics B 2 3tana. [lepsbiii cOop
MIPOBOJIWIIN MIPU PACKPBITUH KOpoOouek 10 55—65%, BTOpoi — Ipu pacKpbITUN KOPOOOUEK CBBIIIE
85%.

Onnako, Haunnas ¢ 2018 r., B Y30ekucrane MEHsSIETCS TEXHOJIOTHSI MAIIMHHOTO cOopa
xyionka. [IpumensieTcst olHOpa3oBbIil cOOp IpU pacKpbITUU ypoxkast cBbiiie 90%. B nexxanckux
(dhepmMepcKux Xo3gicTBax co3anbl «KimacTepsl», OCYIIECTBISIONINE MPOIECC, KOTOPBIM HaYWHA-
€TCSl OT CeBa XJIOMYATHUKA M 3aKaHYMBACTCS MOJYYCHHEM M3 XJIOMKa-ChIpIia KOHEYHOH MPOIyK-
nuu. [ToaToMy B HacTosiiee BpeMs B Y30eKUCTaHe MPUMEHSIOTCS pa3IudHbIe MapKU XJIOMTKOY00-
POYHBIX MaIIuH: BepTuKanbHbie MX-1,8, ropusontanbubie ¢pupmbl John Deere 9970 u dhupmbl
Case 2022, koTopble HEOOXOAUMBI TS Pa3paOOTKH METOIUKH OMPEACIICHUS POU3BOIUTEITHHO-
CTH XJIOTKOYOOPOUYHBIX MAIIIMH MTyTeM YHCJIEHHBIX UCCIIET0BAHUI.

IMocTranoBka 3axaun. Pa3paboTka MaTeMaTHueCKOW MO TSI OTIPEACIICHUS TIPOU3BO-
JTUTENBHOCTH XJIOMIKOYOOPOYHON MAIlIMHBI 32 CMEHY, @ HIMEHHO: KOJIMYecTBa COOPaHHOTO XJIOTKa-
ceipiia Wig ¢ obpabotannoil mmomaan Wg,, OCHOBHOTO BpeMEHH CMEHHI to 17151 cOopa XJomnka-
ChIpIia, oOIIEro BpeMEH! pa3BOpOTa MAlllMHBI HA Pa3BOPOTHOM moJjoce tr, 001Iero BpeMeHu Asis
pasrpy3ku OyHkepa tp, IpOBeJeHHE COMOCTABUTEIbHBIX YUCICHHBIX MCCIEAOBAHUM JIJIs1 BEPTH-
KaJIbHO-IIIMTUHCIBHBIX XJIONMKOYOOPOYHBIX MammH MX-1,8 U ropu30HTAIBHO - HMIMUHACIBHBIX
mamuH Keiic 2022. YcraHOBIEHO, UTO Ha MPOU3BOIUTEIHLHOCTh XYM BIUSIOT cleayromue Gak-
TOPBI:

Ilapamempor mawiunol:

1. CKOpOCTh MamiuHbI Vi, M/C.
2. lIupuna 3axBara (B°n), M, rae B — mupuHa MEKIy TPAAKAMH; N — KOJIMYECTBO 0OpabaThiBae-
MBIX TPSJIOK;
3. O6wem Oynkepa V, m>,
AepomexHuueckue napamempuol:
4. YposxkaiiHocTth xiondatHuka Gy 1/ra;

G
5. Jlomns packpsitoro ypoxas K, | Ky = G_p , tiae G, — ypoxKallHOCTb PACKPHITOTO XJIOMYATHHKA,
y
1/Ta;
_G,
6. IonroTa MarmuHHOTO cGopa P | P —G— , KOTOpasi 3aBUCUT OT MAaIIUHHBIX (PakTopoB; Gp —

y
coOpaHHBIN XJIOMOK B OYHKED, KI'; G, — pacKpbITHINM yposkaii Uit 3an0HeHHs OyHKepa, KT.
7. JlnuHa roHa mojew £, M.
Daxmopwl, 6xo0saUjUe 8 CMEHHBIU OALAHC BPEMEHU.
to— OCHOBHOE BpeMsi CMEHBI JTsi cOopa XJIOMKa-ChIpIIa.
9. t,— oOuiee BpeMsi CMEHBI, 3aTpayeHHOE AJIsl pa3BOpOTa Ha Pa3BOPOTHOM MOJIOCE.
10. t,—oOriee Bpems CMEHBI, 3aTpayeHHOE IS pa3rpy3ku OYHKEPHOTO XJIOMKa C yueTaM Mmpoe3a
P XOJIOCTOM JBWKEHUU;
11. tost— oO1iee ocTaBiieecs: BpeMsi CMEHBI, B KOTOPO€ BXOJAT 5, 11, B, 13, I, ts.
t4; — IOJITOTOBUTENHHO-3aKIIOUUTEIHHOE BpEMS, 3aTpaulBaeMoe Ha KOMIUJIEKTOBaHHE, Tepe-
€3]] MaIlIUHBI K MO0 U 00paTHO.

o
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t1 — BpeMs Ha TeXHOJIOTHUECKOe OOCITYKMBAHUE MAIIMH (OYMCTKA HIMUHENEH OT 3a3eeHe-
HUS, IPOBEPKa KauecTBa paboThI U Ap.).

to— BpeMs Ha TEXHUYECKOE 00CITy)KHMBAaHUE MAIIUH B TE€YEHUE CMEHBIL.

t3— Bpems IpOCTOEB MaIlIMH U3-3a YCTPAHEHMS IIOCIEACTBUNA OTKA30B.

t4— BpeMs IpOCTOEB MaIIMH 10 OPraHU3alMOHHBIM IPUYHUHAM (0XKUJAAHKE IIPULIETIA U JIp. ).

s — BpeMsi IpOCTOEB M0 IPYTUM NMPUUYMHAM (METPOJIOTUYECKUM, arPOTEXHUUYECKUM U Jp.).

OnHako MHOTMMH aBTOpPaMH NPEIOKEHBI SMIUPUIECKUE (POPMYIBI ISl OMpeaeTICHHS

MIPOU3BOIUTENBHOCTH XJIONKOYOOpouHbIX MamuH. Hanpumep, aBropom X.X.YcMaHX0aKaeBbIM
[10] onpenenenne Npou3BOAUTEIBHOCTH XJIOMKOYOOPOUHBIX MAIIIMH MPEACTABICHO (POPMYIIONi:

W(k,t)=n-m-n-0-y-I1-q, (k 1), (1)

rae W (k,t) — mpousBomutenbHOCTh YOOpo4HOTO arperara, t/c; 7 — KI1J] arperara; m — uucio oj-
HOBPEMEHHO 00pabaThIBAEMBIX PSIKOB XJIOMYATHUKA; H — IMIUPHHA MEXIYpsiubs, cM; O — CKo-
pocTh arperata, M/C; y — ypoxKalHOCTb, c/ra; [T — packpbiTie Kopobouek, %; Qsr(K,t) — dyHKIHH
MOTEPHU MOJHOTHI cOOpa XJIOMKA.

[IpencraBnennas sMnupudeckast popmyna (1) He 1a€T BO3MOKHOCTH IPOBOIUTH YHCIIEH-
HBIE UCCIIEIOBAHMS C YI€TOM KOHKPETHBIX (pakTopoB. Hampumep, BiustHUe 1IHHBI ToHA £, 00BeM
Oynkepa V, Bpems lost 1 1p.

ABtopamu [11] mpOM3BOAUTENHHOCTh XJIOMKOYOOPOYHOW MAIIMHBI OMPEISIAETCS
CJIEAYIOIIUM BBIPKEHUEM:

W, =0.36B,v,Y,ed . 2

rae W — cMeHHasi MpOU3BOIUTENBHOCTS, Ta; B, — IIMpHUHA 3aXBaTa MallluHbI, M; Up — paboudas
CKOPOCTB IBHKEHUs, M/C; Yy — ypOXKaWHOCTh XJIOMKA, T/Ta; { — CTENeHb PACKPBITUS XJIONKa, %0,
p — TOJIHOTa cOopa XJonKa; tp — BpeMs unctoii pabotsl; 0.36 — koappuueHT nepecuera Mepbl
B IIPABOM U JIEBOU YACTAX YPAaBHEHUS.

[IpencraBnennas ¢opmyna (2) Takke HE TA€T BO3MOXKHOCTb ITPOBOJIUTH YUCIEHHOE HC-
cienoBanue. OueBUIHO, YTO C yBETMYEHHEM 1, TIOBBIIIAETCA MPOU3BOIUTENBHOCTE. Hampumep,
Takue akTophl, KaK IMHA ToHa £, 00beM OyHkepa V u Apyrue, BIUSIOT Ha YUCTOE BpeMsl pabOoThI
t,.

B pa6orte [12] Oblna mpeaioxkeHa pa3padoTka MaTeMaTHUEeCKOW MOJIETH JIJIsl OTpeesie-
HUS TMPOU3BOAUTEIBFHOCTH XJIOMKOYOOpOUHBIX MamuH. OHAKO MpeuiokeHHas Moenb [12] He
JIaeT BO3MOXKHOCTH OIIPEJIETUTh 32 CMEHY: 3aTpaueHHoe o01iee ocHOBHOE BpeMms fo, oO1iee Bpemst
pa3BopoTa MaIIMHBI Ha pa3BOPOTHOM mosoce tr, ob1iee Bpems Aiist pa3rpy3ku OyHkepa tp. Kpome
TOTO, B JIaHHOM MOJENN OTCYTCTBYIOT YHCIIEHHBIE COMOCTABUTENbHBIE aHATU3bl BEPTUKAIBHO-
UIIMUHACTBHBIX MAIIUH C TOPU30HTAIBHO-IIMUHIETbHBIMH.

Takum oOpa3om, LebI0 pelIeHHsI IOCTABICHHOM 3a/1a4H SIBJISIETCS IPOBEACHNE YHCIICH-
HBIX HCCJEIOBAaHUN MO OMPEAENCHUIO0 MPOU3BOAUTEIHHOCTH XJIOMKOYOOPOUHBIX MamiuH. s
3TOr0 HEOOXOIUMO COCTaBUTh MaTEMATHUECKYIO MOJIeb B3aUMOCBSI3U MAIlIMHHBIX TApaMeTPOB C
arpoTeXHUYECKUMH MapaMeTpaMu C y4eTOM CMEHHOTO OajaHca BpeMeHH.

Pa3paGoTrka maremaruueckoii mogenun. C 1enpio pa3pabOTKH MaTeMaTHYECKOW MO-
JIeNU JIJ1sl OTIPeIeNIEHUs TIPOU3BOAUTEIHLHOCTH XJIOMKOYOOPOUHBIX MAIIIUH BEPTUKATHHOTO U TOPHU-
30HTAJILHOTO THIIOB UCTIONB3yeM CIIEIYIOIINE JaHHbIE, TOJTYyYeHHbIE HA OCHOBAaHUU MHOTOJIETHUX
OTIBITOB:

— YPOXKaWHOCTh paCTEHUS XJIOMUATHUKA OMPEENIeTCs Ha OCHOBE arpo()OHHBIX PACYETOB
u cocrasnser G,=(2.0 — 6.0)-103, kr/ra;

— JI0J151 paCKPBITOTO ypOxKasi IIPH 0JTHOPa30BOM cOOpe nepe]] MalIMHHOW YOOPKO# cocTaB-
nsiet G, /Gy =(0.85 — 0.95);
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— TOJTHOTa cOopa OYHKEPHOTO XJIOTKA-ChIPIIa OTPEACISIETCS HA OCHOBE SKCIIEPUMEHTAIIb-
HBIX JaHHBIX U coctaBisieT P =(0.88 — 0.93);

— IIUPUHA MEXAYPSAbs ONPEACISIETCS Ha OCHOBE 3aMepa TPSAAKH U cocTaBisieT B=0.6 m
wm 0.9 m;

— JUIMHA 3aroHa MoJjiel onpeaenseTcs Ha OCHOoBe 3amepa u coctapisier {=(200—-700) wm;

— KOJIMYECTBO PSAIOB MPH MAITUHHON yOOpKE OTpeNeNnseTcsi U3 KOHCTPYKTHBHOTO Xapak-
Tepa u cocrapisier N=2, 4, 6, 8;

— BpeMs OJIHOTO TIOBOPOTA Ha Pa3BOPOTHOM MOJIOCE TOJISI OMPEIETSETCS XPOHOMETPaKeM
u coctasiseT tp1=(1 — 3)-60 c;

— BpeMsi OJTHOH pas3rpy3Ku OYHKEPHOTO XJIOTIKA OMPEACISIETCS XPOHOMETPaKEM M COCTaB-
nsiet tp;1=(3 — 5)-60 c;

— BMecTUMOCTh OyHkepa ams Keiic 2022 V=20.36 v [13], xns MX-1,8 V=13.8 M [14],
HACBIITHO# Bec xytonKa-ceipia Vy=53 kr/m° [15]. CoracHo 3TUM JaHHBIM, BMECTHMOCTh GYHKepa
s Keiic 2022 npuanmaem Gp=1080 kr, a st MX-1,8 Gp=750 kr;

— KO3 PUIMEHT, YIUTHIBAIOLINI OJHOTY OYHKEpa Mpu pa3rpys3Ke XJIOIKa, 3aBUCUT OT BO-
IuTeNs ¥ puHUMaeTcs paBHbIM Kp=(0.7 — 1.0);

— TOJTHOE BpeMsl, 3aTPa4eHHOE 32 CMEHY IpH yOOpKe XJIOIMKa-ChIpIa, MPUHUMAEM PaBHBIM
t=7-3600 c;

— o01ee BpeMsi, 3aTpauyeHHOE 3a CMEHY lost, MPUHUMAEM:

JUTSl BEPTUKAIBHO - IIMHUHAETBHBIX MaruH [ 15] tost =2.1-3600 c;

JUTSE TOPU30HTAIIBHO - IITTHHIETBHBIX ManuH [ 14] tost =2.52-3600 c.

— CKOPOCTh MallIMHBI TPHHUMAEM:

JUTS BEPTUKAJIBHO - MIMUHAeAbHBIX MammuH Vm=1.07 m/c [15];

JUISl TOPU30HTAJIBHO - MIMHHACTBHBIX MamuH Viv=1.68 m/c [14].

B pe3ynbTaTe umncieHHbIX pacueToB Ha OBM monydeHsbl cieayronide KOHEYHbIE mapa-
METPHI IPOTPAMMHOTO TTaKeTa:

1. TIpou3BOAUTENLHOCTh XJIOMKOYOOPOUHOW MAIIMHBI 33 CMEHY, COTJIACHO COOpaHHOMY
XJIOTIKY-ChIpIry Wg.
2. TIpou3BOAUTENBHOCTh XJIOMKOYOOPOUYHON MAIIMHBI 32 CMEHY, COTJIacHO 00paboTaHHOU
mromand Waa.
3. OO0mee 0OCHOBHOE BpeMsi, 3aTpayeHHOE 3a CMEHY, fo U.
4. OOmee BpeMs, 3aTpaueHHOE 32 CMEHY JJIsl pa3BOpPOTa MalllMHbI HA pa3BOPOTHOH moJoce fr.
5. OO6mee Bpemsi, 3aTpadueHHOE 332 CMEHY JIJISl pa3rpy3Ku OYHKEPHOTO XJIOTIKa-ChIpua t,.
Ha ocHoBe (akTOpoB, BXOASIINX B CMEHHBIN 0ajlaHC BPEMEHH, TIPEACTABUM CIIEIYIOIIYEO

popmymy:

t=t,+t, +1, +15. (3)
Bripaxxenue (3) nmpeobpa3yeM B BHie
E=tom " Ny +Tpr Ny - Ny +15 - Ny +, (4)

rze toip — OCHOBHOE BpeMsi AJis1 3al0JHEHHs oiHOro OyHKepa; Np — KonudyecTBo OyHKepoB, coOpaH-
HBIX 3a CMEHY; tph — BpeMs OJJHOTO pa3BOpOTa Ha Pa3BOPOTHOM moJoce; Nip — KOJHMYeCTBO MPOXO-
JIOB JUTsI 3aII0JIHEHUS OTHOTO OyHKepa; tp;1 — BpeMs, 3aTpaueHHOe Ui Pa3rpy3Ku OJJHOTo OyHKepa
C Y4€TOM MPOCTHIX MPOE3IOB.

JU1st 3an0JTHeHUsI OJJTHOTO OYHKepa HaIUIIIEeM CIIEAYIOIIEe PABEHCTBO:

G, -k, =G, K,-P-B-n-L-10" xr, (5)

riae L — cymmapnas juinHa rona (X0) ams 3anonaeHust ogHoro oyHnkepa (Go-kp).

C yuetom ¢opmyinsl (5) ompeaensieM OCHOBHOE BpeMs sl 3alI0JIHEHUSI OJTHOTO OyHKepa:
4

:L: Gb'kb'lo .C. (6)

Vu G, B-P-vy-K -n

tOZIJ:)
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Ha ocHoBanuu popmyssl (6) onpeaensieM KOJIUYECTBO MPOXOIOB JUIS 3aMIOTHEHUS OTHOTO
OyHKepa:

(7 G, -k, -10° (¢
Ny =t :| — |= P 1V (6)
Vi G, -B-P-vy-K,-n| vy
N3 dhopmyiel (4) onpenensieM KOJTHMYECTBO COOpAaHHBIX OYHKEPOB 32 CMEHY:
t—t
ost (8)

a (tOJb +1m - Ny +tp3l).

Ha ocHoBanuu BBIIENPEICTABICEHHBIX 3HAYEHHW OMpPEAEsieM IPOU3BOIUTEIHLHOCTD
XJIOTIKOYOOPOUHBIX MAIIKH 32 CMEHY:

Gb ) kb (t _tost)

Wy =G,k Ny = ) )
W, = B-rn-Ny 20N, = 272" N 105 ~ty) (10)
(oo +tpe - Ny +1,,)
OnpesieiM 0CHOBHOE BPEMS], 3aTPAYEHHOE 3a CMEHY:
t, = (t,y, - N, ): 3600, ; (12)
o0lee BpeMs, 3aTpauyeHHOe IS Pa3BOPOTA 3a CMEHY:
t, =(t,,,- Ny - N, ): 3600, «; (12)

oO1iee BpeMs, 3aTpaueHHOE I pa3rpy3Kku OyHKepa 3a CMEHY:
t, =(t,,-N,):3600, u. (13)

Pe3yabTaThl UMCAeHHBIX MCCAeI0BAHUM. {15 YMCICHHBIX UCCIEIOBAHUI HCIIONIb3yeM
paszpaboTaHHbIC TIPOrpaMMbl [ 16] 1 001mKe mapaMeTpsl BEPTUKATBHO-INTTUHCIHHBIX U TOPU30H-
TaJbHO- IIMHUHJEIBHBIX XJIOTKOYOOPOUHBIX MAIIHH:

Gy=3.0 1/ra, Kp=0.9, £=200-700 m, ks=0.7-0.9, B=0.9 M, t=7-3600 c.

OTIUYUTENbHbIE TApAMETPBI:

st BIHA: Vm=1.07 m/c, Gp=750 xr, tost=2.1-3600 ¢, P=0.88, tpp1=1.5-60 ¢, tps1=5-60 c.
st THIA: Vv=1.68 m/c, Gp=1080 kr, tost=2.52-3600 ¢, P=0.93, tpn1=1.5-60 c, tps1=4-60 c.

Woo
w4 B W 2

4 A

3,5 I

3
25 A
2 4

15 1

1

—

1 4

a5 1

L N L - T R Y-}

0 T T T T T T L
200 300 400 500 500 700 £

200 300 400 500 600 700 £

Puc. 1. Bousaue nmussl roHa (£) Ha CMEHHYIO TIPOU3BO/IH- Puc. 2. Bnustnue numnHbl roHa (£) Ha CMEHHYIO ITPOU3BOAU-
TenbHOCTh Wga XYM: 1 — 1115 BepTUKAIbHO-IIITMHACTBHBIX terapHOCTh Wi XYM: 1 — i BepTHKATBHO-IIMTUHASTBHBIX
XYM MX-1,8; 2 — m1st TOpU30HTANTBHO-IIITHHASIBHBIX XYM MX-1,8; 2 — a5t TOpH30HTATBHO-IITHHISTBHBIX
XYM Keiic-2022 XYM Keiic-2022
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Puc. 3. BaustHue qiiHbI TOHA (€) HA OCHOBHOE BpeMeHH to Puc. 4. Bnustaue mumuabl ToHa (€) Ha Bpems tr, 3aTpadeHHOE

TIpY CMEeHHOH padote XYM: 1 — i1 BepTHKATBHO-IIITHH- JUTSL pa3BoOpOTa NMpH cMeHHOH pabote XYM: 1 — st BepTH-
nenbHBIX XYM MX-1,8; 2 — uist Topu30HTaTEHO-IIITHHIETb- KaJTbHO-IIMMUHIETBHBIX XYM MX-1,8; 2 — 115 TOpu30H-
He1x XYM Keiic-2022 TaapHO-IMUHACTBHEIX XYM Keiic-2022
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Puc.5. Bnusiaue mmHbl ToHa (£) Ha BpeMsl, 3aTpaueHHOe JUTsl pa3rpy3KkH OyHkepa t, mpu cMeHHOl pabote XYM:
1 — s BepTUKaIbHO-IMUHACTBHBIX XYM MX-1,8; 2 — st ropuzontansHo-mmuHaenbHbIx XYM Keiic-2022

AHaJM3 NOJy4YeHHBIX pe3yJbTaToB. /3 rpadukoB, nmpeacTaBieHHbIX Ha pUCyHKe | BH-
JIUM, 4TO Ha Mpou3BoAUTENBHOCT XYM Ketic-2022 u MX-1,8 cyliecTBeHHO BIUSAET IJIMHA TOHA
¢. Tlpu usmenenuu qvHel ToHa £ oT 200 1o 700 M oOpaboTaHHas MIomEaab 3a cMeHy anst MX-
1,8 u3mensiercst ot 2.025 mo 2.546 ra, a s Keiic-2022 usmensercs ot 2.518 g0 3.491 ra.

[IpousBomurensHocTh Ketic-2022 no cpaBHeHnto MX-1,8 Bbime. IT0 0OBSICHACTCS TEM,
yto s Ketic-2022 oTnuuuTeIbHBIME (DAKTOpaMU SIBJISIOTCS O0Jiee BhICOKast ckopocTh Vi—=1.68
M/c u Goabmuii 06beM OyHkepa Gp=1080 kr. AHanM3Upys pUC. 2, BUAUM, YTO IPOHU3BOUTEb-
HOCTh XYM 3aBHCHUT OT COOpaHHOTO XJIONKa-chipra (ToHH). C yBeIMUEeHUEM JJIUHBI ToHA ¢ yBe-
JIMYUBACTCA KOJUYECTBO COOPAHHOIO XJIOMKA-ChIpIa B TOHHAX 3a cMeny it Keiic-2022 u MX-
1,8. OnHako BeIcokast mpou3BoauTenbHOCTh Keiic-2022 no cpaBHennto MX-1,8 o0bsicHsIeTCS TEM,
YTO y Hero Bhime NojaHoTa cobopa P=0.93, Gosbiie ckopocth Vi=1.68 m/c u Goubiimii 00beM
oynkepa Gp=1080 kr. Puc. 3 xapakTepu3yer BIUsHHE AIHHBI TOHA { HA OCHOBHOE BpeMs fo, 3aTpa-
yeHHoe 3a cMeHy. C yBelnnueHueM ATUHBI TOHA OCHOBHOE BpeMeHH (1o) moBbImaercs u 1ist Keiic-
2022, u gnsa MX-1,8. Ognako ocHoBHOe Bpems y Keiic-2022 mensine o cpaBHenuto ¢ MX-1,8.
DT0 00BACHAETCS TEM, YTO MPU CMEHHOM OanaHce BpeMeHu cornacHo [14] mns Keiic 2022 BbI-
OpaHo tost=2.52 yac, a1 MX-1,8 tost=2.1 yac. Ha pucynke 4 nokasano, uto y Keiic 2022 Bpewms,
3aTpayeHHoe JUIsd pa3BopoTa 3a cMeHy Oosblie, yeM y MX-1,8. D10 00bscHsETCS TEM, YTO CO-
rinacHo puc.l Keiic-2022 3a cMeHy 00pabaThiBaeT O0JIbLIYIO TUIOIIAL IO cpaBHEeHUIO ¢ MX-1,8,
U COOTBETCTBEHHO YBEJIMUYMBACTCS BPEMs, 3aTPadyeHHOE /sl Pa3BOPOTa Ha pa3BOPOTHOM moJtoce.
HecmoTtps Ha 310, Keiic-2022 3a meHbliee ocHOBHOE Bpemst (puc. 3) oOpabaTbiBaeT OOJBIIYIO
omane, yeM MX-1,8 (cm. puc.1). D10 oObscHseTcs TeM, uto y Keiic-2022 ckopocts Bbimie (1.68
m/c), uem y MX-1,8 (1.07 m/c). Ha puc. 5 mokazano BpeMmsi, 3aTpadeHHOE 3a CMEHY JUIS pa3rpy3KH
Oynkepa. C yBenTu4eHUEM JIIMHBI TOHA { YBETMUMBACTCS BpeMs JUlsd pa3rpy3ku OyHkepa y Keiic-
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2022 u MX-1,8. Onnako mist Keiic-2022 Bpems, 3aTpadueHHOE JJI pa3rpy3ku OyHKepa, MEHBIIIE
no cpaBHeHuto ¢ MX-1,8. D10 oObscHsercs TeM, uto o0beM OyHkepa Keiic-2022
(1080-750)=330 kr Gouibliie 110 cpaBHEHHIO ¢ 00BbeMOM OyHkepa MX-1,8.

3akmouenue. [IoBbIIIeHNE TPOU3BOAUTEIBHOCTH XJIOMKOYOOPOUYHBIX MamH Juis Keiic-
2022 u MX-1,8 npu oauHaKOBOW IIMpPUHE 3aXBaTa M OJAMHAKOBBIX arpO(OHHBIX MOKa3aTeNAX
obOecnieunBaeTcs yBEIMUEHUEM JUIMHBI TOHA ({), OBBIILIEHUEM CKOPOCTH XJIOMKOYOOPOUYHBIX Ma-
i (Vm), o0bema Oyrkepa (Gp) u mosHoThI coopa (P).
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A.A. Puzaes, A.T. Hynoawes, J.A. Kynoowes, M.M. Mup3aesa, III.A. T'ansncaes. ITaxma mepuw mawunanapunu
U PHYMOOPIAUZUHI XUCOOI A MOOETUHU UWNA0 YUKW

Annomayun:. Ywby maxonada naxma mepuii MAWUHANAPUHUHZ UMW  YHYMOOPAUSUHU XUCOOIAW MOOeniapu
Kenmupunean. Mnzapu naxma mepuws MAWUHANAPUHUHS MAKAUGD Smunaémean mooennapu 6aéH KUNUHaH, WYHUHSOEK, AHSU UULA0
yukunean mooennap maxnug smuneawn. Connu maoxuxomnap acocuoa MX-1,8 eepmuxan wnunoeniu naxma mepuit MawuHaIapy
6a Keiic-2022 zopuzonman wnunOeniu naxma mepuwl MAWUHALAPUHUHE Kuécuti maxaunu ymkasuaou. Ilaxma mepuw
MAWUHATAPUHUHE NAPAMEMPIAPUHY UL YHYMOOPAUSUSA MADCUPU AHUKTAHOU.

Kanum cyznap: naxma mepuwi MawuHanapu, uwi YHYMOOPIUSU, NAPAMEMPAAp; 6aKm Oalaucu; OMUuuLIap;
MOOENNAUIMUPUIL, COHTIU MAOKUKOMAAD.

A.A. Rizaev, A.T. Yuldashev, D.A. Kuldoshev, M.M. Mirzaeva, Sh.A. Ganjaev. Development of a model and calcula-
tion of the performance of cotton pickers

Annotation: This article provides a calculation of the performance of cotton pickers. Previously proposed models of
cotton pickers are described, as well as new developed models are proposed. On the basis of a numerical study, a comparative
analysis of vertical-spindle cotton pickers MX-1.8 and horizontal-spindle cotton pickers of Case 2022 was performed. The influence
of the parameters of cotton pickers on their performance was determined.

Keywords: cotton pickers; performance; options; time balance; factors; modeling; numerical research.
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BbIBOP PAIITMOHAJIBHBIX ITIAPAMETPOB IIOCEBHOI'O OBOIIIEBOJYECKOI'O
ATPEI'ATA HA BA3E CHEINUAJIM3UPOBAHHOI'O TPAKTOPA TT3-100SP

TomboaraeB M., AprtukobaeB b., Mup3aday/uiaeB X.
Hay%o-ucme()oeameﬂbwuﬁ UHCMUmMym Mexanuzayuu CeibCKoco xoaﬂzicmea, nocenok Fyﬂb6ax0p, Vzbexucman
E-mail: Tmt1947@mail.ru.

Almomauuﬂ: B cmamuve Ol’lpel)e‘JZEHbl PAayuoraibHble SHAYCeHUS WUPUHbL 3axeama u paﬁoqeﬁ CKopocmu 060%{6606’-{@6"
K020 acpezcama ¢ cocmage cneyuaausuposanroz2o mpaxkmopa TT3-100SP u eéocvmupsionou nnesmamuuecxou cesinku COHII-5,6,
0566'}’161[1/165110114146 NOJIHOE UCNONb306AHUE KplOKO@OZZ MowHOCmMuU mpakmopada.

Knroueevte cnosa: 060144660@11601(1412 mpaxkmop, 060144660@11601(&}1 cesnKka, NnocesHol azpezam, KproKoeas MOUWHOCmMb mpak-
mopa, UCNoOIb308aHUe MOUWHOCIU, PAYUOHATILHASL WUPUHA 3aX6aMA, PAYUOHATbHASL paboyuas CKOPOCHb.

BBenenue. Kak n3BecTHO, MEXaHU3AIUS TEXHOJOTUUYECKUX OTIEPALIMH MPU BhIPAIIMBAHUHT
OBOIIHBIX KYJIBTYP SIBJSIETCS OCHOBHBIM (DAKTOPOM CHIKEHUS TPYIOEMKOCTH U TMOJTYyYEHUS BBICO-
KHX yposxkaes [1, 2].

MexaHuzanusi TEXHOJIOTHYECKUX OIEpaldid OCYIIECTBIAECTCS COOTBETCTBYIOIIMMHU Ma-
IIMHHO-TPAaKTOpHBIMU arperaramu (MTA) [2, 3].

B coapyxecrBe HUUN wmexanmszanuu cenbckoro xossiiictBa 1 HUUM oBome-0axueBbix
KYJIbTYp U KapTodensi, KOHCTpyKTopckux opranuzanuii “Tpaxtop” u “bMKb-Arpomam™, Tami-
KEHTCKOTO U UHMPYHKCKOTO 3aBOJIOB CEJIbXO3MAITUMHOCTPOCHHUS CO3/IaHbl, N3TOTOBJICHBI U UCITBI-
TaHbI CIICIMAIM3UPOBAHHBIN OBOIIEBOUYECKHI TPAKTOP ¢ KoJiecHOU Gopmyinoi 4K4 u arperatu-
PYEMBIii ¢ HUM IUICH( CeTbCKOX03MCTBEHHBIX MAIIIUH, Ha 0a3€ KOTOPhIX CKOMITJIEKTOBaHBI MTA
JUISl TAXOThI, TOJATOTOBKHU TOYBBI, IOCEBA CEMSH U YXO0Ja 332 PACTEHUSIMU OBOILHBIX KYJIbTYp [4,
5].

OO0BEeKTOM JaHHOIO uccieaoBanus asisiercss MTA 1 moceBa, COCTOSLINNA U3 OBOIEBO/I-
yeckoro Tpakropa TT3-100SP u Bocemupsinnoit cesimikn COHIT-5,6.

Bonpocam mexaHn3anuy OBOIIEBOJICTBA MOCBAIIEH Psii HAYYHO-HMCCIIEOBATENBCKUX pa-
6ot. Harmpumep, B [1, 2, 6—9] npuBeneHbI pe3yabTaThl HCCICTOBAHUN TI0 H3YYEHUIO MEXaHU3UPO-
BAHHBIX TEXHOJIOTHI BO3AEIbIBAHUS OBOIIHBIX KYJIbTYP, GOPMUPOBAHUIO TEXHUUYECKUX XapaKTe-
puctuk, pazpadboranusix BHUU oBomeBoactea (Poccuiickas denepanus), nieida Mat; Bom-
POCOB KOMILIEKTAl[M1, MOJEPHU3ALIMH OBOILIEBOTUECKUX MAIIMH, [IOBBIIIEHUS TPOU3BOAUTEIBHO-
CTH U ONTHUMH3AIMN KOHCTPYKTOPHBIX IMapaMeTpOB arperara Jjs yOOpKH OeJIOKOYaHHOM Karryc-
ThI, pPa3pa0OTKH anmapaTa Jyis BbICAJKU CaXapHOUl CBEKIIbI U CHIXKEHUS TIOTEPh OBOIIHBIX KYJIBTYP
[P MEXAHU3UPOBAHHOM BO3/IEIbIBAHUH.

B s1ux paborax He pacCMOTpPEHBI 3a/1a4l 000CHOBAHUS TEXHOJIOTMUECKUX U KUHEMaTH4ec-
KHX [TapaMETPOB OBOILIEBOIYECKUX arperaTtoB. MccnenoBanusi, HapaBlIeHHbBIE HA PEIIEHUE TaAKUX
3a/1a4, SIBJIAIOTCS aKTyaJIbHBIMH.

Lenb nanHOM cTaThl — 000CHOBATH pallMOHANIbHBIE 3HAUCHUSI IIMPUHBI 3aXBaTa U paboyeit
CKOPOCTH JIBU>KEHHS TIOCEBHOTO OBOILIEBOIYECKOTO arperara, COCTOSILIEro U3 CleluaIn3upoBaH-
Horo Tpakropa TT3-100SP u BoceMupsanoit cesiku COHII-5,6.

Metoasbl. Micnions30BaHbl MPUHIUIBI MOHOTpadudeckoro HaOIIOACHUS, METOAbI U Tpa-
BUJIA HAyYHBIX MpeaAMeToB «Teopus Tpakropa» (pazaen «bamanc mouHocTny), «Pacuet mapamer-
POB MAaIlIMHHO-TPAKTOPHBIX arperatoBy (pasnen « ArperaTupOBaHUE).

PesyabTaTsl. Pemaem nBe 3amgaun: 1) onpenenenne kprokoBoid MomHocTH N, TpakTopa
MyTeM pacdeTa ero OanaHca MOIIHOCTH; 2) BBIOOp IIMPUHBI 3axBaTta b u paboueit ckopoctu V,
MOCEBHOTO arperara, obecneunBaromux noiaHoe, 100%-unoe ucnonbp3zoBanue Nyy.

Pewenue nepsoui 3a0auu. Pe3ynbTaThl MHOTOJIETHUX HAYYHO-TIPUKIIAAHBIX UCCIIETIOBAHUIN
MOKa3bIBAIOT, YTO MPHU MCTIOIH30BAHUH TPAKTOPA ISl BHITIOTHEHHS MEXaHHU3UPOBAHHBIX PabOT HE
Bcs A dEeKTUBHAS MOIIHOCTh ABUraTeNs Mpeodpasyercs B molie3nyio paboty MTA. 3HaunTens-
Hasl ee YacTh 3aTPauyMBACTCS Ha MPEOI0JICHUE PA3IMUYHBIX COMPOTURIIEHHH U Tepsercs [10-13].

PaBenctBo Mex 1y 3(h(peKTUBHON MOIIHOCTHIO HA BAy IBUTATENS U COCTABIISIFOIIMMH T10-
TEepPH MOIIHOCTH HA3BIBAIOT OATAaHCOM MOIIHOCTHU TpakTtopa. CiemoBaTebHO, OalaHC MOIIHOCTH
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TPaKTOpa — ATO YpaBHEHHE, IIOKA3BIBAIOIIEE, HA KaKKE COCTABIISIONINE 3aTpadynBaercs 3pdekTus-
Hasi MOIIIHOCTb €r0 JIBUraTelsl.

Bce BollensnoxkeHHoe yMeCTHO U Jyist oBoleBoaueckoro Tpakropa TT3-100SP. [Tostomy

ero OaJlaHC MOIIIHOCTHU B Pa3BEPHYTOM BHJIE MOXHO IPUHSTH B BUJE

N, = Nrp + N5 + N + Ny + Ngp + Ny, + N, (1)
rae Nrtp, Nf, Ns — 3aTpatsl (moTepu) MOIIHOCTH Ha MPUBOJ MEXaHU3MOB TPAHCMUCCUH, IEPEBU-
)KeHue Tpakropa u oykcoBanue ero kojec; Ny, Nw, Nij— 3arpaTsl (moTepu) MOITHOCTH Ha TIPEOI0-
JICHWE CHJI COMPOTHUBIICHHS: TIOABEMY TPAKTOPa 10 HAKJIOHY, BO3AYIIHOW cpese u nHepuuu; Nkp
— TsirOBast (KPIOKOBAasi) MOIITHOCT.

W3BecTHO, 4TO MpH pabounx ckopoctsix MTA B npenenax 6—12 kM/4 1 mIomaam ero Jio-
6oBoro ceuenns < 10 M? i MPaKTUYECKUX PACYETOB CONPOTHBIEHHEM BO3AYIIHON cpembl Pu
MoxHO ipereOpeus [12]. Torma Nw = 0. B [10] oTMedeHo: conmpoTHBIECHUE BO3IyXa IPH CKOPOC-
Tax 710 40 KM/4 CpaBHUTEIHHO MaJIo, IIOATOMY UM MPEHEOPEraroT.

[Ipu Tporanuu Tpakropa ¢ mecra (Vp # const) BO3HUKaIOT cuiibl nHepmu Pi. B atom ciy-
yae yacTb 3¢ (eKTUBHON MOLIHOCTH JIBUraTelsd UAET Ha ero npeoaosieHue. Ho paccMarpuBaemblit
3/IECh arperar MpH TIOCEBE CEMSH OBOIIHBIX KYJIBTYp COBEpIIACT PAaBHOMEPHOE JBHIKEHHE
(Vp = const). B TakoMm pexrmMe ycKOpeHHe MPSIMOJIMHEHHO-TIOCTYNATeIbHOTO ABMKEHUs (1) U criia
uHepuuH (Pj) TpakTopa, ciIe0BaTeNbHO, U MoTepu MoITHOCTH Ni, paBHBI HYJIIO.

C yaerom Nw = 0 u N;j = 0 ypaBHeHue Oananca (HakTHIeCKON MOIIHOCTH JIBUTATENS BBITIISA-
JIUT TaK:

N, = Nrp + Ns + Ny + Ny + Ngp . (2)

[ToTepu MOIITHOCTH B TPAHCMHUCCHH TIPOUCXOIST BCIIEACTBUE TPEHUS paO0YHX TOBEPXHOC-
Tell 3yObeB LIeCTepeH, B30aIThIBaHUS U Pa30pbI3rUBaHMs Maciia B KapTepax U TPEHUS B MOIIIHUI-
HUKAaX OMOPHBIX BAJIOB. DTU MOTEPU MOLTHOCTU MOXHO BBIPA3UTh YpaBHEHUEM

Nzp = No(1—11p), 3)
rae Ne — addexTuBHAsE MOIITHOCTh ABUTATENS; /TP — KOA(D(DHUIIMEHT MOJIE3HOTO ACHCTBUS TPaHC-
MUCCHH.

Jlnst tpakropa TT3-100SP: Ne = 73.5 kBt [4], #1p = 0.91 [12].

Torma N7p = 73.5 (1 — 0.91) = 6.61 xBt. N7p = 6.61 kBT cootBeTcTBYeT 8.99% peanu3sye-
Mo MomtHocTH Ne = 73.5 kBT.

ITorepu MommHOCTH Ha OyKCOBaHKE 00YCIOBICHBI, B OCHOBHOM, CMSTHEM MTOYBBI KOJIECAMHU
TpPaKTOpa U COOTBETCTBYIOIIEH noTepeit padoueii ckopoctu Vyp:

Ns = Nenrpd, 4)
rjae 0 — ko3 dunrent 6ykcoBaHuUs KoJec.

s Tpaktopa TT3-100SP ¢ konecHoit popmynoit 4K4 3nauenue koddpdunuenta 6 = 0.15
[12]. U3 (4) umeem: Ns = 73.5:0.91-0.15 = 10.03 kBT, uto cootBercTBYyeT 13.64 % peanusyemoii
morrHocTé Ne = 73.5 kBT.

[ToTepu MOITHOCTH HA camoTiepeIBIKEeHUE 3aBUCT OT cuitbl Pr (kH) conpoTuBnenus apu-
KEHUIO TPaKTOpa U BEIMYUHBI pabouell ckopocTu Tpaktopa Vp (M/c) B cocTaBe MOCEBHOIO arpe-
rata [10]:

Ny = PV, = 107*mrgfV, cosa, (5)
e Mt — PKCIUTyaTallMOHHAs Macca TPAKTopa, KT; § — yCKOpeHHe CBOOOIHOTO MajeHus, M/c%; o —
yroJ CKJIOHA (TTo1béMa) OTIOPHON OBEPXHOCTH, Tpas; f — ko3 dummeHT conpoTHBICHNS KAYEHUTO
TpaKkTopa.

Jlns Tpakropa TT3-100SP: mr = 4100 r; f = 0.18 — npu ABMWKEHUU 110 TIOJIIO, TIOATOTOB-
neHHoMy ot moceB [ 12]; Vp = 2.222 m/c — B arperare co cesuikoit COHII-5,6; a = 3° — yrox noab-
eMa oropHoii nosepxHocTH; g = 9.81 m/c?.

IToncraBuB 3t 1U@psI B (5), UMeeM:

Nf = 1073-4100-9.81-0.18-2.222:0.9986 = 16.06 kBT, uto cocramnser 21.85 % ot Ne = 73.5 kBr.

[ToTepr MOIITHOCTH Ha MPEOJI0JICHHUE ObEMA C YKIIOHOM O
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Ny = 107*mgV,sina . (6)
[ToncTaBUB COOTBETCTBYIOIIME 3HAUCHHUS CJIaraeMbIX B (6), MOTyIUM:
=1034100-9.81-0.18-2.222-0.0523 = 4.67 kBT, uro cocrasiuser 6.35 % ot Ne = 73.5 kBT.
W3 (2) BeiTekaeT (opmyna Ui ONpeaesieHUs] 3HAYCHUI TTOJIE3HOM MOIIHOCTH TPaKTopa
(Nkp), T.€. MOIIIHOCTH, UCIIOJIb3YEMOM JIJISI TSITU M MIPUBOJA PA00YUX OPTaHOB CESITKH:
Ngp = N, — (Nrp + Ns + Nf + N). (7)
[Moncransis yucnossie 3HaueHus Ne, N7p, Ns, Nf, N, B (7), Bruncaum:
Nkp = 73.5 - (6.61 + 10.03 + 16.06 + 4.67) = 73.5—37.37 = 36.13 kBt, 4ro cocraBiser
49.15 % ot Ne = 73.5 kBT.
[lo pesynpTaTam pacueToB MOCTPOUM CXeMaTHy-
HBIM yepTexx OajlaHca MOLIHOCTH OBOIIIEBOIYECKOIO TPaK-
topa TT3-100SP (puc. 1).
Pewenue emopoii 3a0auu. llpumem crnemyromuii ai-
roput™m pacyera [11].

Nxp = 49.15%
| ) S S |

= 100%

| I A A A A A AR A A N B |

5 = @) VUCXOJHBIC MapaMeTPhl: YHUCIIO PSAAKOB MAIIHHBI

e COHII-5,6 — 8; mmpuna mexaypsaass — 0.7 M; mmpuHa 3a-

-3 xBata — b = 5.6 M; KoHCTpyKTHBHas Macca M. = 1076 kr;

- “W Bec — G.=10.554kH (m.g=1076-9.81=10554 H wmm

Puc. 1. CxeMaTuyHOe Mpe/ICTaBIeHNE 10.544 xH); yxnon nonst — i = 5 %; u3 nmreparypsi [ 12] BbI-

crenenu pacxosia adexrnsHoi mommoctn  OepeM KOAIDPHUIIMEHT yIeTbHOTO CONMPOTHBIICHHUS CESIIKH
JBHTaTENs TPAKTOpa Ha TOJIE3HON U K. =1.908 xH/M;

0eCIoNe3HOM MOIIHOCTH
0) TATOBOE COMPOTHUBIICHHE CESUIKH C JIByMS OIOP-

HBIMU IMTHEBMATUYCCKUMHU KOJICCAMU ITPU JABUIKCHHUH IMOCCBHOI'0O arpe€rara BBEPX IO YKIIOHY ITOJIA
[12]:

Ry = Kb+ G (f + 100) ®)
rie fc — koadpunmeHT conpoTUBICHNUS EPEKATHIBAHMIO OMOPHBIX KoJiec cesuiku. JIist mosiei, mo -
TOTOBIIEHHBIX IO MOCEB, uMeeM [5, Tadu. 6.1] fc = 0.18.

[Moxacraus 3HaueHwus fe, Ke, b, Ge B popmyny (8), momyaum:

5
R, = 1908 -5.6 + 10.554 (0.18 + m) =13.111 kH;

6) panruoOHaJIbHAA pa6oqa;1 CKOpPOCTh arpe€rara, 06ecnqu/IBa}oma;1 HanboJjee MOJHOE MC-

0JIb30BaHKe KPIOKOBO# MoutHocTU Ny = 36.13 kBT, koraa R, = 13.111 xH:
3.6Nyp, B 3.6 -36.13

b= R,  13.111
2) LIMpHHA 3aXBaTa CesUIKH, 00eCIIeUuMBAaIOIIas HAaH0OJIee MOJHYIO PeaTH3al[Hi0 MOIITHOCTH
N« = 36.13 kBTt npu ckopoctu nBuxkenus arperara Vp = 9.920 km/4 Ha (pUKCHPOBAHHBIX 3HAUe-
Husix napamerpos fe = 0.18; K. = 1. 908 kH/m; G. = 10.554 xH u i = 5% [14, 15]:
1 3.6N,, 1 3.6-36.13
= —10.554(0.18 + ——

b=yl ~ Gt 100)]_1.908 9.920

=9.920KM/Y4;

100 I=

= 7505 (13111 - 2427) = 5599

wm b =5.6wM;
0) pacdeTHas MPOM3BOJUTEIBHOCTh IIOCEBHOTO arperara 3a 1 4 «4ucToit» paboThl cocTa-
BUT [11]:
w = 0.1bV, = 0,1-5.6-9.920 = 5.555ra/4;
e) pacuerHoe 3Hauenue TsroBoro KIIJ] Tpakropa B arperate ¢ BOCBMHPSIHON CESIIKOW
COHII-5,6 Ha ¢oHe moceBa B 3aaHHBIX YCIOBHSIX:
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_ N _ 3613 _ 0.491 = 49.1%
nT_Ne_73.5_ . nwiu nr = 49.1%.

Ananu3. 3 tnarpamMmsel cternenu pacxo/ia 3pGeKTUBHONW MOIIIHOCTH JIBUTATENSI TPAKTOPa
BHUIHO, 4TO eciu Ne = 73.5 kBt npunsarte 3a 100%, to 50.85% momuocTr (37.37 kBT) pacxomy-
€TCs Ha MPEOJI0JICHUE PA3IMYHBIX COMPOTHUBIICHUH, a ocTaimbHas 4acTh — 49.15% wmm 36.13 kBt
UCIOJb3yeTcs Ha moJie3nyro padoTy (Nkp). [Ipu mmpune 3axBata arperara b = 5.6 M u ckopocTH
nerokeHusT  Vp = 9.920 kM/u  nocTUTaeTCs IMOJIHOE WCIOJIB30BAHUE KPIOKOBOW MOITHOCTH
N, = 36.13 kBt oBomeBogueckoro Tpakropa TT3-100SP.

Oo6cyxnenune. Pacuernoe 3uauenue 71 = 0.491 mokaspiBaeT, 4To MpH CO3/IaHUM SHEPTO-

cOeperaromux NOCEBHBIX arperaTtoB CJeIyeT CTPEMUTHCS K TOMY, YTOObI KO3 (duIuent 1 Obu1

omu30K K 1, T.e. N7 — 1. [t JOCTHKEHUS 3TOU ICJIM BO3SHUKAET HEOOXOIUMOCTh MPUHSTHS

OTIpe/IeTICHHBIX HAYYHO-UH)KEHEPHBIX Mep. Hanmpumep, Ipyrue BapuaHThl arperaTupoBaHus: BbI-
OpaTh JPYTyI0 MapKy TPakTOpa WM PacCCMOTPETh MHYKO KOMIUIEKTAIIMIO CESUIKA C MEHSIoIEencs
pabouel MMPUHOM 3aXBaTa.

3akJiroueHue.

1. B mpomecce paboThl MOCEBHOTO arperara B CaMOM TPaKTOpE TepsieTcsl MOJIOBHHA
(50.85%) mMoIHOCTH ABHTATEIS.

2. HeoOxoaumo panbHeiIee coBepieHCTBOBaHNE KOHCTpYKIUU TpakTopa TT3-100SP u
MOBBILIEHUE KaUeCTBA €r0 AKCIUTYaTalluM C LIEJIbI0 CHUXKEHHUS! OECIOJIE3HbIX (HEMPOU3BOIUTENb-
HBIX) OTEPb () (PEKTUBHON MOIIIHOCTH.

3. IlonyyeHHbIC 3HAYCHUS ITUPHUHBI 3aXBaTa 5.6 M U CKOPOCTH ABMWKEHUS 9.920 km/4 orie-
HUBAIOTCA KaK pallMOHAIbHBIE TapaMeTphl TOCEBHOTO arperara.

4. B nmepcniekTuBe 11e51€co00pa3Ho perieHrne ONTUMU3AMOHHON 3aaaun. [Ipu sTom onTu-
MaJbHBIM, B 3aJIaHHBIX YCIOBHSIX AKCIUTyaTalluu, OyJeT TOT BapHaHT (KOMIUIEKTAllMH, KOHCTPYK-
1[M1) IOCEBHOTO arperara, pu KOTOPOM JOCTUTAETCSl MaKCUMalTbHAasi TPOU3BOIUTEILHOCTD U MHU-
HUMaJIbHBINA PAcXo/l TOMJIMBA HA €UHUILY BHITIOIHIEMOM paboThlI.
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M. Towmbonmaes, b. Apmuxoaes, X. Mupzaooynnaes. Hxmucocrawean TT3-100SP mpaxmopu oasacudazu caosa-
GOMUUNIUK IKULL AZPe2amUuHUHZ PAYUOHAT RAPAMEMPIAPUHI MAHIa

Annomayusn: Maxonaoa uxmucocnawean TT3-100SP mpaxmopu ea caxxuz kamopau nueemamux COHII-5,6 cesnkaoan
ubopam cab3a60MyYUNUK azpecamunune mpaKmop urMouoazu Kyeeamoan myia GouoaiaHuruuuiu mavMuHIAUOUSAH KAMPO8
KeHeau2u 6a uiiyy me3nueuHuHe payuoran KUUMamiapu aHukiaHzam.

Kanum cyznap: cabzagomuunux mpakmopu; cab3agomuunuk Cesnkacu; KUl azpecamu; mpakmop uiMoguoacu Kye-
eam; KyseamoaH otidananuut; payuoHan KAMpos KeHeaus; payuonan Uiy me3aueu.

M. Toshboltaev, B. Artikbaev, Kh. Mirzabdullaev. Selection of rational parameters of the vegetable planting unit
based on the specialized TTZ-100SP tractor

Abstract: The article identifies the rational values of the coverage width and working speed, which ensures the full use
of the power in the tractor hook of the specialized TTZ-100SP tractor and an eight-line pneumatic SONP-5.6 seeder.

Keywords: vegetable tractor; vegetable seeder; planting aggregate; power in the tractor hook; use of power; width of
rational coverage; rational working speed.
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PACYHET TEXHOJIOTUYECKHX MMOKA3ATEJIEA CEMSIOTBOJAIIEI'O
YCTPOUCTBA IIWJIBHOI'O JUKUHA C IEJTYIINJIbHOU KAMEPOU

MyxamMmaaueB Il.M.l, AxmenoB X.A.l, IIpumos B.X.l, Maiaen O.C.l, Kamouosa JLIO.?

Y uemumym mexanuxu u ceticmocmotixocmu coopyacenuii um. M. T. Vpas6aesa AH PY3, Tawxenm, Y36exucman
2 Tawrenmexuii 2ocydapemeennviii azpapnwiil yhusepcumem, Tawxenm, Yz6exucman
E-mail: davlat_mm@mail.ru

Annomavun: B cmamve usnoscenvl Mmamepuanvl paciema mexHoai0eU4ecKux nokazameieil cemMsaomeoosue2o ycmpou-
CMBA NUTLHO20 ONHCUHA C WETVIMUTBHOU Kamepoll. Pacuemamu ycmarnosneno, 4umo npousgooumenbHOCns 8UHNOBO20 KOHEellepa ¢
cemsomeoosiyum yempoiicmeom oocmuzaem 2350.94 ke/u ons mpy6 ¢ ouamempom 125 mm, umo obecneuusaem 3anac no npous-
sooumenvrHocmu 6onee wem 6 1.7 pasa. Ycmanoeneno, umo 6bi1x00 6010KHA U CEMAH U3 XJIONKA 6 NPOYEHMHOM COOEPHCAHUU CO-
cmasum 34 u 66%, npoussooumenbHOCHb OHCUHA NO cemenu-4667 ke/u. Tlpu smom nompednsaemas MOWHOCHb Ol MPAHCHOPMU-
POBKU cemsin 8Hympu cemsiomgoosiueti mpyovl docmueaem 0.076 kBm.

Kniouegvie cnosa: xnonok; cemena; 6010KHA; NUTbHBLU OXCUH, pabouas Kamepa, CulpYosblil 8ANUK; NUTbHBLI YUTUHOD,
cemsomeoosauee yCmpoucmeo, nephopuposannas mpyoa; epawyaowuiics WHeK; PouU3soOUMelIbHOCMY; Y2l08ds CKOPOCMb.

Beenenue. [1pu co3ganuu JPKUHOB € MIETYITHIBHOHN (OYHUCTUTEIHHOM) KAaMEPOH, yI0BIIe-
TBOPSIOMINX TPEOOBaHUSIM KOMIIOHOBKM MAIIMHHBIX arperaToB IO MPOU3BOAUTEIBHOCTH, HEO00-
XOJUMO OTIPEAETUTh KOHCTPYKTHUBHBIE U PEKMMHBIE MapaMeTpbl pa3padbaThiBaeMOro JKHHA U,
MpeX e BCEro, TAKHE, KaK ONTUMAJIBbHOE 3HAUCHHE MEXAYIUIBHOTO IPOMEXYTKA, pa3MEepPHbIE Xa-
pakTepUCTUKH pabouell KaMephl U MX B3aUMHAasi KOOPIUHAIIHS, CKOPOCTHBIE PEKUMBI MOABHXKHBIX
paboynx opraHoB, IPOU3BOJUTEIbHbIC U KAUYECTBEHHBIE XapaKTEPUCTUKU PaOOTHI JXKHUHA.

Ucnonw3ys dopmyny, npemioxennyto .M. bonmuackum [1], ompenensem w3MeHEHUs
MIPOU3BOJIUTENBHOCTH MUJIBHOTO KMHA B 3aBHCHUMOCTH OT Ko3(duiMeHTa uCHoIb30BaHUs
3yobeB mui (puc. 1).

MakcumainbHOE 3HaYCHUE TPOU3BOIUTEIBHOCTH [LKUHA 110 hopmyiie [1] cocrasuser 21.7
KI' BOJIOKHA Ha MUJTy B 4ac. [Tpu 3ToM npou3BOAUTENBHOCTD IKWHA 3aBUCUT OT CKOPOCTH MUJIbHBIX
JFICKOB, T€OMETPUH 3y0a, C U3MEHEHHEM 3HAYCHUN KOTOPBIX B OIMPEICICHHBIX TPAHHUIIAX MOKHO
OIPEIETIUTh ITyTU MOBBIIEHUS IPOU3BOIUTEIBLHOCTH JIPKUHA. Y CTAHOBJIEHO, YTO OCHOBHBIM BIIU-
SIOIMKUM (DaKTOPOM Ha MPOU3BOAUTENBHOCTh JDKMHA SBISETCS KOIPQPHUIIMEHT HCHOIb30BaHUS
3yObeB IMHJI, KOTOPBIH 3aBHCHUT OT CKOPOCTH ChIPIIOBOrO Bayuka [ 1]. CriiegoBarensHo, 4eM 0oJbiie
CKOPOCTH BpPAIIIEHUS CHIPIIOBOTO BAIHMKA, TEM OOJIbIIIEe UCTIONB3YIOTCS 3YObs MUIBHBIX TUCKOB.

B paborax A.MakcynoBa [2] TeopeTHdecKkue 3HaUYCHUS POU3BOAUTEILHOCTU MUIBHOTO
JOKMHA OTIPEJEIISIFOTCS. Yepe3 CKOPOCTH MUJIBHOTO LUJIMHIPA U CHIPIIOBOTO BAJIMKA, a TAKXKE €ro
MacCChI:
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Qt=Qo+1.35- (v-0o)+7.1- (b~ Lro)+0.5- (G-Go) . (1)

JUis MOBBIIEHUS MPOU3BOAUTEIBHOCTH MHJIBHOTO JDKMHA HEeo0Xxoaumo (1) mOBBICHUTH

OKPY>KHYIO CKOPOCTb MWJIBHOT'O LIWJIMHJPA U CHIPLIOBOTO BAJIMKA, & TAKKE MAcChl ChIPLIOBOIO Ba-

JIMKa, @ C TOYKU 3pEHHsI MOACPHHU3AMU cepuiiHoro nuibHoro xkuHa 5/I1-130 — ckopocTs Bpa-

LIEHUS] U MacCy ChIPIIOBOTO BAJIMKA. JTO OCYIIECTBUMO IIPH YCTAHOBKE BHYTPU paboueil kamepbl
CEeMSIOTBOJIAILIEH TPYOBI.

UccnegoBaumsamu  I1.H.TroTuna, .2
M.Tumnaesa, H.K.Cadaposa, A.C.U6pa- | & » /.,Z
5 18
rumoBa, J[.M.MyxammanueBa nokaszaHa 2816 /.//l'
NPUHLIUANUAIBHAA BO3MOXKHOCTb  yCTa- ggm x
HOBKH JIOTIOJHUTEIBHOTO CEMSOTBOAA W3 5512 T
LEHTPAIIbHOM 4YacTHU CHIPLHOBOIO BajuKa $ s ‘/,-/
MOCPEACTBOM MPUBOAHOTO TPYOUATOTO Ce- g o o
(%) 4
MSAOTBOJAIIET0 YCTPONCTBA, BHYTPU KOTO- ; -/./
POro yCTaHOBJICH CEMCHHOM IIHECK, IMMO3BO- 0
o 0 02 04 06 08 1
JIAIOIIKWKU MOBBICUTH MPOU3BOAUTCIBHOCTD
KoadhdpnumeHT ncnonbsosaHuns 3ybbes nun
mkuHa [3 — 5],
B wyactHOCTH, H.K.Ca(l)apOBBIM Puc. 1. V3meHeHue npon3BOAUTENBEHOCTH OTHOM MHJIBI

o IO BOJIOKHY, KI/4ac
MNpECATOXKEH MMUJIBHBIN JPKHH C CEMAOTBO-

JSIIUM YCTPOIMCTBOM CO CIEAYIOIIMMH KOHCTPYKTUBHBIMU MapaMeTpaMu TpyoOsI [5]:
- muametp Tpyosl J165mm, ¢ xuBbIM ceueHnem — 9.5%);
- yacToTa Bpamenus — 290 munL;
- opueHnTanus otBepcTuit (oBas 10x20) Ha moBepxHOCTH TpyObI 44.5x43.1 MMm.

JlaHHast KOHCTPYKIMS MO3BOJIMIA JOBECTH ONTUMAIIbHYIO POU3BOAUTEIBHOCTD JKUHA JI0
12 Xr Ha MUy B Yac U MIHEeKa 1o ceMeHaM 10 380 Kr/4. YCTaHOBIICHO BIUSHHUE TIPOU3BOIUTEITh-
HOCTH JDKHMHA, YaCTOThI BpAllleHUsI CEMSIOTBOISIIETO YCTPOMCTBA U BBIBOJ [UKMHUPOBAHHBIX Ce-
MSTH C CEMSIBBIBOJISIIIAM YCTPOHCTBOM Ha MPOIIECC PKUHUPOBAHUS [5].

Onnako B padote [5] oTcyTCTBYyeT MeTOAMKA pacyera IMHAMHYECKUX MapaMeTpoOB MUJTb-
HOTO JIKMHA C CEMSOTBOJAIINM YCTPOMCTBOM M HE M3Y4EH MPUBOJ MAIIMHHOTO arperara Mmuib-
HOTO JPKHUHA C YMEHBIICHHEM MEXIYMUIbHBIX PACCTOSHUN U WX BIMSHUS HA MPOIIECC HKUHUPO-
BaHMUS.

YcTaHoBieHHE ceMsOTBOAIIEH TPyOsI ¢ paanycoM R obecrieurnBaeT ymMeHbllleHnEe 00beMa
paboueit kamepsl (Vos — 7-R?- |), mpu 3TOM Macca chprioBoro Banuka pasHa G. PaccrosHue mo
paauycy paboueid KaMepbl OT CTEHKH TPYOBI 710 JIOOOBOTO Opyca cocTaBiisieT -R U ¢ yBeIMueHUEeM
R ymensbmaercs, Torjaa paBeHCTBO (1) moayduT cinenyromuii Bua [6]:

Qi=Qo+1.35- (-g)+7.1- [KWh- (I-R)- po]+0.5 [p- (Vos—R?-1)-Go] ,  (2)
rae K— ko duimeHT, yauThIBAIOIIMN YBEIMYCHHE YaCTOThI BPALICHUS CHIPIIOBOTO BaIHKa.

JI71st TUIIBHOTO JIKUHA C IIEeTyIIUIbHON KaMepoit [7, 8]:

Qo=14.9 kr BoJIOKHA Ha MUY B Yac — MPOU3BOAUTEIHHOCTh MIJIBHOTO JUKUHA C MIETYIIMIBHON
KaMepou;

Lo =12.31 M/c — OKpyXHasi CKOPOCTb MUJIBHOTO HUWINHIPA;

Uno=1.58 M/c — OKpy»KHasi CKOPOCTh CHIPIIOBOTO BAIMKA,

Wh=uwn/ r =9.42 pan/c — yriaoBasi CKOPOCTb ChIPIIOBOTO BaJIMKa,

r=0.168 m — paauyc crenku 1000BOro Opyca OT IeHTpa padoueilt KaMephl;

Go =13.8 KT — Macca ChIPIIOBOTO BajivKa MpH ero miotHocTd p=300 kr/m3, V,5=0.046 M3 — 06bem
u 1=0.54 M — nnuHa paboueit kaMepsbl.

- Jlnsa pa3pabatsiBaemoro mxuHa [7, 8]:

v=12.31 m/c — npeanaraemast OKpy>kHasi CKOPOCTb MMUIBHOTO LIMJIHHIPA;

b= WpT= 1.58 M/c — pearaemast OKpy>kKHasi CKOPOCTh ChIPIIOBOTO BaJIMKa,;

Wp=uwn/ I =9.42 pan/c — yrinoBasi CKOPOCTb CHIPLIOBOTO BaJIMKa;
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r=0.168 m — paguyc crenku 1000BOTO Opyca OT IeHTpa padodei KaMephl;
G=p{(Vos—7R?-1) KT — Macca CHIPIIOBOTO BAJIHKA;
R — panuyc ceMsioTBOsIIEH TPYOBI.
Hcnonw3ys ypaBHeHue (2), mocTpouM rpaduk U3MEHEHUS! paCUeTHOM MPOU3BOAUTEIBHOC-
TH TIIJIBHOTO JUKWHA C HISTYIIUILHON KaMepoit

N
o

[ o]

E . .

p § /q:// U CEeMSOTBOJALICH CHCTEMOW OT JauaMerpa

'g o 18 /5/ Z ~ TpyOsl 2R u ko3 duImenTa, yauTsIBaIOIIETO

g g 7 4 MIOBBIIIIEHUE YTIIOBOW CKOPOCTH CHIPIIOBOTO Ba-

28 o K

8 /5/ P 1 nuka K (puc. 2).

g 14 7 U{/é Jlsisl TIOBBIIEHHS TIPOU3BOIUTEIHLHOCTH

]

a % 12 /éa/ % NWIBHOTO JyKKHA 710 20 KI BOJIOKHA Ha MUJY B

35 éﬁé 4ac ¢ ceMSAOTBOAIIEH TPyOOi IPU H3MEHEHHUH

o

c 2 10 YLL ero nuamerpa ot 112 mo 138 mm HeoOxoaumMo
1 1,5 2 2,5

_ YBCINYUTE 4aCTOTHI BpalllCHHUA CBIPLIOBOTI'O Ba-
KoadbmumeHT noBbIleHUs yrnosomn
CKOpPOCTU CbipuoBoro Banuka k JuKa ot 2.3 a0 2.7 pas (CM. puc. 2). HpI/I 3TOM
3a30p MEXAY HNWIbHBIM JUCKOM U TpyOoii
) ymenbiaercs ¢ 50 1o 41 MM, a 00bem padoueit
Puc. 2. 3meHeHue pacyeTHON NMPON3BOAUTEILHOCTH MUJTb-

0

HOTO JUKHHA C HISNYITHILHON KaMEPOi U CeMAOTBOASIICH Kamepsl yBenuunBaercs ¢ 11.4 mo 15.4 Yo.
CHCTEMOH B 3aBUCUMOCTH OT KO3((PHULIUECHTA YBETHICHHS Kpowme Toro, 3a30p Mexay pr60f/'1 U JTarKaMu
YIIIOBOI CKOPOCTH CHIPLOBOrO BAIIKA NPH PA3THYHBIX IHA- 1 JIOCHHKOB, HEOOXOIMMBIH JUIs NpOBE/ICHNUS

MeTpax TpyObl
3aMCHBI WKW JIMKBHUAAIIUU 3a00€¢B B KOJIOCHH-

‘ = 112 =, @125 = 2138

Kax, ymenbIaercsa ¢ 105.8 10 96.8 mM.

W3 3aBucumoctu (2) BUAHO, 4TO yBenuueHue oObema paboueil kamepbl YCTaHOBKOM ce-
MSOTBOJAAIIEH TPYObl IPUBOIUT K YBEJIIMYEHHUIO TNIOTHOCTH CHIPLIOBOTO BaJMKA. YUYHUTHIBASI, YTO
JUIS TIOBBIIICHUS MPOU3BOAUTEILHOCTH U CHIKEHHSI MAcChl ChIPLIOBOrO Bajuka Ha 15% HeoOxo-
MO YBEITMYUTh KOJMYECTBO MUJI Ha TUJIBHOM Bally U )KMBOTO cedeHus Tpyosl 10 15%, a cneno-
BATEJIbHO, YMEHBIIUTD 1Al PACIOIOXKEHUS NUIBHBIX TUCKOB ¢ 18 1o 15Mm. YBennuenue koym-
YyecTBa MU ¥ )KUBOTO ceueHus nepdopupoBaHHON TpyOs! Ha 15% B MUIBLHOM Baly IO3BOJIUT CHU-
3UTh IJIOTHOCTH CHIPIIOBOTO BaJMKa, OTBOJS CEMEHA Yepe3 OTBEPCTUs nepopainu, a BOJIOKHO —
C TIOMOIIIBIO MUJIBHBIX JIUCKOB.

T.CangxomxaeBsiM [9] yCTaHOBJIEHO, YTO JJIMHA BOJIOKHA C YMEHBIIICHUEM MEKTyTHIb-
Horo pacctosiHus ¢ 20.64 1o 14.59 MM npu JHKUHAPOBAHUM XJIOTIKA-ChIpIia pa3HOBUAHOCTH 108D
ymenbmaercs Ha 0.1-0.2 mm.

Hcxons u3 BellIeyKa3aHHOTO, 7Sl CO3JaHMsI MIJIBHOTO JDKUHA C MIETYIIUILHON KaMepoi
HEO0OX0IMMO YBEITMUYUTH KOJIM4eCTBO Mui Ha 20% U yCTaHOBUTH CEMSIOTBOAAILYIO TPYOY C OTBEp-
CTHSIMHU.

OmnpenenseM HEOOXOTUMYIO YIIIOBYIO CKOPOCTh CHIPIIOBOTO BajMKa U KOAPQPHUIIMEHT ero
noBbIICHUS K, HCTIOJIB3Ys ypaBHEeHUs (2), puc. 2 Ui pa3IndHbIX JHAMETPOB TPYObI, 3HAUCHHSI
KOTOPBIX MPUBEJCHBI B Ta0J. 1, MO3BOJISIONINE JOBECTH MPOU3BOIUTEIBHOCTh MUIBHOTO JHKUHA
10 20Kr BOJIOKHA HA MUJTY B 4ac.

Tabauya 1

Onpeneneﬂne HEe00XO0AMMOM YaCTOThI BpalieHUusl CEMAOTBOAALLINX pr6 pa3jiiuHoOro juamerpa, odecneyuBaroIero
MPOU3BOAUTEJbHOCTD JKHHA 10 20 Kr BOJIOKHA HA nuJj1y B yac

o — MaxkcumainbHas yriroBas CKOpOCTh Koa¢ppunment moseimenns yr- Heobxoxumsble uac-
HaveTp CBIPLIOBOIO BaJIMKa B 30HE TUCKOBBIX JIOBOI CKOPOCTH CBIPLIOBOTO TOTBI BpallleHusl ce-
Tp%m Ry, MM i (6e3 TpyObI) BannKa K u3 ypaBuenus (2) u MSIOTBOJISIIIINX TPYO

i pam/c 00/MUH U3 puc. 2 pan/c 00/MUH

112 16.53 157.87 2.3 30.38 290.08

125 16.09 153.71 2.45 34.35 328.05

138 15.63 149.29 2.65 36.36 347.24

84



Ha ocHoBe ananmsa ta0i. 1, ycTaHOBIIEHO, YTO, HaLIpUMED, Ul JHaMeTpa TpyOsl 125 mm
MaKCHMAJIbHBIC 3HAYCHHUS YIJIOBOW CKOPOCTH CBHIPIOBOTO BAJIMKA JIO MHIBHBIX JIUCKOB
wmax=16.09 pan/c (153.71 o6/MuH), Torga yriioBasi CKOPOCTh CEMSIOTBOISINEH TPyObI IOJKHA
ObITh B mipeaenax w=34.35 pan/c (328.05 06/mun), Tak Kak k=2.45.

CemeHa, JIBUraroluecs MeEIJICHHEe, 4eM TeppopupoBaHHas TPyOa, MOMANAIOT BHYTPb
TpyOBI M Jajiee BBIHOCATCS HAPYXKY IMOCPEACTBOM YCTAHOBJICHHOI'O BUHTOBOIO mIHeka. Kommue-
CTBO BBIHOCHUMBIX U3 LM CEMSH M3 BHYTPEHHET0 MIIMHIPA (CEMSOTBOIAIIEH TPYObl) ompeie-
JISIETCSl PABEHCTBOM

Q,=p:K1-b1-wr-R1?=68- by -y Ri?, 3)
rie  p~=340 xr/M®—mnotHocte cemsn [1];  Ki20.2 — kooQdHUIMEHT KUBOTO CceueHHs
CeMsIOTBOIAIIIIEH TPYOBI; D1 — MIMprHA BEIXOTHOM 30HBI KaMepbl, M; -1 U R1 — 4acToTa BpamieHus
(pan/c) m HapyXHBIHN paguyc (M) CeMSIOTBOAIIEH TPYOHI.

OmpenenuM COOTHOIICHUE PacXo/ia CEMsSH, YHOCHMBIX ITHEKOM, K €ro o0IieMy KoJinue-
CTBY

Q% Q (4)
Qv Q Qe
riae Q=Qcen+Qeor — CEKYHIHBIN PacXo]I XJIOMKa, MOCTYITAIOMIETO B pabouyro kamepy; Qe — KOJTH-
YECTBO BOJIOKHA.

Tornma
Q Q & - (1 %]%
—~  =14+-S691  TaK YTO =1+ . 5
QC@,M +Q(’€.’Li chd"t QCQJH Q ( )
Teneps onpenenm KOJIMYECTBO XJIOMKA-ChIPIIA, MOCTYIAIOIIETO B pab0Uuyr0 KaMepy:
Q=pu 1 bo-UdAR2,72)=138.63 b, , (6)

rae 1=2.358 M — mmpuHa paboueit Kamepsr; P =50 Kr/M° — IIOTHOCTH XJTIOTKA B MATATENe JHKHHA,
U«R2,210°)=1.1757 m/c—TaHreHIMaIbHas CKOPOCTh CHIPIIOBOTO BaJHKa B BXOIHOU 30HE paboucii
kamepsI (6). TTpu Q=7000 kr/u (1.94xr/c umu 0.0388 m%/c) bo=h=1.94/(1.1758-2.358)=0.014 m.

Taxkum obpazom, u3 paBeHcTB (4), (5) u (6) OyaeM MMETh CIeAyIoIIee BhIPAKECHUE IS
OTIpeIeJICHUSI COOTHOIICHUS KOJTMYECTBA CEMSH:
Q :(“QMJJ,G&Q-%R? -
Qeen Qe ) 138.63-by

B 3aBHCHMOCTH OT cOpTa XJIOMKOBOTO BOJIOKHA M CTENIEHH PaOOTHI THJIbI, CHUMAIOIIIECH BO-
JIOKHO C CEMSH XJIOTIKA, BBIXOJ BOJIOKHA MOXET COCTaBUTh OK0JO 33% OT OOIIEero KoJam4ecTBa
xJionka-ceipia. CinegoBaresbHO, OTHOMEHUE Qgor/Qcen=0.5.

OTtcroga HaxoIuM COOTHOIICHHE KOJMYECTBa CEMSIH, OTBOAMMBIX BHYTPEHHUM I[MJIMH-
JPOM, K UX 00IIEMY KOJTHUECTBY

QO _g7gsg. R (8)

cem (o]

Torna, asst ciydas, Koraa mupruHa BXoaHOU 00=0.014 M u BeixoaHO# 30HBI D1=0.042 M
omunakoBa (b1/bo=3) u npu Qce,,=4667 kr/4, OymeM UMETh MMOKA3aTENH, IPUBEICHHbIC B TA0.2.

Tabauya 2
Pacuer cooTHOILIEHUSI BLIBO/IA CEeMSIH
R1, M 0.056 0.0625 0.069
o, ¢t 30.38 34.35 36.36
Qu/Qcen 0.2103 0.2962 0.3821
Qy, xr/4 (kr/c) 981.40 (0.2726) 1382.19 (0.3839) 1783.21 (0.49534)

Pe3ynbrar pacuera COOTHOIIEHUS BBIBOAA CEMSH uepe3 nepdopaiuul Tpyos! 1 TpyO pas-
JTUYHOTO paauyca coctabiseT 21 — 38.2% ot ob1ero konuyecTBa CeMsiH. Y YMTHIBAsI TPOU3BOIH-
TenbHOCTH MO Xyonky 7000 kr/4, mocne KUHUPOBAHHS MMOJIydaeM OOIee KOJIUYECTBO CEMSH
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4667 xr/a. Torma, Hanpumep, nephopupoBanHas Tpyda ¢ *KUBbIM ceueHueM 20% u pagnycom
R1=0.0625 ™M mo3BoJIsS€T BBIBOJUTH CEMEHA C MPOU3BOAUTENBHOCTRIO 1382.19 xr/4 (0.3839 kr/c).

KonndecTBo BEIHOCHUMBIX M3 IIEH CEMSH MOCPEACTBOM ITHEKA OMPEACISACTCS PABEHCTBOM
[1]:

Qu=60Sn-y-p-7 D4, xr/a 9)
rae D—nuamerp Bunta, M; S=(D/1.15)—1mar BuHTa, M; N — 4acTOTa BPAIICHUS BUHTA WA CEMSIOT-
Bojsmield TpyOwr, o0/MuH; =0.40 — k03pPUIMEHT HATOTHEHUS JUIS XJIOTIKOBBIX CEMSH;
=340 kr/™M® — HachImHas oObeMHas Macca ISl CEMSH CPEeIHEBOJOKHMCTBIX COPTOB XJIONKA-
ceipua [1].

VY CcTaHOBIIEHO, YTO OCTAHOBKA IIHEKAa OTHOCUTENILHO paboyeil kaMephsl U BpallleHHe TPyObl
OTHOCHUTEJIBHO IIIHEKA J]AeT BO3MOXKHOCTh 00JICTYUTh KOHCTPYKIIUIO CeMS0TBOIsmIei TpyOs! [10].
OpHako yBeNMYMBAIOTCA PUCK 00pa3oBaHUS 3a00€B M IMOJIOMKAa BUHTOBOro IHeka. CrienoBa-
TEJNBHO, K IPUBOJIY CEMSOTBOISIIEr0 YCTPONUCTBA MPELyCMOTPEH PEAYKTOP Ul YBEITUYCHUS da-
CTOTHI BpalIeHHUsI BUHTa OTHOCHTEIIEHO CEMSIOTBOJISAIICH TPYOBI.

MouHocTh, NOTPEOHYIO Ul IPUBOJA BUHTA TOPU30HTAIBHOIO KOHBEHepa, onpenenseM
o popmyste [1]

N=Q..1W/(367-), (10)
rae 1=2.358 m — minHa kouBeiiepa; 7=0.8 — ko3 dunueHT moae3noro AercTBus npuoaa; W=4 —
ko3 durmeHT oo11ero CONPOTUBIICHUS B KOHBEHEpE.

Ucnonb3ys ypaBuenus (9), (10) u nannbie tadin.l, MOXKHO ONpeAenuTh MPOU3BOAUTEIb-
HOCTb M MOTPEOISIEMYI0 MOIIHOCTh CEMSOTBOJSIIET0 YCTPONCTBA Ul Pa3iIMUYHBIX JHAMETPOB
TpyO, KOTOpbIE MpeCTaBIEHbI B Ta0I. 3.

Tabauya 3
H3MeHeHusI MPOM3BOIUTEILHOCTH CeMSIOTBOSIIETO IIHEKA B 3aBUCHMOCTH OT TMAMETPOB NMEPheB IIHeKa
Hapysubiii ia- Jnaverp Ilar UYacrora Bpauienus | [Ipon3BoauTenbHOCT [orpebnsemas MOILHOCTD
MeTp Tpy6H, M SHHTA. M BUHTA. M CEMSIOTBOIAIIICTO CEMSIOTBOJIAIIICTO CEMSIOTBOJISILIMM YCTPOW-
> i > HIHeKa, 00/MUH [IHEKa, Kr/4 CTBOM, KBT

0.112 0.082 0.071 435.16 1337.13 0.043

0.125 0.095 0.083 492.03 2350.94 0.076

0.138 0.108 0.094 520.82 3656.28 0.117

Amnanu3s Tabi1. 3 TOKa3bIBaET, YTO, HAIPUMED, TPOU3BOAUTEIIFHOCTh BUHTOBOTO KOHBEHEpa
C ceMAOTBOAAIIUM YycTpoiicTBoM gocturaer 2350.94 kr/u (ogHako Tpyda ¢ mepdopauuit 20%
umeet 1382.19) mist Tpy6 ¢ quamerpom 125 mm. [TosTomy nanHas ceMs0TBOAAIIAs TpyOa UMEET
3arac Mo MpoU3BOIUTENBHOCTH OoJiee ueM B 1.7 pa3a. BbIxo/ BOJIOKHA U CEMSTH U3 XJIOMKa B IIPO-
LIEHTHOM COJI€p>KaHUH, COOTBETCTBEHHO, cocTaBisieT 34 u 66%, Torjaa npou3BOIUTEIILHOCTh 110
ceMeHHU cocTaBUT 4667 kr/4. [IpeanosiaraemM, 4To U3 JPKMHA CEMEHA BBIJICISAIOTCS Yepe3 CeMSOT-
BOJAIIYIO TPYOY 110 50%, Toraa 3TUM YCTPOHCTBOM 0OECTIEUnBAETCS MPOU3BOIUTENBHOCTD JHKUHA
no 10500 xr/4 mo xmonky. IIpu 3ToM moTpeGisemMas MOITHOCTD AJsl TPAHCIIOPTUPOBKU CEMSIH
BHYTpHU ceMs0TBOAALIEH TpyOsl cocTasisieT 0.076 kBT.

JINTEPATYPA

[1] Howcabapos I ], Barmabaes C.J1., Komos /. A., Conosves H.J]. Tleppuunas o0paborka xionka. M.: Jlerkas unmycrpus, 1978.
—430c.

[2] Maxcyoos A. BausiHue onTHMATBHOTO COOTHOMIEHHUSI MEKITY CKOPOCTSMH MIMIBHOTO LIMITMHAPA U CHIPLIOBOTO BaJMKa Ha Kade-
CTBEHHBIE NIOKa3aTeH JKUHUpoBanus: [luc. ... kana. Texs. Hayk. Tamkent: TUTJIIL, 1976. — 169 c.

[8] Xamuoos A., Tromun I1.H., Paxmamxapues LY., Myxammaoues [{. M. O IBUKEHUH JIETYYCK M CEMSIH BHYTpH paboueii Kamepsl
BOJIOKHOOT/IETIUTENS C JIOTIOJHUTEIBHBIM CEMSBBIBOISLINM YCTPOHCTBOM // AKTyallbHBIE POOJIEMBI EPEPadOTKH JIbHA B CO-
BPEMEHHBIX YCIOBHSX: AHHOTAIMH JOKJI. Mexa. Hayd.-TexH. KoH(. 17-18 oxra6ps 2002. Kocrpoma, 2002. — 162 c.

[4] Tillayev M.T. Paxtaga birlamchi ishlov berish texnologiyasi (darslik). Toshkent., 2015. — 236 c.

[5] Caghapos H K. BausiHue IIOTHOCTH CBHIPLIOBOTO BAIMKA Ha TEXHOJIOIMYECKUE MTOKA3aTe N MIIBHOTO [DKUHUPOBaHmsT: Juc. ...
kaHz. TexH. Hayk. Tamkent: TUTJIIL, 1998. — 177 c.

[6] Myxammaoues /I M. JlunaMuKa MaIIHHHBIX arPEraToOB MMIBHOTO [PKMHA C CEMSIOTBO/ISIINM YCTPOMCTBOM M KOH/ICHCOPA ITYJTh-
CHPYIOIIUM BO3IYIIHBIM MOTOKOM: J{KC. ... TOKT. TexH. HayK. TamkeHT, 2014. — 211 c.

86



[71 Myxammaoues I M., Axmedos X A., Ilpumos B.X., Hopacumos @.X., JKamonoea JI.IO., Myxammadues T./]. BivsHue npous-
BOJUTENILHOCTH Ha TEXHUKO-TEXHOJIOIMYECKHE MapaMeTphl MIIBHOrO JHKHHA ¢ HaOpachiBaronmM OapabaHoM // M13B. By30B.
Texnomnorust TekcTuabHON npomMsbiiieHHocTH. 2020. Ne2. C.88 — 92.

[8] Myxammaoues M., Kynues T.M., I[Ipumos 5.X. DKcriepuMEeHTAIBHOE UCCIIEA0BAHIE KHHEMATHKY CHIPIIOBOTO BAJIMKA MTHJTh-
HOT'O JDKHHA C MeTyIIbHOH kKamepoi // [Ipobmemsr Texctmna. 2019. Nel. C.18 — 25.

[9] Cauoxooocaes T. ViccnenmoBaHusi BIUSHUS MEXKIYTHIBHOTO PACCTOSHUS HA TPOIECC PKUHUPOBAHMS: JIHC. ... KaHI. TEXH.
Hayk. — Tamkent: TUTJIIL, 1966. — 213 c.

[10] Myxammaoues JI. M. Pabouas kamepa miwibHOro mkuHa. Ilatent PY3 IAP 04761 (ot 31.10.2013 1.).

Jlata moctynineHust
24.01.2022

.M. Myxammaoues, X.A.Axmeoos, b.X. IIpumos, O.C. Mannaes, JI1.FO.’Kamonosa. Tozanawm kamepanu appanu
JHCUH YUSUM YUKAPUW KYPUIMACUHUHZ MEXHON02UK NAPAMEMPIAPUHU XUCo0nauw

Annomauyua: Magonada mo3anawi Kamepaiu appanu  JCUH  HUSUM  HUKAPUWL  KYPUTMACUHUHZ —MEXHOI0UK
napamemprapuHu Xucoonaui Mamepuaiiapu Keimupuiean. Xucoonawnap mosanawi KaMepaiu appan JHCuH 4ueum yuxapuiu
Kypuimacunune Kygyp ouamempu 125 mm yuyn gunmiau kongeiieprnune uwi ynymoopaueu 2350,94 xe/coam menenueunu Kypcamuo,
uw yHymoopaux oyuuua 3axupa 1.7 6apobapoan opmuknueunu mavmunaaiou. Ilaxmaoan onunean moaa 8a YUSUMIAPHUHZ
uuguwu 34 6a 66% gousznapoa, scunnune yvueum oyuuua uw ynymoopaueu 4667 xe/coam mawikun smaou. Ly dunan bup eagmoa,
yueumnune Kygyp uuuoa mawuut yuyn snexmp capgu 0.076 kBm mene.

Kanum cyznap: naxma, uueum; monaiap; appanu JCUH, uwi Kamepa, XoM auié eanucu, appan YUmuHop; 4ueumuu
YUKApUL KYPUIMacu; meuukiu Kyeyp; aianyguu WHeK, YHyMOOPAUK, OypuaK mesnux.

D.M. Mukhammadiev, Kh.A. Akhmedov, B.Kh. Primov, O.S. Mallaev, L.Yu. Zhamolova. Calculation of technologi-
cal parameters of the seed-removing device of a saw gin with a cleaning chamber

Abstract: The article presents the materials for calculating the technological parameters of the seed removal device of
a saw gin with a cleaning chamber. Calculations have established that the productivity of a screw conveyor with a seed removal
device reaches 2350,94 kg / hour for pipes with a diameter of 125 mm, which provides a margin of productivity of more than 1.7
times. The yield of fiber and seeds from cotton in percentages of 34 and 66%, the gin seed capacity will be 4667 kg /hour. At the
same time, the power consumption for transporting seeds inside the seed pipe is 0.076 kW.

Keywords: cotton; seeds; fibers; saw gin; working chamber; raw roller; saw cylinder; seed removal device; perforated
pipe; rotating screw; productivity; angular velocity.

YK 532.546

I'maPOANHAMHUYECKOE JABJIEHUE HA IUTYHXEP IIPU DOKCIIIYATAIIUU
HE®TAHDbBIX CKBAYKHUH I''TYBUHHBIMU HACOCAMMU

I'aiioynos O. 1.

CamapranOockuii 20Cy0apCmeeHHblil apXumeKnypHo-cmpoumensbivlil uncmumym umenu Mupzo Yuyzoexa,
Camapkano, Y3oexucman
E-mail: ygaybulov@mail.ru

Annomayusn: Paccmompena 3a0aya onpeodeneHus 0agieHus Ha NIYH1CEP NPU SKCHIYAMayuu HepmaHbIX CKea-
JHcun enyouHHbIMU Hacocamu. [lymem pewienus ypasHeHus HeCmayuoHapHo20 JaMUHAPHO20 OBUNCEHUS HCUOKOCHU 8
KObYEBOM 3a30pe MedxHCOy HACOCHO-KOMNPECCOPHOU mpyOoll U wimanzamu npeonodce meopemuieckutl cnocoo
onpeodenenus 0asneHus Hepmu Ha nayHicep npu e2o xooe 6epx. C noMowblo GUCIEHHbIX IKCHEPUMEHIOB NPOBEOEHO
cpagnenue noIy4eHHO20 pewenus ¢ panee NOJY4eHHbIM A8MOPOM YRPOWEHHbIM PeuleHUeM 3a0a4u.
Knrouegvle cnosa: 613xkas sHcuOKOCmb; KOIbYeSol 3a30p; niockas mpyba; npeobpaszosanue Jlannaca; opu-
2UHAT; U300Opadcenue.

Beenenne. Dxcruryatanus HETSIHBIX CKBA)KUH IITAHTOBBIMU HACOCAMU SIBIISIETCS OJIHUM
13 OCHOBHBIX CIIOCOOOB MEXaHU3UPOBAaHHOM 100bIYM HepTH. OHM MpUCTIOCOOIEHBI I pabOTHI B
CKBa)XMHax Ha 00b110M riayOuHe. KosloHHa HACOCHBIX LITAHT COOOILIAET IITYH)XXEePY BO3BPATHO-
nocTymnaTenbHoe JABMKeHue. [Ipu 3TOM Ha IITaHrU MepefaroTcs Harpy3ku OT JIaBJE€HHUs CTosda
KUJKOCTH, BOCIIPUHUMAEMBIE IUTYH)KEPOM IIPH XOJ€ BBEPX, OT CHIIbI MHEPLIUY IBHKYIIUXCS MacC
LITaHT ¥ )KUJIKOCTH U Apyrue JUHaMH4YecKue Harpysku [ 1, 2].

B o0miem cnydae perieHre MHOTHX 3a]1a4 HeTEPOMBICIOBOM MEXaHUKH CBOAUTCS K pe-
LICHUIO THJIPOAMHAMHUYECKON 3a/]aui HECTAI[MIOHAPHOTO JIBMXKEHUS JKUAKOCTEH B TpyOax u KOJb-
IIEBBIX KaHaax [3—6].

Onpenenenne ruipOAUHAMUYECKOTO AABJICHUS KUIKOCTHU HA IUTYHXKEP MPU dKCILTyaTaluu
HE(PTSIHBIX CKBaXKMH LITAHTOBBIMU TTTyOMHHBIMU HACOCAMH MMEET BaKHOE 3HAUEHHE Ul pacyera
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Harpy3kd Ha INTaHTH U BBIOOpa palMOHAIBFHOTO peXMMa padOThl HACOCHOM YCTaHOBKH. 3ajada
MPEJCTaBIsIeT MHTEPEC KaK JUIA PAacUeTHBIX IIeNeH, TaK U Al 000CHOBAHUS METOUKH AKCIIEPH-
MEHTAJIbHBIX UCCIICJOBAHUN.

B [7, 8] xonbIieBO# 3a30p MEXY ABYMS KPYTJIBIMU TpPyOaMu paccMaTpUBaeTCs Kak I10C-
Kas TpyOa. B [7] 3amaua pemranace nmpubamkeHHbIM MeTo oM Criesknna—Tapra. TouHoe pemeHue
3aJlauM JBUKEHUS BA3KOW HE(TH B INIOCKOM TpyOe nmpuBeneHo B [8], a s ciydyas BA3KOYNpyrou
Heptu — B [9-10]. OgHaKo paccMOTpeHHE KOJBIIEBOTO 3a30pa Kak IUIOCKas Tpyba He Bcerna
OTIpaB/IaHO ¥ OTPaHMYMBAET IPUMEHEHHE TTOTydEeHHBIX (OPMYII B IPAaKTHYECKUX pacueTax. Jlanee
MyTEM pEIICHUs 3a/la4d HECTAIMOHAPHOTO IBIIKCHUS JKUIAKOCTH B KOJIBIIEBOM 3a30P€ MEXKIY
HACOCHO-KOMIIPECCOPHOM TPYOOH U IITAaHTaMH MPEII0KEH TCOPSTHUSCKUN CIIOCO0 OmpeieieHuUs
naBiieHusI He(pTH Ha IUTYHXKEp MpH ero Xoze BBepX. Vcnomp3ys npeodpasoBanue Jlamnaca, moiy-
quM (HopMyITy TSl OTIpEIENICHNUs THPOIMHAMHYECKOTO JaBJICHHS Ha TUTYHXXEp TIPU JIAMUHAPHOM
HECTaIMOHAPHOM JBIDKEHHH BSI3KOH )KUIAKOCTH(HE(PTH) B KOJIBIIEBOM ITPOCTPAHCTBE MEXK/TY 10 Tb-
eMHOH TpyOo# 1 mranramu. C IOMOIIBIO YUCIIEHHBIX PACYETOB MPOBENICHO CPaBHEHHUE MOTyIEH-
HOTO PEIICHUSI C PELLIEHUEM, TaHHBIM B [8].

MatepuaJjbl 4 MeTObl. PaccMOTpUM 337124y onpeeNIeHHs THPOANHAMHYECKOTO JIaBje-
HUS KUJIKOCTH (HeTH) Ha MIIyHXKep MpH XoJie ero BBepX (puc. 1).

~_

AL

FHEERI N AP

Puc. 1. Pacnpenenenue ckopocTd >KHAKOCTH B KOJb- Puc. 2. I'padmku 3aBUCUMOCTH CKOPOCTH 1
LIEBOM IIPOCTPAHCTBE MKy KOJIOHHOH TPYO U YCKOPEHHs IUTYH)Xepa OT BPEMEHH:
[ITAaHraMH OTHOCUTEIBHO HEMOABIKHOM CHCTEMBI 1 —vp(t); 2 — V(1)

[Ipn MaTemaTHuecKOM MOJAEIMPOBAHUU IPOLECCAa OTHOCUTEIBHO IBUKEHUS KMJIKOCTH U
TpyO ucrmosb3yeM oOmenpuHsaThie gonyieHus. HedTs cuntaem BsI3KON HbIOTOHOBCKOM KHUAKO-
creio. [TomHoe maBneHme sxuaKocTH Ha uryrkep P(t) Oymer [6]

p(t) = Ap(t) + (L —h)pg + o, ¢y
rae Ap(t) — motepu naBiieHHs MPH HECTAIIMOHAPHOM JIBH)KEHHHU JKUIKOCTH B TIOJABEMHON TpyOe
KOJIBIICBOTO CEUEHHST; Po — JaBJICHUE Ha YCThe; L — BRICOTA TIOAHUMAEMOT0 CTOJI0a KUIAKOCTH; h —
ri1yOrHa MOTPYKEeHUS TITyOMHHOTO HACOCa; p — INIOTHOCTH JKUJKOCTH; J — YCKOPEHHE CBOOOJHOTO
MaJeHUs.

CKOpOCTb KHUAKOCTU MPU HECTAIIMOHAPHOM JIAMUHAPHOM PEXUME BUKCHHS B MOAbEM-
HOM TpyOe MOXKHO OTIPEENIUTh U3 pelieHus: AuddepeHnanbHoro ypaBHeHus [7]

oV 10( ov
—=u——r— [+q(t), (r,<r<R),
Pat ,Urar P qt), (nb<r<R) (2)

C HAYaJIbHBIMHA U I'PAHUYHBIMHU YCIIOBUSIMU
v(r,0)=0, (r, <r<R); V(rZ!t) = Vp(t)! V(th) = O! (t > 0)1 (3)

rae V(r,t) — ckopoCTh ABMKEHHS KHUIKOCTH B ITOIBEMHOM TpyOe; Vp(t) — CKOPOCTh ABMIKEHHS TUTYH-
&Kepa; [ — TUHAMHYECKasi BA3KOCTb KHUJIKOCTH; R — paauyc moaseMHO TpyObl; I'2 — paAnyc ILITaHT;
q(t) = Ap/ L — rpamyieHT JaBJieHHs Ha IUHUILY JUTHHBI 10 OCH TPYOBI.

[Ipu npeHeOpexxeHNH NPOJOIBHBIMH KOJICOAHUSMH HITAHT U TPYO MOKHO CUUTATh, YTO CKO-
POCTB ILUTyHXEPA COOTBETCTBYET CKOPOCTH TOUYKH ITOABECKH IITaHT. Mcxons U3 aToro, B UHTEpBalie
Bpemenn 0 < t < T ckopocTs turyHxepa Vp(t) MokHO mpuHUMATH B Buze [7] (puc. 2)

88



; (t)_48voz(2n - . 27r(2_|r_1—1)t’ @

rae T — mepuoJ OAHOTO LMKIIA IBMXKEHUS TUTyH)XKepa; Vo — CPEIHSSI CKOPOCTh JBMYKCHHUS TOUKH
IIOABCCKHU LITAaHT.

3aga4ya cocTOUT B omnpeaencHnu nonHoro aasienus P(t). C atoit uesnpro Hapsay ¢ (1)—(4)
UCIIONIB3YyeTCs ypaBHEHHE OajaHca pacxonaa

R
= 7(r? =17 )V, (1) = 27 [ rv(r, t)dr, (5)
r
rjae I — paauyc miyHxkepa; Q — pacxo JKUIKOCTH.
g pemenust copMynupoBaHHON 3ajjaun CHayaia BBEJIEM CIEAYIOIINe HOBbIe Oe3pas-
MEPHBIE IEPEMEHHBIE:

t=—"2t 7=

rae Ux — HeKOTopoe XapakTEepHOE 3HAYCHUE CKOPOCTH.
VYpasuenue (2), kpaeBbie ycioBus (3) U paBeHCTBO (5) B 0e3pa3MepHBIX BETMYUHAX TPH-
HHUMAIOT CJICAYIOIIHNI BUIL:

N 110(_ov
—_——— +q(t r<li
o Rerar( arj G0, (a<r<d), ©
v(r,0=0, (asr<1); V(al)=V(t), vL{)=0 >0, (7)
1 2
[Fv(r.fyar = 0‘2 v, (D), ®)
2 _ 2 _ 2 r r MRU, o R
a. =a, —a , =_2 =21 Re= , gt t).
r1e ) a=Z a=1, p q(t)= pUL prp()
Jlnst ynoOcCTBa 3anuceii B qaabHEIeM 3HaK “ - HaJl 0e3pa3MepHbIMH BETMYUHAMU OyIeT
OTyIIeH, T. €. (6)—(8) mepenuiiem B BUIE:
o 110( ov
—_—— t r <1,
D M, @er< ©
v(r,00=0, (a<r<l, V(Ol,t) =Vp (t), V(l, t) =0. (10)
1 2
J'rv(r,t)dr = 0; (11)
VpaBHenue (9) yMHOKUM Ha r U IPOUHTETPUPYEM Ha IIPOMEKYTKE [, 1] :
1
Lov 1 %0 ov 1 d h 1 ( GV) 1-a?
Ndr=—[Z| & —|rvdr=—|r— | +
iat rar Rei@r(rarjdwqa)irdr’ dt’ Rel or)
C yuetom paBenctBa (11) I/IMeeM
Vi (1) = [v @) — v (a,t)]+ 2
a0 =125V, 0 - F;L V. Lt - v (a, t)] (12)
[MoxacraBmnss (12) B (9), nonyth cne;[y}omee ypaBHeHHe
ov 110 ov 1 2
= %FE( arj T [v wLt) -, (a, t)]+ V). (13)

[Monosxwus v(r,t) =z(r)U(t), mis oMHOPOTHOTO ypaBHEHHUS C OJJHOPOIHBIMH T'PAHUYHBIMU

89



YCIIOBUSIMU, COOTBETCTBYIOIIETO YpaBHEHHUIO (13), ©MeeM COOTHOIICHUE

1d( _dz 2 . :
rdr(rer_l—az [Z D-oz (a)] Re U’ (t) ’B
z(r) U (t)

OTcroga MOXHO HOJIytH/ITL cnez{onmon 3anauy ltypma—JInyBBuns ans ypaBHenust beccens:

1d
rdr( j pra=

S = 0 sBnsieTcs CO6CTB€HHI)IM 3HaueHueM 3aaauu (14). CooTBETCTBYIONIYIO COOCTBEHHYIO
bynkumio Zo(r) ¢ yuerom paBenctsa (11) MOKHO HalTH B BUJIE

z,(r)=A, {1—r2 +(1-«a )In_r} (15)

(Za* +a’-Dihea
rae A, =
A—a)fil-a® +@+a’)hna]
Pemenue ypaBuenutii (12), (13) uiem B Buze

v(r,t) =v, (r,t)+v,(r,1), (16)
q(t) =gy (t) +0, (1), (17)

e Vo(r,t) = zo(r) vp(t) — pereHre o JHOPOTHOTO YpaBHEHHS, COOTBETCTBYIOLIETO ypaBHEHMHO (13)
C HYJICBBIMHU Ha4aJbHBIMH U IPaHHYHBIMH YCIOBHAMHE; (o(t) onpenemnsiercs moacranoBkoit Vo(r,t)
B (12):

az [Z®)-ez'(@)] 2(@)=0, @) =0. (14)

0 (t) = Vo (1) + 24 oV o (1), (18)
rae Vi(r, t), qu(t) — pemenne cucremsr ypaBHeHI/II/I
o, 119 ( v,

. Rerarl or

) q,(t), (e<r<l), (19)

j rv, (r,t)dr = 1-a®, S (©), (20)

C HauaJIbHBIMU U TPAHUYHBIMU YCIOBHUSIMU
v,(r,0) =0, (x<r <D, Vl(a!t)zvp(t)’ Vl(]-, t)=0. (21)
PaBenctBo (20) cneayer u3 (11) ¢ yuerom (16).

Jlnst pemienus ypaBHeHust (19) ¢ yenosusimu (20), (21) ucmoas3yemM HHTETpaIbHOE TIPE00-
pazoBanue Jlamaca [11]:

v (r,s) = +jzoe‘s‘vl(r, t)dt, V. (s)= Te‘s‘vp (tydt, q(s)= +f)e‘“ql(t)dt.

B u3o6paxkenuu no Jlamnacy nonyuum auddepeHimanbHoe ypaBHEHHE

11d dv, ~ ~
R—e;a[rﬁj—svl(r,s):—ql(s), (a<r<l) (22)
C TPaHUYHBIMU YCIIOBUSIMH
v,(0, 8) =V, (s), v,(L s)=0. (23)
PaBenctBo (20) B M300paxeHNN UMEET BU
1 2 _
[, (r,s)dr = 4“ 7, (s). (24)

Oob1ee pemnieHne ypaBHeHU (22) MOXKHO MOJYYUTh B BUIC
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Vi (r,8) = C,J, (ikr) + C,Y (ikr) +@,

rae k = vRe - s. Onpenenss nocrosiaabie C1, Co ¢ MTOMOIIBIO TPAaHUYHBIX YCIIOBHH (23), Halinem

W09 = 1(k) {ql(s) [D, (ik) +d, (ik) 3, (ikr) — d, (iK)Y, (ikr)] +
+7(5) - [¥, (1K) 3, (ikr) — 3o (kr)Y, (k)] | (25)

rae di(X) = Jo(ax) — Jo(X); d2(X) = Yo(ax) — Yo(X); Da(X) = Jo(ax)Yo(X) — Jo(X) Yo(0X).

Otmerum, uto dopmyia (25) umeer mecto s K # 0.

[Toacrasnss (25) B (24), nosryuum cliiefyrouiee BoIpakeHue uisd n300paxeHus 6e3pazmep-
HOTO TPaJINEHTA TABJICHUS:

G (S) =V, () {

2

ikD, (ik) + s (ik) Y, (ik) — d, (ik) (|k)}

{1 za —d,(ik)d;(ik) + dl(lk)d4(|k)}

NJIn -
G, (S) =sv,(s)- T (s), (26)
rie
f (s) = oik) d3 (X) - a‘]l(ax) - Jl(X); d,(X) = a¥,(ax) =Y, (X);
w(lk)
P(x) = L2 XD, (%) + Yo ()3 (%) — Jo ()d, (x);
w () = 2227 D, (x) — d, ()d, (%) + d, (), (%).

Jl71st TOro, 4TOObI EPEUTH K OpUTrHHay, B (26) cHauana Haiinem opurusan f(t) uzobpaxenns f (s).
Oynkius Y = w(f) umeeT GeCUMCIEHHOE MHOXECTBO HYJIEH — MPOCTHIE IMOJI0KUTEIbHBIE
kopuu S (N = 1,2,3, ...) ypaBaenus y(f) = 0, T.e. ypaBHEHUS

(27)

Orcrona y(ik) = w(fn) =0, By = ik = ivRes , Vs = Bn/(iVRe), s = —B2/Re.
Tak kak fn ABIAIOTCS MPOCTHIMU MOJIFOCAMU (PYHKIIMHM KOMIIJICKCHOTO ITEPEMEHHOTO f (s),
opurunain f(t), coorBerctByrommii f(s), MOXHO HaAWTH CIEAYIOMIMM 00pPa3OM:

ﬁ
i g(ik)e™ zﬂn%e w
1 Ik)(lk)s 5= ﬂ /Re Re n=1 lr//ln ,

tie = (-a?)Dy (f) + L ﬂn[wd (B) +d5(B)]+ 61 (B)ds(By) —d,(B)ds (B,),

=p(B,), ds(x)=a ‘Jo(ax) =3, (x); dg (%) =Y, () = Yo ();
d; (X) = Jo ()Y (X) = J; (ax)Yo (x); (%) = I, (X)Y (xX) = Iy (aX)Y, (X).
Opurunan qi(t), cooTBeTCTBYIOIIMI H300paskeHuto §, (s), Haiaem u3 (26). Tak kak u300-
paxenuto s, (s) cootsercTByet opurunan V'p(t), a msodpaxkenuto f (s) — opuruna f(t), mo teo-

pEME O KOMIIO3MIIUM ONEPAMOHHOTO HCYUCIIEHH U300paKeHuto s, (s) - f(s) coorBercTBYET
OpUTHHAI
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[ ft-&v,(de.
ITosTomy

() == zf;‘”"jv (&)-e " Dde. (28)

[Moncrasnsis (17) u (28) B (16) MOJIyYUM CIIEAYIONIYI0 (hopMyy Juisi Oe3pa3MepHOro rpa-
JUCHTA JaBJICHUM.

2
2

o 2 _7( —5)
A0=1% 29O+ O | @ = Ve (o)
In
Heobxomumo yuuTsiBaTh, 4TO B (29) BCe BETUUMHBI 663pa3MepHme T.C.
2
e (o ( ;’)
10=% 5,0+ Beg - 2 550 | Jv @er iz @)
1- n=1 Y1n
Ucnonwsys (30), nepenan naBneHus Ap(t) MOKHO HaWTH 10 GhopmyIie
Ap(H) = 2256, (31)
CornacHao (1), moyiHOE naBieHUE HA rmyH>Kep ompenensiercs mo popmyiie
L_,
(V) = L25Ed(D) +(L—)pg + (32

Pe3yabTarsl u 00cy:xkaenne. OCHOBHBIM pe3ylbTaToOM paboThl sBiseTcs Gopmyna (32).
Janee B pacuerax nmpumem, uto Uy = Vo.

N3 (30)—(32) cnexyer, uTo AaBiICHUE HA TUIYHXKEP 3aBUCUT HE TOJBKO OT €r0 CKOPOCTH, HO
U OT ycKopeHus. Ecinu B HavabHBIE MOMEHT CKOPOCTH TUTyHKepa U3MEHHTCSl CKa4Ko0Opa3Ho:
Vp(t) = vor(t), To B cootBeTcTBHY € (29) MaBieHne Ha HETO MPUOOPETAET UMITYJILCHBIN XapakTep:
V'p(t) = voo(t), rae n(t) — enuanunas Gyuxius Xesucaiina; o(t) — nenpra-pyaxus Jupaka.

Jlnst cpaBHEHHsI 3HAYCHH TIOJIHOTO JABJICHHS HA TUTYHXKEp, PACCUYMTAHHBIX IO Qopmyie
(32), ¢ perienuem 3agaum, re KoJblieBas 00JacTh MEX/TY MOIBEMHOM TPYOO#l M IITaHTaMU pac-
CMOTpEHa KakK IJIOCKas TpyOa, UCIOJIb3yeM CIeAYIONIyI0 GopMyity, OTydeHHYIo B [8]:

p(t) =G (E)Lpa /17 + (L —=h) pg + p, (33)
re 1=R—r, T=tul(pl®), V=v/v,, ¥, =v, /v, Q(t)———Q(t)NVo“2
_ 4 2(t-¢) (pkwk ()
a0-—> {ov (f)@ﬂv (5)( e Hdr:}

fo=3(F"-a*~a), a=r,n, r=rn, =247 W =27, (k=12..),
Zk — TIOJIOKMTENLHBIE KOPHH YPaBHEHHUS tgZ = Z; wik = Wk COS Wk — Sin W ;

¢k:1_sinwk ’—a?
k

+a(l-cosw,) - h—a W, Sin w, .

B nanpHeiimem s npoctoThl Gopmyny (32) Ha3oBeM pelICHHEM 3ajia4yd Ui KPYrion
TpyOBI, a (33) — pemieHreM AJIs MIOCKOM TPYOBI.

C nmomomuisio popmyn (32), (33) npoBeAeHBI YUCICHHBIE YKCIIEPUMEHTHI 10 PacyeTy MoJl-
HOTO JaBJICHUS KUAKOCTU(HEPTH) HA IIYHXKEp MPH €ro MoIbeMe BBEPX MPH CISAYIONINX 3Haue-
HUAX HcxomubiXx gaHHbIX: L =1000m, h=100M, Ux=vo=0.60wm/c, po= 10°TIa, T =20c,
a=r2/R:020, 0.25, 1/3, 0.40, r1 =0,02988 M, R = 0.030 m, 2= aR.

I'padmku 3aBUCUMOCTH TIOJTHOTO JIaBJICHHS OT BPEMEHH Ha TUTYH)KEp MPHU €ro Mmojabeme, mo-
CTpOEHHBIE Ha OCHOBe pacueToB o (opmynam (32) u (33), mokazansl Ha puc. 3 — 4. Pacuetsl
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npoBeseHsl i Jerkoit Hedrtu mpu u = 0.040 IMa-c, p =700 kr/mM® u Tsxenoit HedTH mHpu
= 0.100 Ia-c, p = 900 kr/m®. I'paduKu MOKA3BIBAIOT, YTO 3HAYEHHS TIOJTHOTO JABJICHHS HA ILTyH-
’Kep, BBIYUCICHHBIC 110 (hopMylie pelIeHus JUIs IUIOCKOH TpyObl B Hayalie mpoliecca mojabeMa, B
OCHOBHOM, 3aHM)KCHHBIC, a B KOHIIE MOTYT OBITh KaK OOJIbIIE, TAK U MEHBIIIE.

P. P, MMa PPy MMa
6.8 9.5

Puc. 3. I'paduku 3aBUCUMOCTH MOJHOTO JABJIEHHUS OT BPEMEHH, TIOCTPOEHHBIE 10 popMynaM it KojbiieBoit p(t)
U mockoii o6mactu Pp(t) mpu o = 0.20: @ —u = 0.040 Ta-c, p = 700 kr/m%; 6 — u = 0.100 Ia-c, p = 900 kr/m®

Puc. 4. I'padyku 3aBUCHMOCTH TIOJIHOTO JIaBJIEHHs OT BPEMEHH, OCTPOEHHBIE 110 OpMYIIaM [1sl KONBLIEBOH 001acTH
p(t) 1 miockoii o6nactu Pp(t) mpu a = 0.40. a—u = 0.040 IMa-c, p = 700 kr/m3; 6—u = 0.100 Ia-c, p = 900 kr/m®

[Tpu OTHOCHUTEIBHO MaJbIX 3HAYCHUAX MapameTpa a = 2/ R 3HaYeHus AaBJiIeHUS Ha TUTYH-
XKep, pacCUMTaHHbIE TIO0 GopMynaMm sl KPYrJIOH M TUIOCKOH TpyO, CYIIECTBEHHO OTIMYAIOTCS,
0COOEHHO TIPU MaJIbIX 3HAYCHUSAX pajryca MTaHr. s Tshkeno HeTH pyu OTHOCUTEIBLHO 00JIb-
IIMX 3HAYCHUSX IMapaMeTpa ¢ MOKa3aTelH JIaBJICHHUS, BEIYUCICHHBIE IO 00enM GopMyaam, Majo
OTIIMYAIOTCS.

B Ta6x. 1 u 2 npuBeeHbBI 3HAYCHUS 3aBUCIMOCTH OT BPEMEHH TOJTHOTO JIaBJICHUS Ha TUTYH-
JKEep TPHU €ro MoabeMe, BBIUYMCICHHBIE 110 MpuOImkeHHou (Pn, MIla) u Tounoi (Px, MIla) popmy-

JaM JuIs Jerkoi (cm. tabm. 1) u Tsoxenoi nedTH (Tadi. 2).
Tabauya 1
3HauyeHHs 3aBUCHUMOCTH MOJTHOTO AABJIEHUsI OT BpeMEHH Ha IJIYH Kep MPH ero noabeMe, BLIYHCIEHHbIE 10
Tounoii (32) (p, MIIa) u npubamxennoii (34) (pn, MIIa) popmynam npu u = 0.040 Ia-c, p = 700 kr/m*

t o a=0.20 a=0.25 a=1/3 a=0.40

’ p Pp p Pp p Pp p Pp
0. 6.5239 6.2803 6.5238 6.2803 6.5237 6.2803 6.5236 6.2803
1. 6.6361 6.5787 6.6540 6.6093 6.6937 6.6765 6.7384 6.7516
2. 6.6795 6.6745 6.7122 6.7170 6.7837 6.8105 6.8634 6.9148
3. 6.6938 6.7314 6.7373 6.7815 6.8316 6.8918 6.9363 7.0149
4, 6.6791 6.7515 6.7291 6.8052 6.8372 6.9229 6.9570 7.0543
5. 6.6356 6.7354 6.6879 6.7882 6.8008 6.9041 6.9256 7.0334
6. 6.5637 6.6831 6.6142 6.7309 6.7228 6.8358 6.8427 6.9528
7. 6.4641 6.5951 6.5085 6.6336 6.6038 6.7183 6.7088 6.8127
8. 6.3366 6.4710 6.3707 6.4962 6.4437 6.5514 6.5238 6.6130
9. 6.1809 6.3108 6.2006 6.3184 6.2421 6.3349 6.2872 6.3533
10. 6.0016 6.1166 6.0026 6.1025 6.0038 6.0716 6.0040 6.0370

Kak nmoxka3zpiBarot Tabia. 1 1 2, ¢ pocToM nmapamerpa a pa3HOCTb AABICHHUH, paCCUNTaHHbIX
o popmynam (32) u (33), ymeHbIIACTCA.
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Tabauya 2
3HavyeHHs 3aBUCHMOCTH MOJTHOTO AABJIEHUSI OT BpeMEHH Ha IUIYHKep NMPH €ro NnoabeMe, BBIYUCIEHHBIE 10
Tounoii (32) (p, MIa) n npubanskennoii (34) (pn, MIIa) gpopmyaam npu u = 0.100 Ma-c, p = 900 kr/m®

t o a=0.20 a=0.25 a=1/3 a=0.40

’ p Pp p Pp p Pp p Pp
0. 8.3593 8.0461 8.3592 8.0461 8.3591 8.0461 8.3589 8.0461
1. 8.6794 8.7369 8.7262 8.8092 8.8283 8.9682 8.9423 9.1456
2. 8.8504 8.9841 8.9339 9.0871 9.1152 9.3136 9.3163 9.5662
3. 8.9498 9.1399 9.0596 9.2631 9.2973 9.5337 9.5604 9.8355
4, 8.9773 9.2044 9.1030 9.3372 9.3743 9.6286 9.6746 9.9538
5. 8.9332 9.1781 9.0642 9.3098 9.3468 9.5989 9.6591 9.9214
6. 8.8184 9.0615 8.9442 9.1817 9.2154 9.4454 9.5148 9.7396
7. 8.6333 8.8553 8.7436 8.9534 8.9807 9.1688 9.2423 9.4090
8. 8.3781 8.5592 8.4623 8.6249 8.6427 8.7688 8.8415 8.9294
9. 8.0521 8.1727 8.0996 8.1954 8.2008 8.2448 8.3117 8.3000
10. 7.6619 7.7012 7.6623 7.6709 7.6617 7.6038 7.6597 7.5290

CpenHee KBaJlpaTUYHOE OTKJIOHEHHUE AJIsl JIerkoil HeTH, BRIUUCIIEHHOE 0 hopMyIie
13 2
s= Jﬁz(pai) - )’
i=1

s o = 0.20, 0.25, 0.33, 0.40 cootBercTBeHHO paBHo (MIla): 0.1037, 0.0983, 0.0900, 0.0857. Kak
BHJIHO, C POCTOM 0. OHO YMEHbIIIaeTCsl. PacyeTsl MOKa3pIBAIOT, YTO ATO HAOIIOIAETCS U JUIS TsDKe-
JIOU KUJIKOCTH.

3akiouenue. Ecnu B Ha4albHBIA MOMEHT CKOPOCTH TUIYHXEpa M3MEHUTCS CKauK000-
pa3Ho, TO JaBJ€HHE HAa HETO MOXET MpuoOpeTaTh UMIYIbCHBINA Xapakrep. Ilpu oTHOCHTENBHO
MaJIbIX 3HAYCHHSIX MapameTpa a = I/ R 3HaYeHus qaBicHUs Ha TUTYH)KEp, paCCUMTaHHbIC TT0 (Gop-
MyJiaM JJisl KPYIJIOW U TUIOCKOU TPYOBI, CYIIIECTBEHHO OTJIMYAIOTCS, 0COOEHHO MPH MAaJbIX 3HAUE-
HUSX paJnyca IITaHT.

3HaueHus] MOJIHOTO JaBJIEHUS Ha IUTYH)KEP, BBIUMCICHHBIE TO (popmyne perieHus ajs
IJIOCKOM TpyOBbI B Hayase mpoiiecca noabeMa, B OCHOBHOM, 3aHI)KEHHBIE, a B KOHIIE MOTYT OBITh
Kak 0oJibIlle, Tak U MeHblIe. AOCOIIOTHOE 3HAU€HUE PAa3HOCTHU MOJIHOTO JaBJICHUS KHUJIKOCTH Ha
IUTYHKep, pacCUUTaHHbIE IO POpMYyIIaM JJIsl KpYTII0# U III0CKOM TpyO A7 Ierkoit HedTu Oobllle,
4yeM i Tsokenor Hedru. /s Tsbkenoi HeTu Mpu OTHOCUTENBHO OOJIBIINX 0 3HAUYEHUS JIaBje-
HUS, BEIUKCIICHHBIE 110 00euM (GopMyiam, MaJlo OTIIMYAIOTCS.
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10. 11I. Faiidynoe. Heghm Konnapunu uyKypaukoa »#coiiauizan Hacociap OuiaH umiaamuuioa niyHzepza 2uopoou-
Hamuk 6ocum

Annomayusn: Maxonaoa Heghm KOHAAPUHU YYKYPOA HCOWIAUIZOH HACOCAAD OUNAH UWIAMUWL JHCapaéruda HepmHuHe
nayHoIcepea 2uOpoOUHamMuK OOCUMUHY aHuKaaw macanacu Kaparean. Kysypnap ea wmanenap opacudacu xankacumon coxaoa
CYIOKAUKHUHR TAMUHAD HOCIAYUOHAD XAPaKamu MEeH2IaMACUHU edunl OpKanu NIydCepHune 10Kopuea Kapab xapakamianHuul
natumuoa Heghmuure yHea 6OCUMUHU AHUKTAUIHUHR Ha3apull ycyau Oepunean. OMuHean euum CoHau majicpubanap époamuoa mya-
JUG MOMOHUOAH UN2APU ONUHSAH, MACANAHUNE COOOANAUIMUPUTZAH e4UMU OUTAH MAKKOCAAHSAH.

Kanum cyznap: K08ywox cylognux, Xankacumon oywnuk, mexuc Kyeyp, Jlannac armawmupuwiu; opucunai, maceup.

Y. Sh. Gaybulov. Hydrodynamic pressure on the plunger during operation of oil wells with deep pumps

Abstract: The article deals with the problem of determining the hydrodynamic pressure of oil on the plunger during the
operation of oil wells by deep pumps. By solving the equation of unsteady laminar fluid motion in the annular gap between the
tubing and rods, a theoretical method is proposed for determining the oil pressure on the plunger during its upward stroke. With
the help of numerical experiments, the obtained solution is compared with the simplified solution of the problem previously ob-
tained by the author.

Keywords: viscous fluid; annular gap; flat pipe; Laplace transform; original; image.

VK 675.025.16

IKCIHHEPUMEHTAJIBHOE UCCJIIEJOBAHUE OT/KUMA KAIINJIJIAPHO-
MOPUCTOI'O MATEPHAJIA HA METAJVIOKEPAMUYECKOM OITOPHOM IVIMTE

Baxanupos I'.A., Loii I'.H., Ha0ueB A.M.

Hncemumym mexanuxu u ceticmocmotixocmu coopysicenuti um. M.T. Ypasbaeea AH PY3, Tawxenm, Y3oexucman
E-mail: tsoygeran@mail.ru

Annomayua: B cmamve npedcmasiienvi pe3yibmanivl IKCNEPUMEHMATLHO20 UCCIE008AHUS NPOYECCA OMM*CUMA BIANHC-
HO20 KanUIAPHO-NOPUCIMO20 MAMEPUANa Ha npumepe KOHCeBeHHO20 Noyghabpukama nocie xpomoeozo 0yorenus. Ilokasano,
YUMo 6 UCCIe08aHUL 0OPA3YLL MOKPOLO KONCEBEHHO20 NONYDAOPUKAMA HA MEMANIOKEPAMULECKOU ONOPHOU NAUME ¢ HOMOUYbIO
MPAHCROPMEPHBIX Yenell BMASUBANUC MENHCOY 8PAUAIOWUMUC OMMHCUMHBIMU 6anamu. Ha ocrose ananusa pe3ynbmamos sxcne-
PUMEHMA NOKA3AHO, YMO MONHCHO NOBBICUMNb HPOUIEOOUMENLHOCTbL NPOYECCA OMNCUMA BIARYU U3 KOXHCEBEHHO20 NONYpadbpukama
3a cuem ygenuueHus CKOpoCmu OmicUMa nymem UCnonb308aHUsA MEMAIOKEPAMUYECKOU NOPUCHOL ONOPHOLL nAUmbL. Y cmanos-
JIeHO, YMO Npu SMOM OOCMUSHYM 3aNac YOAleHHOU 611d2U, KOMOpblll 0aem 803MONCHOCIb YBeUdeHUs CKopocmuy emazuganus. B
uccnedoganuu Ucnonv3o8an memod D-onmumansrnozo nianuposanus 6mopozo nopsaoka ¢ npumenenuem mampuywl niana K.Karo.
Tonyuena mamemamuieckasn 3a6UCUMOCMb USMEHEHUS, KOTUYeCMBa YOaNeHHOU 812U U3 KOJICEBEHH020 NOTypadpukama om cKo-
POCHU UX NPONYCKA U 0A6TIEHUA OMHCUMHBIX BATI08.

Knrouegvie cnosa: sxcnepumenm; anK08ds OMAI}CUMHASL MAUWUHA; MOKPbIIL KOHCEBEHHBII NOTYpadbpuram; Memanioxe-
pamuyecKkas onopHas NIUmMa; u30bIMoYHas 61a2a; NAAHUPOBAHUE IKCHEPUMEHMA.

Beenenue. C 11e71610 COBEpIIICHCTBOBAHMSI KOHCTPYKITUU BEPTUKAIHHOM BaJTKOBON OT)KHM-
HOM MallIMHbI HAMHU TPEJUI0KEeHA HOBast KOHCTPYKITUSI METAJUIOKEPaMHUUeCKON OMTOPHOM TUTUTHI, 32
CYeT KOTOpOH moBbImaeTcs 3()pPEeKTUBHOCTh BaJIKOBOW OT)KUMHOM MAITUHBI JJII MEXaHUYECKOM
00pabOTKH KOKEBEHHOTO T0JTy(hadpHuKaTa.

[IIupokoe MpUMEHEHNE BAIKOBBIX OTKUMHBIX MAIIMH, a TAK)KE COBPEMEHHBIC TPeOOBaAHUS
K HAM CIIOCOOCTBOBAJIM Pa3BUTHIO MCCIICIOBAHUM MO COBEPIIICHCTBOBAHUIO BAIIKOBBIX TEXHOJIO-
TUYCCKUX MAIIFH, a TAK)KE TEXHOJIOTHH 00pabOTKH KOKEBEHHO-MEXOBBIX MOJy(hadbpuKaToB.

ABtopamu paboTsl [1] Ha ocHoBanmu MexayHapoaHoro Cranmapta ISO uccienoBaHbl
(hbM3UYECKUEe M XUMUYECKHIE CBOMCTBA JICCATH PAa3IMUHBIX 00pa3IoB KOXKH sl Bepxa 00yBHU, TaKHe
KaK Mpeel MPOYHOCTH Ha pa3phiB, MIPOLICHT YAJIMHEHUS, COTPOTHBIICHUE TPEIIMHAM, HCTHPAHHUIO,
MIPOHUIIAEMOCTH JIJISl BOJSHOTO Mapa, BEIHOCIMBOCTH MPH U3THOE, CTOWKOCTH K MOTY, K ICTHPAHUIO
1[BETa, MPOYHOCThH CLEIJICHUS, BIAXKHOCTh. BBISBIEHO, YTO AJIS MOJIEP)KaHUS BCEX STUX CBONCTB
TpebyeTcst obecreyeHne J0CTaTOYHOrO KOJIMYeCTBa OKCUIA XPOMa H COJIEp>KaHUE KUPYIOIIHNX Be-
IIECTB B Mpoiiecce 00paboTKU KOXK.

PaGora [2] mocBsimieHa U3y4eHn0 PU3NIECKIX CBOMCTB KO MOCIE ambICTHAHOTO U XPO-
MHPOBAHHOTO yONeHHs. 3aMEeUeHO, YTO CBOMCTBA AKCIEPUMEHTAIHLHOTO 00pasiia KOXKH BIIOJIHE
COTOCTaBUMBI C XapaKTEPUCTUKAMH KOXKHU XPOMOBOTO AYOJIEHUS U MOTYT COOTBETCTBOBATH Tpe-
O0OBaHMSIM K KOXKeE 71 Bepxa 00yBU. BBISIBIEHO, YTO HCIOJNIB30BAHHUE ANBICTUIHOTO TyOIeHUS
MOKEeT MUHHUMH3UPOBATh COACPKAHUE XpOMa B Mpoiiecce ayOneHus!, B TPOU3BOJACTBE KOXKH s
Bepxa 00yBH, M CHU3HUT BEIOPOC TOKCUYHBIX OTXOJ/IOB U MX BO3JICHCTBHE HA OKPYXKAIOIIYIO CPEIy.
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B nuccepranuu B.Jl. PannaeBa [3] uccnenoBaia BIMSHME BHYTPEHHUX HAIPSOKEHUM Ha
CBOICTBA JIEPMBI TIPH CYIIKE KOKEBEHHOTO noryadpukara. VccinenoBanbl U3MEHEHHs TIPEIeb-
HBIX TIOKa3aTeJIel Ha omepalusX pa3BOIKU U TSKKH KO)KEBEHHOT'O U MEXOBOTO Morydaldpukara.
Y CcTaHOBIIEHO, YTO MPU Pa3BOJKE MPOUCXOTUT YMEHBIIEHHE MPOYHOCTH KOKXEBEHHOW TKaHH, a
TaK)Ke TSOHKKA KOKH JIAeT YBEJIMUCHUE TUIOIIAIN, YTO HEOOXOIUMO YUUTHIBATh MPU Ha3HAYCHUU
MapaMeTpPOB MPOBEACHUS JAHHBIX TEXHOJOTHICCKHUX OTIePaITHil.

HccnenoBanuio CBOWCTB U METO/I0B 00PaOOTKH KOKEBEHHOTO CHIPhSI K TOTOBOM KOXKH TIO-
cBsanieHa MoHorpadus [4]. B yaeOHoM mocoduu [5] ucciienoBanbl JeQEKThI, MOJTyYSHHBIC TIOCTIES
OTXXHMMa KOXXEBEHHOTO ToTy(padpukara, a TakKe OMMCAHBl METOIBI IO TIPEIOTBPAIICHUIO TEXHO-
norudeckux aedexron. OTMeueHa BaXHOCTh 00ecTieueHHs TpeOyeMOro JTaBICHHS OTKIMHBIX Ba-
JIOB ¥l CKOPOCTH TIOJIa4M KOXKEBEHHOTO Torydadpukara npu ero omkume. B mucceprarmm [6] mist
MIOBBIIICHUST Ka4ecTBa 00pabOTKU MaTEPHAIIOB C YU€TOM MX CBOMCTB pa3paboTaHbl MOJIETH BaJl-
KOBBIX KO’)KEBEHHO-MEXOBBIX MAIITH, KOTOPBIE MIO3BOJISIOT ONIPEICIIATh YCHIIAS MEXTy pa00UnMU
M BCIIOMOTATENIbHBIMU BajlaMu. B muccepranuu [7] ucciaeroBaHbl JTUHAMHUYECKHE XapaKTePUCTUKA
BOJIOCOCTOHHO-YMCTHIILHBIX, ME3JIPMIIBHBIX MAIIMH U pa3padoTaHa MaTeMaTudecKas MOJICIb JUTs
HAay4YHO 0OOCHOBAaHHOTO COBEPIICHCTBOBAHMS BAJKOBBIX MAIIMH B IIEJISX MOBBIMICHUS KAa4eCTBA
00pabOTKH KOXKEBEHHBIX 1M0JTy(hadpukaToB. ABTOPHI [8] MpoaHaM3UpOBaIM COCTOSIHUE KOKECBEH-
HOTO MPOM3BOJICTBA ¥ M3YUWJIH MTEPCTIEKTUBBI Pa3BUTHI OTPACiH, oOpadaTeiBaromeil koxy. Onu-
CaHbI CIOCOOBI HAUOOJIBIIIEH IOCTOBEPHO OIICHKHU MTOKa3aTeNe KadecTBa 00padbaTpiBaeMoro Ko-
KEBEHHOTO notydadbpukara 3a CUeT CHU)KEHUSI Harpy3Ku pabouux OpraHoB BaJKOBBIX MallivH. B
pabote [9] uccienoBaHbl SKCITyaTaIlMOHHBIE CBOMCTBA TEXHOJOTUYECKUX MAIIMH ISl OTACIKU
KO>KeBEHHOTO mnoiydabpukara.

Takum oOpazom, B pe3yibTaTe aHalN3a WCCICAOBAHUH M JIMTEPATYPHBIX HCTOYHHKOB
oTpe/iesieHbl OCHOBHBIE HAIIPABJICHUS COBEPIICHCTBOBAHUS ITPOLIECCOB KUAKOCTHOM U MEXaHHYe-
CKOM 00pabOTKHU KOKEBEHHOTO 1MoTy(hadpukara, a TaKKe pa3BUTHS OCHOBHBIX YCTPOMCTB M MeXa-
HU3MOB BaJIKOBBIX TEXHOJOTUYECKUX MAIITUH.

5 6 7

Puc. 1. Cxema BTATHBaHUS BIAXHOTO KOXKEBEHHOT'0 TIONTy(hadpuKaTa MEX, Ty OT)KUMHBIMU BaJlaMHU:
1, 2 — omxuMHBIE BatHl; 3, 4 — BmarooTBosmue mokpeitus (BM); 5 — koxkeBeHHBIH momydadpukar;
6 — MeTannoKkepaMudecKast OIopHasl IINTA; { — TPAHCIIOPTEPHAs LIEIb

MeToanka uccieoBaHusi. DKCICPUMEHT IIPOBOJIMIICS HAa BaJKOBOM cTeHse (puc. 1, 2),
Ir7le OT)KUMHBIE BaJIbl YCTAaHOBIJIEHBI TOPU30HTAIBHO PSIIOM JIPYT C JIPYTOM, a ONOpHast IUIUTA U3-
roToBiieHa u3 MetajuokepamMuku Mapku [11164C-250-25-76-40 Tomuunoit 0.005 M, mupunoii 0.1
M u auHo# 0.3 M (puc. 3) [10-14].

B uccnepoBanuu npuMeHmn MeTo1 D-onTUManbHOTO IIIaHUPOBAHKSI BTOPOTO MOPSIKA €
ucnoab3oBaHueM Marpulibl wiana K. Kauno [15, 16].
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Bri6pan nuamerp omxuMHBIX BaioB 0.3 M ¢ mokpeiTueM tommuHoi 0.008 M u3 Boitnou-
HOro cykHa mapku bM (cwm. puc. 2) . [lepen nmpoBeeHreM SKCIIEPUMEHTAa METOAaMU MaTeMaTH-
YEeCKOM CTaTUCTHKH OBLJIO BEIOPaHO HEOOXOAMMOE KOJIMYECTBO U3MEPEHUH (YUCIIO TOBTOPEHUH),
KOTOpO€ 00ecIeunBano TpeOyeMyr TOYHOCTb.
Pabouyto marpuiy cocraBuim no marpuue miana K. Kano ans nqyxdaxkropaoro skcre-

pHMEHTA.

Puc. 2. BankoBblii CTEHI C MET
OIIOPHOM IIUTON

AJIOKEPaMHUYECKON

L

A

Puc. 3. Mokpblit KO)KeBeHHBI onyhadpukaT
(oOpaserlr), MOBEILICHHbII Blieperu0d Ha MeTaIoKepa-
MHYECKYIO OIOPHYIO ILTUTY

OIHOPOAHOCTH AUCHEPCUU OIIEHEHA ¢ moMolibio kputepus Koxpena [15, 16] npu nose-
putenbHO# BeposTHOCTH 0=0.95. 3Has obmiee uncno oneHok aucrepcud N ¥ YHCIO CTETeHeH
cBo0o 161 f=n—1, Beruncisiem u3 [15, 16] u naxoaum G7=0.358 mpu N=9; f=n-1=5-1=4,
r7ie N — YKCIo MapajijiesIbHBIX OIBITOB;

S2. 17.29

P

N
2 10181
2.5

——=0.1698<G; =0.358.

CrnenoBaTenbHO, PE3yJIbTAThl UCCIIEAOBAHUS BOCITPOU3BOAUMEI (Tadm. 1).

YpoBHM H HHTePBAJIBI BAPHHPOBaHHs (GAKTOPa IKCIIEPUMEHTA

1)

Tabauya 1

HatypanpHbie 3Ha4YeHust HakTopoB
IMokazarens KonupoBannoe 3Ha4uenue Gpakropos 1. kH o M/c
BepxHuit ypoBeHb + 96 0.340
Hynesoii ypoBeHb 0 64 0.255
Hwxuuit ypoBeHb — 32 0.170
WurepBan BapbupoBaHus 32 0.085

ITocne peaiu3anniu pa6oqel71 MaTpulbl IOJTYYCHBI CPCAHUC apI/I(l)MeTI/I‘ICCKI/IC 3HAa4YCHUA

(tabm. 2, 3).
Tabauya 2
MaTtpuua n1aHUpPOBAHHS IKCIIEPHUMEHTA
P, V, Pesynbratel usmMepenuii, %

Ne X1 X2 N Y2 3 ya s y

1. 0 0 25.8 20.6 26.5 20.3 20.8 22.8
2. + + 23.0 21.0 28.6 25.0 29.2 23.4
3. — + 13.6 19.1 19.0 16.6 14.8 16.5
4. — — 22.5 23.1 175 18.2 19.2 20.1
5. + — 31.0 35.8 29.1 29.0 27.0 30.4
6. + 0 23.2 25.4 25.9 28.6 29.4 26.5
7. 0 + 25.3 21.6 21.5 22.1 18.8 21.7
8. - 0 21.3 22.7 16.5 19.3 14.7 18.9
9. 0 - 28.8 221 21.7 19.9 21.2 23.9
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Onpenemnsiem ko3 duimentsl perpeccun bo, bi, bij, bii u3 [16, 17]. a1 KokeBEeHHOTO T10-
nyhabpukaTa B KoaupoBaHHOM Bujae 00=22.8423; b11=—0.1722; b»=-0.0722; b1=4.1921; bo=—
2.2961; b1,=—0.85.

[Moayaum cieayroiee ypaBHEHUE PErPECCHH B KOAUPOBAHHOM BHUJIE:

JUTSI KOKEBEHHOTO ToJTypadbpukaTa

y =22.8423-0.1722x2 —0.0722¢ +4.1921x, — 2.2961x, —0.85%X,. @

[Moncrasss B (2) X1=(P—64)/32, rae P-ycunue npuxuMa 0KUMHBIX BasioB, 1 X2=(V-0.255)/0.085,
rjae V — CKOpOCTh MPOITYCKa MOKPOTO KOKEBEHHOTO TIOTy(hadpruKaTa Mex 1y BPAIAIONIUMUCS OT-
KIMHBIMH BaJIAMH, TTOJIy4HM B HATYpaJIbHOM BHJE YpaBHEHHE KOJMYECTBA YAAJCHHOMN Bard u3
MOKpPOTO KOXXEBEHHOTO IMOJTy(haOprKaTa MEX/1y BPAIIAONTUMICS OT)KUMHBIMH BaJaMH.

Tabnuya 3
ManI/IHa IJIAHUPOBAHHUSA IKCIICPUMEHTA
n N2 o o 2

Ne 2(y-Y) Sou Y, Y=Y, (Y-,)
1. 37.78 9.445 22.84 0.04 0.0016
2. 69.16 17.29 23.64 0.24 0.0576
3. 31.17 7.80 16.96 0.46 0.2116
4. 20.94 5.235 19.85 0.25 0.0625
5. 33.17 8.2925 29.94 0.46 0.2116
6. 25.28 6.32 26.86 0.36 0.1296
7. 21.68 5.42 19.62 2.1 4.4100
8. 43.76 10.94 18.48 0.81 0.6561
9. 64.98 16.245 25.07 1.23 1.5129

¥ 407.26 > 101.815 X 7.2535

I'urnoTe3y 00 aJIeKBaTHOCTH MOJIYYEHHBIX YPaBHEHHH MTPOBEPUIIH C MMOMOIIBIO KPHUTEPHSI
dumiepa npu goBepuTeabHOI BeposstHoctr ¢=0.95 [16, 17].

U3 tabm. 1, 2 u 3 onpememum O 5() " SZ{Y}. Jlst koskeBeHHOTO ToJTypabpukara

N —
o _ ;”'(y_yp)z _ 5.7.2935
w = _k+k+D)
2
rac N— o6mee YHCJIO OIIBITOB, k — YucCJIo (I)aKTOpOB; N — 9UCJI0 HOBTOpeHHI’I B OIIBITE, Yi— pe3yJib-
TaT OTACIBHOI'O Ha6J'IIOI[eHI/IH; y — CpCaHuc apI/I(I)MeTI/I‘-IeCKI/Ie SHA4YCHUA PE3YJIbTaTa OIIbITA,

=12.0891, (3)

Yp — PaCUCTHBIC 3HAYCHHU KPUTCPHU IO YPABHCHUIO PETrPECCUU.
[[chepcnlo BOCITPOU3BOAUMOCTH OIIPCACINIIN 110 cne,uylon_[ei/i (I)OpMy.]'Ie:
N n
o\2
s2ly} 2200 -9 407815
N(n—1) 36
Kpurepuii @umepa 06 aeKBaTHOCTH MOJICTH

S 120891
Ps?ly} 11.3281

=11.3281. 4)

=1.0671< F, =2.880.

2 2
rac Sad — OCTAaTO4YHasA AUCHCPCUsd, NI JUCIICPCUA AACKBATHOCTH, S {y} — AUCTICpCUs BOCIIPOU3-
BOJUMOCTH.
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Pe3yabTaThl. YpaBHCHHE PErPECCHH MOKHO CUHMTATh MPHUTOIHBIM € 95 %-HO# 10BepH-
TEIILHOU BCPOATHOCTBIO, KOTOPOC B MMCHOBAHHOM BUC ITOCJIC PACKOJUPOBKHA UMCCT BU!
JUTS KOYKEBEHHOTO Morydadbpukara

AW =14.9072—0.0001P? —9.9929v * + 0.2106P —1.9166V +0.3125PV (5)
[TpoBenu mpoBepKy 3HAUMMOCTH K03((HUIIMEHTOB ypaBHEHUS perpeccuu (2) mo MeToay
CrprofeHTa.
3Ha4YeHHEe AUCIEPCUH OMINOOK ONPEAEIHUIIN 10 CICAYIOIEMY YPAaBHEHHIO:

S2
(Zbi) = %(—?N (6)
X
1 |

N
rae > x? —cyMMa KBajipaToB B CTOJIOLE MaTPHUIIBI IUIAHUPOBAHHUS, M3MEHSIOMIASCS TIPH [IEPEMEHE
1

2
BHJIa KOYPPHUIINEHTOB; S(y) — olMOKa CpeHEro MO0 MapaieIbHbIM HAOIIOCHUSIM.

BenuunHa ommOKu cpeiHero 1o napajiesibHbIM HaOMI0IEHUSIM OIpeieieHa U3 CIeaylo-
IIEr0 YpaBHEHHUS:

Sy _11.3281

S =—"" ~2.2556. S;,=15019. @

Abl =1t S(bi) , (8)
rae t — koahdumument Creroaenta npu N=5 u a=0.95; t=2.78. Kosapdumument t onpenenunu u3
(ITpuoxenus 1) mo [16]:

S(bo) =10.4085; S(m) =10.5004;
S(bZ) :i05004, S(bll) :i06128,
S(bZZ) = i06128, . S(blZ) = i08666-

OmnpenenseM OTKJIOHEHUS KOA(DPHUITUEHTOB:
Abo=+1.135; Ab, =+1.13509;

Ab, =+1.1359; Ab;;, =+1.7036;

Ab,, =+1.7036; Ab,, =+2.4092.

OnpenensieM nHTEpBaIbl KO3()(UIIMEHTOB YpaBHEHHsI pErPECCUU:
bo=22.8923+1.135; b, = 4.1921+1.1359;
b, =—-2.2961+1.1359; b, =—-0.1720+1.7036;
b,, =-0.072+1.7036; b;, = —0.85+ 2.4092.

Koaddunmentsr b1, bz, b12 He 3HaunMel. CienoBarenbHO, ypaBHEHHE perpeccu (2) npu-
HUMAaeT CIEAYIOUINI BU:

y =22.8423+4.1921x, —2.2961X, . 9)

Takum o6paszom, moacrasiss B (2) X1=(P—64)/32, rae P — ycuine npmwkuMa OTKUMHBIX
BasioB U X2=(V-0.255)/0.085, nmosry4qaem crenyromiee ypaBHEHHE PETPECCHU B MIMEHOBAaHHOM BUJIE!

AW = 21.3464 +0.1310 P —13.5065V . (10)
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—=—P=06 kH/m

=a—P=064 kH/Mm

19 —+—P=32xH/m

AW (%)
SR

—
]

0,25 0.3 0.3
I (m/c)

0.1

n
(=]

=]
n

Puc. 4. VI3meHenue konuuecTa yaaneHHou Biaru AW n3 koxxeBeHHOr0 Toiy(adpHukaTa B 3aBUCHMOCTH
OT CKOPOCTH UX TIpOIycka V ¥ AaBJeHHUs OT)KUMHBIX BaJioB P

AHanu3 pe3yabTaToB KCIEPUMEHTA MOKa3bIBaeT (pUC. 4), YTO MOXHO MOBBIIIAThH MTPOU3-
BOJIUTEILHOCTH IPOIlecca OT)KMUMa BJIard M3 KOKEBEHHOTO Moy(dadpukara 3a CYeT MOBBIIICHUS
CKOPOCTH OT’KMMa ITyTEM HCII0JIb30BaHMsI METAIJIOKEPAMUYECKOU TTOPUCTON OMOPHOM IUIUTHI IPU
JIMaMeTpe OT)KUMHBIX BajioB 0.3 M.

BoiBoabl. PesynbraTel SKciepuMeHTa MoKa3aid, YTO MUHHUMAJIbHOE KOJWYECTBO BIIATH,
yaansieMoil U3 KoeBeHHOro noiydadpukara npu oTxKUMe, coctaBwio 16.5 %, a MakcuManbHOe
konuectBo — 30.4 %. [locne xuaKocTHON 00pabOTKU XPOMOBOTO NyOJieHHs HadajlbHOE COJep-
YKaHUe BJard B MOKPOM KOXXEBEHHOM Morydabpukare B Tonorpadguueckom ydactke moiisl 73 %,
a B yernpake — 65.5 %. CnenoBareinbHO, MOKHO JOMOJHUTENBHO yIAISITh U30BITOUHYIO BIIATy U3
MOKpOTO KOXeBEeHHOTO noaydadpukara ot 3.5 no 17.4 %.

Pexomenganuu. Takum oOpazom, HauOoJIblIee yIajdeHUE BIArd MpU JABJICHUH BaJlOB
P=96 xH/m, oTxuMHBIX BaJlOB ¥ cKopocTH npornycka V=0.255 m/c B cpemnem coctariseT 26.5 %,
a HauMenbliee npu ckopoctu V=0.34 m/c — 23.4 % oT HauanbHOIO COJepKaHUs Biaru oOpasua
KoxeBeHHoro mnonydadpukata. [Ipu 3Tom nmeercs 3anac ynainenHoi Biaru B 10.4 %, KOTOpHIii
JaeT BO3MOXHOCTh YBETTUYEHHUS CKOPOCTH BTSATHBAHMUS.

[Tpu naBnenuu BanoB P=32 kH/M u ckopoctu BrsiruBanus 0.255 m/c yaaneHue Biaru co-
ctaBisieT 18.9 %, a npu ckopocTH nporycka nonygadpukaroB V=0.34 m/c — 16.5 % oT ucxogHoro
coliepkanus Biaru oopasuos. [Ipu aTtom umeercs 3anac yaaneHHo# Biaru 3.5 % A yCKOpeHUs
mpolecca OTKUMA KalWUIIPHO-TIOPUCTOrO MaTepuaia.

Takum 06pa3zom, OIpeIesieHO, YTO C MOBBIIICHUEM YCHIIHS MPUKUMA OT)KUMHBIX BajoB P
PE3KO YBETMYHUBACTCS KOJIMYECTBO yaaneHHo# Binaru AW oOpabaTeiBaeMOro KO)XeBEHHOTO TOJTY-

dabpukara.
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I'.A. baxaoupos, I.H. I]oii, A.M. Habues. Kanunnap-206axinu mamepuainu meman-Kepamux maaHy naumaoa
IKCHEpUMERmMan CuKu

Annomauyun: Maxonaoa cysea mytiuHean, XpoMAauean KVH SPUM MAXCYIOM MUCOAUOA, CUKUUL IICAPACHUHUHS
IKCNEepUMERmMan maoKuKkomu Hamudcanapyu xenmupuiean. Taokukomoa Xyn KyH ApuUM MAxCylomuu mMpancnopmupiosyu
3aHMCUpIAp EPOamuda aunanysyy CUKy8uu 8alIap Opacuoar mopmud Ymxasuiean. IKCNEPUMEHM HAMUNICANAPUHUHS ANTUU,
208AKIU MEMAN-KEPAMUK MAAHY NAUMA KYILAUL OPKAIU KVH APUM MAXCYI0M CYIOKIUSUHU CUKUO YUKapUW me3iueuHu ouupui
26a3U2A HCAPAEH CAMAPAOOPIUSUHU OWIUPUWL MYMKUHIUSUHY KYpcamOou. Bynoa cukub wuxapunean cyloKiuk 3axupacu, y3amuiu
me3nusuHU owupuwL UMKOHUHU bepaou. Ixcnepumenman maokuxomoa K.Kano pexcacu mampuyacunu xynnrauws Ounan ukKunyu
mapmubnu D-onmuman pesxcarawmupunt ycyauoan gouoananunean. Xy KVH SApUM MAxCyiomoan CUKUO YyuKkapuiean CyloKIuK
MUKOOPU V32apUIMUHUHS Y3amuil Me3nueu 6d CUKY8YU 8aLNap OOcumued OONUKIUSUHUHE MAMEMAmuK ugooacu Keimupubd
YUKAPUTLOU.

Kanum cyznap: Taxcpuba, saiiu cukyguu Mawuna, Xy mepu Apum Maxcynom, Memaiikepamux masHy niuma, opmukya
HAMIUK, MAHCPUOAHU PENHCANAUMUPULL.

G.A. Bahadirov, G.N. Tsoy, A.M. Nabiev. Experimental pressing of a capillary-porous material on a ceramic-metal
base plate

Abstract. The article presents the results of an experimental study of the process of pressing a moisture-saturated capil-
lary-porous material, using the example of a chrome-plated leather semi-finished product. In the study, samples of a wet leather
semi-finished product on a sintered base plate were drawn in between rotating squeezing rollers using conveyor chains. Analysis
of the results of the experiment showed that it is possible to increase the productivity of the process of extracting moisture from a
semi-finished leather product by increasing the speed of extracting by using a porous metal-ceramic base plate. At the same time,
a supply of removed moisture has been reached, which makes it possible to increase the retraction speed. The study used the
second-order D-optimal planning method using the K.Kano design matrix. The mathematical dependence of the change in the
amount of moisture removed from the leather semi-finished product on the speed of their passage and the pressure of the squeezing
rolls has been obtained.

Keywords: Experiment, roller press machine, semi-finished wet leather product, ceramic-metal base plate, excess mois-
ture, experiment planning.
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YIK 532

CPABHEHMUWE YNCJIEHHBIX CXEM JJIA 3AJIAYU TAMHWHAPHOI'O TEYEHUSA
BO BHE3AITIHO PACHINPAIOIEMCSH KAHAJIE

Manukos 3.M., Magaaues M.D., [lloes M.A.
Hucmumym mexanuxu u cevicmocmotuikocmu coopysceruti um. M. T. Ypasoaesa AH PY3, Tawkenm, Y306exucman

E-mail: malikov.z62@mail.ru

Annomayusn. B cmamve yucnenno uzyueno meuenue HeUOKOCMU 8 08YXMEPHOM KAHATIE C 6HE3ANHbIM PACUIU-
penuem. Ilonyuenvl yucienuvie pe3yrbmamsl Ojist XapaKmepucmuk nomoxa npu paziudnsix yuciax Petinonvoca. Pac-
uemvl GbINOIHEHbI OJisL AAMUHAPHOZ0 PEdCUMA MEYeHUsl HA OCHOBE YUCTEHHO20 PeuleUs: CUCTEMbl HeCMAYUOHAPHBIX
ypasuenui Hagve-Cmoxca. Tlpeocmasnenvt pesynomamul npoghuieti npoooIbHOU CKOPOCIU 8 PA3TUYHBIX CeYeHUSIX
KAHAIA, a MAaKaice pasmepsbl NEPEULHO20 U 6MOPUYHO20 8UXPell 8 3a8Ucumo cmu om uucen Peiinonvoca nocie peskozo
pacuwupenus Kauaaa. /s pazHoOCmMHOU annpoKcumMayuu UCXOOHbIX YPAGHEHUL RPUMEHEH MemOo0 KOHMPOIbHO20 00b-
ema, a Ot onpedeneHUst C8s13U Mexcoy cKopocmamu u oasnenuem - npoyedypa SIMPLE. /[ns uuciennozo pewieHust
Mol 3a0a4u UCHONb308AHbl PA3IUYHbIE cXembl. /[ NOOMEEPICOeHUst KOPPEKMHOCMU YUCTEHHBIX PE3YIbMAamos 6bl-
NOIHEHO CPaBHEHUe MeNCOY COOOIL U € IKCHEPUMEHMATbHBIMU OAHHBIMUL.

Knrwoueswie cnosa: ypasnenus Hasve-Cmoxca; uucno Petinonvoca; ramunaproe meyenue; 6He3anHo pacuiu-
paiowasics mpyoa.

Beenenue. OTpbIBHBIC TEUECHHUS SBJISIOTCS BaKHOM KIIACCHYECKOM MpodiieMoi B (yHIaMEHTa b~
HOI MEXaHUKE KUIKOCTH, TaK KaK OHU BBI3BIBAIOT TAKUE CIIOXKHBIC SIBJICHUS, KaK MPUCOCTUHEHUE, PEIUp-
KyJIAnus ¥ TypOyJIE€HTHOCTh TIOTOKOB. SIBJIeHHEe OTpBIBA TIOTOKA MOYKHO HAOIIOIATh ITPH O0TEKaHUH KPhLJa,
JIoIacTel KOMITpeccopa M TypOMHBI, BO BHE3AITHO PACHIUPSIOMNXCS TpyOax u T.4. [laHHOE siBIIeHuE YI00HO
WCCIIEZIOBATh HA IIPUMeEpe TIOTOKA B PE3KO PACIIMPSIONIEMCS TUIOCKOM KaHajle, TOTOMY YTO IMOTOK B IIIIOC-
KOM KaHaJle C Pe3KUM PaCIIMPEHHEM OTHOCHTCS K HECIOKHOMY KJIAcCy OTPBIBHBIX TEUEHHIA, KOTa TOUYKA
OTpbIBa MOTOKHU (huKcHpoBaHa. TeM He MeHee JaHHas 3aja4a MO3BOJIAET U3YUUTh (PU3NIECKHU € IIPOLICCCHI,
00yCIIOBIIEHHBIE OTPHIBOM ITOTOKA. TE0peTHYecKoe NCCIEeOBaHNE M PACUYET TOXOXKHX MTOTOKOB ITPEICTaB-
JISFOT 3HAYUTENBHBIE CIIOKHOCTH M3-3a MOSBJICHUS HEPOCTHIX OTPBIBHBIX IIOTOKOB M OOPAaTHBIX BUXPEH B
00JTacTH Pe3KOro pacimpeHus KaHaia. Takue 3aaun ABISIOTCS JOCTATOYHO CIOKHBIMH JUIS YMCIEHHON
peanu3anvy THAPOANHAMUYECKAX YPaBHEHHH, TIOCKOIBKY CTPYKTYpa IMOTOKA CUIIBHO AJUTUITHYHA, U OHU
OTJIMYHO TTOIXOASAT ISl IEMOHCTPAINU HaIeKHOCTH YUCIIEHHOHN MPOIETyPHI.

JlamMuHapHBIN OTPHIB CTAIIMOHAPHBIX TBYMEPHBIX TE€UEHHUH HEC)KMM aeMOH JKUIAKOCTH B IPSIMBIX Ka-
HaJlaX BIIEPBBIC aHATUTHIECKH paccMoTpeH biasmycom [1] B 1910 1. MI3-3a 60IBIIOTO TPaKTHYECKOTO 3HA-
YEeHUS OTPHIBHBIEC MIOTOKHU OBLIM TEOPETUUYECKH W SKCIIEPUMEHTAIBHO MCCIIEIOBAHBI TAKOKE ISl JITAMHHAP-
HBIX [2 — 4] u 15t TypOyIeHTHBIX [S — 7] peKUMOB JBIKCHHS HEC)KUMAEMOM M CKUMAEMOM JKHIKOCT eif. B
OONBIIMHCTBE PabOT B 3TOM HAIPABJIEHUH IPOBEIECHBI UCCIIEIOBAHMUS IIOTOKA B KaHAJNIaX C IBYCTOPOHHUM
CUMMETPHYHBIM pe3KkuM paciiupenueM [8—14]. MccnenoBaHHbIE SKCIIEPUMEHTAIBHBIC JaAHHBIC ISl ATOU
eI B TUIOCKOM KaHalie ObUIH MONTy4eHbl B paboTax [8, 9], B KOTOPBIX HAOMOJAI0TCs 00pa30BaHUE 30HBI
IUPKYJISINH 3a TUTAHKOW. Psa ncciiemoBaTenei st n3ydeHus mpoiecca OTpbiBa IOTOKA B PE3YNBTATE P €3-
KOTO pacHInpeHns KaHajla UCIoIb30Baln ypaBHeHUs HaBre—CToKCca B MPHOIMKEHUH TTOTPaHUIHOTO CII0S
[14, 15].

3HAYMMBINA U BaXKHBIH 00beM paOOTHl B HCCIIEOBAHUH MTOTOKA B PE3KO PACIIUPSIIOMINXCS KaHAlaX
ObLI BRITTOITHEH ApMaiu U 1ip. [4]. OHH BHITOTHWIIN U IPOBENX OCHOB ATENFHBIN aHAIIN3 TIOBEIEHUS IIOTOKA
B KaHaJie ¢ OOpPaTHBIM BBICTYIIOM JKCHEpUMeEHTanbHO U uncieHHo [16]. JIu u Cmur [17] moms3oBanuch
Teopuel MOTEHIMAIBLHOrO TEUEHUS I BBIBOJA PE3YAbTaTa 3TOM 3a7aud. Teopusi MOTEHIHAIBHOTO Teue-
HUS HE CMOTIJIA MPeayrafaTh 00JIacTH OTPHIBA U MPUCOSAMHEHUS TOTOKOB.

[lepBoHaYaNTBEHBIC YUCIIEHHBIC HCCIEMOBAHMS O0PATHBIX CTYITEHYATHIX TOTOKOB OBLTH BHITTOTHEHBI
Poyuewm [18], Teitmopom u Haedo [19], a Taxxe epcrom u [lepeiipoii [20]. ObnacTh coeIMHEHUS TOTOKOB
YHCIIeHHO OblIa mpecka3ana Auie0opHoM U p. [21] mociie BHUMATETFHOTO H3yUeHHS PE3KOr0 pacIIupe-
Hus KaHana. bpauar u ap. [22] u Xak by [23] nmonb30Bavch MHOTOCETOUYHBIM METOAOM, a JlaHre u ap.
[24] — MeTOOM yTOYHEHHS JIOKATBHBIX OJOKOB JJIsl TOPA3/I0 TOYHOI'O MPOTHO3UPOBAHKS PE3yibTaTa. Ap-
MaJi U p. B [16] mpoBenu AeTanbHyIo SKCIEpUMEHTaIbHYI0 paboTy ¢ pacumperrem kaHama H/h=1.94.
Kum 1 Mowun [25] cnenanu pacyersl ¢ HCTIONIb30BAHUEM METO/1a IIPOCTPAHCTBA -BPEMEHHU BTOPOT'0 MOPSAKA.
BrisiBIeHO XOpolee COOTBETCTBUE € SKCIEPUMEHTAIbHBIMU 3HaUeHUsIMU U1 uncia Pelinonbaca oo 500.
BrruncienHbie 3HaU€HUS HE COOTBETCTBOBANIM JAHHBIM DKCIEPUMEHTa JUIs dncen PeiiHombiaca Gonbine
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600. Hepct u ap. [26] nanee HaOMOAaIN CACAYIOIIYIO 30HY pachpeneleHus MOTOKa MPH JBYMEPHOM YHC-
JICHHOM MOJIEIMPOBAHUH CHMMETPUYHOT0 IIOTOKA ¢ pe3KuM pactuupenueM. Kaiikiuc u ap. [27] BeIACHWIH,
YTO HECTaOMIBLHOCTh MOTOKA 00YCIIOBIIEHa KOHBEKTHBHOW HEYCTOHYMBOCTEIO.

B naHHOH cTaThe JIAMHHAPHBINA IOTOK XKUIAKOCTU C PE3KUM PACLIMPEHUEM UCCIIELYETCSl YUCIECHHO
ISl KaHana ¢ koadduumentom pactumpenus (H/h) = 2. UncneHHble pe3ynbTaThl NOXYYEHBI MPH YHCIAX
Petirnonpaca or 100 mo 800. Pe3ynbTathl 4711 IPOJAOIBHOM CKOPOCTH U JTMHA OTPBIBHOTO MOTOKA COIIO-
CTaBJIEHBI C U3BECTHBIMH IKCIIEPUMEHTAIBHBIMU TaHHBIMH. B cTaThe /Ui 4iCIeHHON peaTn3ay ypaBHe-
HUN TUAPOAMHAMUKH WCIONB30BaHbl pasnmuunbie cxembl: l-cxema QUICK (Quadratic Upwind
Interpolation for Convective Kinematics) [28], 2—cxema Maxk-Kopmaka [29], 3— cxema Yopmunra — Kar-
nepa — Jlomakca [30], 4 — cxema AbGap6anena—[ orinuba—Typkena [31]. [ToaToMy elie OMHUM acCHEKTOM
paboThI sIBIsIETCS comocTaBieHne 3QPEKTUBHOCTH UCTIONB3YEMBIX KOHEUHO -PA3HOCTHBIX CXEM.

dusnyeckas 1 MaTeMaTHYecKasi MOCTAHOBKA 3aaa4u. PaccMaTpuBaercs JaMHUHapHOE TEUEHU e
B TUIOCKOM JBYXMEpPHOM KaHaJle C BHE3amHbIM paciupenueM. dusnueckas 1 MaTeMaTH4ecKas KapTHHBI
aHAITM3UPYEMOTO JJAMIUHAPHOTO TCUCHUS, U KOH(UTYpaIHs PacueTHOW 00JIACTH I €ACTaBJICHBI HA puC. 1.

[[IupuHa MeHbIIIero KaHaja B JIEBOM

BXOJIHOM CeYeHHM mMmeeT pasmep h=5 mm, a ¥ 5 x3 o
X. a
B MPaBOM BBIXOJHOM CEUYCHHUH pa3Mep Ka-
Hajla B JBa pa3a OOJbIIe, 9eM BO BXOIHOM e e—_—
—=
yacTu KaHana — H=2h. CiengoBarensHo, BbI- —= h @
cora ycryma paBHa h. B meHbIiem kaHaie =" o
=

3ajaBaics mapaboInIeckuii MpoQuih Teue-
Hus [lyaselns ans mpomoNbHOW CKOPOCTH @
U, a monepeyHas ckopocTs V U JaBieHHue P

paBHBl Hymto. JIns ONUCAHUS JIBUYKECHUS o1 ‘X
KHIKOCTH HMCIIONB3YIOTCS HECTAIIMOHAPHEIE 2H 28H
ypaBHenuss HaBoe—CToKca s HEC)KHMae- Puc. 1. Cxema pacuerHOl 001aCTH B TUIOCKOM KaHaje
Mot cpenbl. [lpy BBemeHMHN Oe3pa3MepHBIX ¢ 00paTHBIM YCTYIIOM

BEJIMYWH 33 MacIiTad JUIMHBI TPUHUMAETCS
mupuHa, 6onmbel kanana H, 3a Macmrad ckopocTu — cpemHepacxoanas ckopoctb Uo Ha BXoze. X1 — pac-
CTOSTHHE /10 TIOBTOPHOTO TIPUCOESANHEHHUS ITIEPBUIHOTO BUXPSI, KOTOPBIA 00pa3yercs B pe3yiibTaTe OTPhIBa
OT ycCTyIa KaHaina, Xab - IIrHa BTOpHYHOr0 BUXPS, KOTOPHI 00pa3yercs mocie yCTyna B BepXHel JacTu
KaHaja, X — pacCTOSHHE 10 Havajia BTOPUIHOTO BUXPS, X3 — PACCTOSHIE IO KOHIIA BTOPHIHOT'O BUXPA.
Cucrema HecTanMOHApHBIX ypaBHeHUH HaBre—CTOKCa M ypaBHEHHE HEPa3pBIBHOCTH C MOCTOSH-

HOM IIJIOTHOCTBIO p=CONSt B IEKapTOBBIX KOOPAWHATAX UMEIOT clenyrommid Bum [32]:

oU oU U op wu(oU oU
—+U—+V—+ == +

ot ox oy px ployt

N N N o ulN A

—+U—+V—+ == —+—| (1)
a - ox oy poy ply X

@+g:0.

ox oy

3necy U, V — cooTBeTcTBEHHO O€3pa3MepHbIe MPOOIbHbIEC, BEPTUKAIHHBIC COCTABIISIONINE BEK-
TOpa CKOPOCTH JIAMHHAPHOT'O MIOTOKA; P — Oe3pa3mepHoe ruapoctatuueckoe nasienne; Re=HUo/V — uncio
Peiinomnpaca.

Ha Bcex HemoaBMKHBIX TBEPIBIX CTEHKAX TIOCTABICHBI OYCBHTHBIC TPAHIYHBIC YCIIOBHS MIPHITHTIA-

HUA U | r= 0 n V|1~: O , TIC r- TBCpAas IrpaHUIIA. Ha BBIXOAC M3 KaHajia OJId FOpPI3OHTaJ'IBHOﬁ " BCPTHU-

KalIbHOW CKOPOCTEH TIOCTaBJICHBI CTAHIAPTHBIC YCIIOBUS IKCTPATIONSAIINN BTOPOTO TIOPSIKA TOYHOCTH.

Meton pemenusi. 711 YHCICHHOTO PEIICHUS] CUCTEMbI MCXOAHBIX HECTAI[HOHAPHBIX YPaBHEHUMN
Hagpe — Ctokca (1) st Bcex cxem st CBSI3M CKOPOCTH C JIaBIIEHHEM MCTONb30BaHa mporenypa SIMPLE
[33, 34]. U3-3a CIOKHOCTH COOTBETCTBHUS TOJICH CKOPOCTH M JIABJICHUS MCIIONIB30BaIach CETKa C pasHe-
CEHHOU CTPYKTYpOU PacHONIOKEHUS y3]I0B CETKH.
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YucaeHHbIe CXEMBI.
Cxema QUICK. Cxema QUICK O6buta mpeacrasnena I1.JIeonapaom BpaiianHom B crathe [28].
CxeMa MMeeT anmpoKCUMAIIMIO BTOPOTO MOPSIKa TOYHOCTH 10 IPOCTPAHCTBY U MIEPBOT'0 TOPSIJIKA MO Bpe-
U AL | Vi A
AX A
cJlara€MbIX alllPOKCUMUPYIOTCA HEABHO C HCHTPAJIbHBIMU PAa3HOCTAMMA BTOPOI'O IIOPAIKa TOYHOCTH. Cxema
QUICK, Ha perynsipHOi ceTKe, UMeeT CICAYIOIIUMA BHUI:

2
o O N y(a ® 0 q’]mm.

MEHH O(At, AX?, Ay?) , YCIIOBUEM YCTOWYHUBOCTH ABIISAETCSA [ j <1. Ilpu 3Tom nuddy3ronnbie

(2)

at('3><f3yp3x25’y2

y P
3nech CDZ(V]' Im° = POX .

1 1 1 1 1 1 1 1 1 1 1
LV e VR, A SR A (qf; —205" O O - 20) + DY e,
At AX Ay Re AX Ay
Ue > 0 cD2+1 :(Dr’;ﬂ, Ue < O q);Hl :(Dr:;rl,
UW > 0 (D‘r,]\,+l :¢)\r/]v+l, UW < 0 q)‘r[lerl :®g+l’
Vn >O CDEJrl:cDr;Jrl’ Vn <0 (DEHZ(DR‘H,
VS >O CD;Hl :q)ngl, VS <0 q);Hl :CDngl,

3 1 1

3 3

3
U >0 ch+1 ch+1 _q)n+1 _ _q)n+1’ U <0 ch+1 ch+1 _q)n+1 q)m-l’ (3)
e 8 4 P 8 w e 8 4 E 8 EE
u,>0 ®;+1=§q>g+1+%q>3jl—%qm, U, <0 q>3j1=§cpvnv+l+%q>g+l—%q>g”,
Vn >O cDn+1 gq)ml %(Dg+l—%(bg+l, Vn <0 q)n+1 gq)m-l %q)r’lrl_%q)r’lﬁ\‘l,
V. >0 qng*1=gq>g*1+%q>g*l—%q>gg1, V, <0 @2*1=§q>g*1+%q>g+1—%q>;”,
Beném obo3HaueHHS
n+l n+l
po_[1, 20t 1 1)) go_ At( @ +ap ’
Re | Ax Ay Re AX 4)
n+l n+l n+1 n+1
CCD = _II° — At UecDe _UWCDW _Atvnq)n _Vsch ’ D® = At .
AX Ay ReAy

B pesynpTare momyuum cienyoliee ypaBHEHHE J1s1 BHYTPEHHUX PACUETHBIX Y3JI0B!
N+l A @ 1@ n+l® ) )
O;"A" =D+, D" +B" +C".

JlaHHOE ypaBHEHHE Pean30BBIBAJIOCH METOAOM MPOrOHKH, KOTOphIe MOAPOOHO PaccMOTpPEHBI B
cratbe [35].

Cxema Maxk-Kopmaka (MacCormack-MC). B BerunciautenbHoO#i rUapoAnHaMuKe cxema Mak-
Kopmaka mmpoko ucnonb3yercs. [JlaHHas KOHEUHO-Pa3HOCTHAS CXEMa BTOPOTo MOpSAIKa TOYHOCTH Oblia
paspaborana Pooeprom Y. Mak-Kopmakom B 1969 r. [29]. JlanHast cxema sSBJISETCS ABYXIIArOBOM M MMEET
BUI!

[IpeauxTop
_ o - o' -0 O, =200+, D207 + D]
@, =@ - AtU], Ly ) Ay ey s 2h). (5)
‘ ' X Ay ReAy ReAx
Koppextop
_ o D —Digi —n D —D; i =20 D Dy 20+ D
ot =1 &, +ar, - at@; D1y = Doy +Vi] P = (D'Jl)+At( Bt T N E R 18 5 lJ+H“’) .(6)
R AX A ReAy ReAx
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op

U OX
3necs @ = (V , 1% = . [lanHas cxema uMeeT BTOPOM NOPSAJO0K TOYHOCTH 10 BPEMEHU U 10

o
oy

MIPOCTPAHCTBY, CIIEAOBATEIBHO, ITOTPEITHOCTHIO AllIIPOKCHUMAITUN O((At)2 (Ax)2 ,(Ay)z) . OHa umeer ycio-

U_ At V_ At
mex - Tmex (<]
AX Ay

BHE YCTOMYUBOCTH (

n+l
HepBOHaanBHO (HpeZ[I/IKTOp) HaAaXOJUTCS OLICHKA BCIINYUHBI (Di Ha n-l-l-M mare 1mo BpeMEHu, a
II0TOM (KoppeKTOp) onpeacsACTCA OKOHYATCIbHOC 3HAYCHUEC (:I)i”*l Ha n-l-l-M mare 1mo BpEMCHHU. OtMme-

THM, YTO B MIPEAUKTOPE AMMPOKCUMUPYETCS Pa3HOCTSIMU BIEpeENl, @ B KOPPEKTOPE — Pa3HOCTAMU Hazas.

Metoa Yopmuura — Katiepa — Jlomakca (Warming — Kutler — Lomax- WKL). Beraucim-
TEJIbHBIC METOABI BTOPOT'O IOPpsAJIKa, 00BIYHO HCIIOJIB3YEMBIC B IPOM3BOJACTBCHHBIX KOJaX, MOT'yT OLITH He-
AOCTATOYHBIMH IO TOYHOCTU I a3POaKyCTUKHU. HOBTOMy BO3HHUKACT HOTpGGHOCTL B HUCIIOJIb30BAHUU KO-
HEYHO-Pa3HOCTHBIX cxeM 0Oosiee BEICOKOTO TMOpPS/IKa TOYHOCTH. TakoBOH cxeMol SBIsieTCsl cxema, paspa-
OoTtaHHas Y OpPMHUHIOM H JIp., KOTOpasi UMEET TPETUH MOPSAAO0K TOYHOCTH. JlaHHAsI cxeMa Ha MEepPBhIX JABYX
marax o BpeMeHH coBmajiaeT ¢ MetojoM Mak-Kopmaka u Ha TpeTbeM — ¢ MeTojioM PycaHoBa:

Hlaz 1

(I)i,j:(DFj_z(A{Uin P — Vi +V i~ q)‘n"'}m[ i =20 +®'n1‘1+ tj ~20, ;@‘“ H‘I’D. @)
v 3 ! AX K Ay Re Ay? Re Ax
Hlaz 2
At 0l =i, +Vi] i ain‘H)+
&, = &, +0), -2 A e . (®)
' o3 Dy =20, +D ; Dy —20,,+D,
+At( ! ) L111%)
ReAy ReAx
llaz 3
. 1 At
O =07 - 24AX( 207, + 70, — T, +20], ) -
1 At
‘ﬂA_y( 207, + 70, —TO] |, +20] ,)-
3 At = At (= =
8AX(CD|+1,J‘ _q)i—l,j) 8Ay(CD' j+l q)i,j—l)_
4At2 n n n n
( j I+2] 4®I+lj +6q)i,j _4cDi—1,j +q)i—2,j)/24_ 9)
4At2 At“ n n n n
O], —4D] , +6D] —4D]  + D] )/ 24+
+At( i,j+1 ZCD +CD I+lj ZCD +CD—1] an)
ReAy ReAx
OTO0 IBHAsA TpexmiaroBagd CxeMa TPETbEro MOopssAKa TOYHOCTU C MOrPCHIHOCTBIO allIIPOKCUMAIU
3 3 3 . U AtV At
O((At) ,(Ax)",(Ay) ) U yCTOMYMBAs IPU [T+—Ay jgl.

Metox Abap6anena-Torauda—Typxkesa (Abarbanel- Gottlieb-Turkel - AGT). B cratse [31]
NpeCTaBIeHa YEThIPEXIIaroBast cxeMa 4eTBEPTOro MOpPsAKa TOYHOCTH. DTa CXeMa MMEET CIICTYIOIIUi
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BU:

Hlaz 1
1 1 DN, Dl O JHR( ) 1
1 n n n i+1, ] i,] n i,j+1 i,]
cDi(Jr)l,n1 2( e ’+1+®i’j)_m2(ui’j AX e Ay i
At Ij+1 Zq)n +(D:1]—1 4 I+1j Zq)n +q)n—lj 1—[<1> (10)
Re Ay? Re Ax? '
Hlaz 2
2 n n n
ij 8{10(1) (q)Hl j+1 (Di—l,j—l)}_
o —o o, o, (11)
_E Ul(lj) i3] i3 +VI(}) i+ i +
2 ' ’ Ay
1 1 1 1 1 1
[P0l s, ol sl ol
Re Ay? Re Ax? ’
Hlae 3
1
(3) _ n n n
E. —E{g(q)lﬂ jH +(I)i,j) (q)urz j+2 +q)|—1 Jfl)}
At 2 2 2 n n n n n
_@(SUI(J) (q)f-ﬁ] —CDI(J))+3U (CD|+1J i,j)_Ui, ( i+2,] (I)—l])) (12)
At 2 2 2 n n n n n
_@(Svifg(cbﬁj)ﬂ—q>§vj>)+3viyj e A C R |
o P20 r0), 0l 20,
Re Ay? Re AX® '
Llaz 4
16U @ - |+160/7) (0] -0l )+
i _gn _ L At ol Tl
oMl =" ——— +

ij
B ol _o0 |_gud|ob _ob
b i%,j i—%,j RN BT i—g,j

UI At n n n n
QGJ AX (10((D|+lj (Dl -1, j) ((D|+21 (Dl 2,]j ))
16Vif?)( o® —CD() }+16V( (@7, -0, )+

1 At '”5 2
- +

96 A
Y sev, 1{@_ ~ W J 8v," [(1)_ ,— o 3) (13)
I,]+7 L]

i, ij-=
J+2 i

VT At
ij
* o5 ay (10(@ha =Ly, )=(@1 =01 1))+
© 1 @l @, pO
AL @, - 20! +c1>,,1+c1>,+11—2c1> +®,1J+H®.
ReAy Re AX?

OTa sBHAs YEThIPEX-II1aroBas CXxeMa 4eTBEPTOro MOPsIAKA TOYHOCTH C MOTPEIIHOCTHIO allPOKCH-
U, At +VmaxAt <1.
AX Ay
[Ipu ncnons30BaHUN METOJOB TPETHErO U YETBEPTOrO MOPSIKA TOYHOCTH 32 YBETUUYCHUE TOUHOCTH
aJTOpUTMA MPUXOAUTCS PACILIAYMBATHCS YBEIUYEHUEM BPEMEHU pacueTa U YCIOKHEHHEM Pa3HOCTHOM

Marun O((At)4 J(Ax)! ,(Ay)“) ¥ YCTOHUMBAs PH (
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CXeMBI. DTO HEOOXOJUMO TIIATENBHO YUUTHIBATH MPH BBIOOpE METOJa PEIICHUS] YPaBHEHHI B YaCTHBIX
MPOU3BO/IHBIX, TAKHX KakK ypaBHeHue Ditnepa u HaBbe—Crokca [36]. st pemienus 3aaqu Obuia HCIOIb-
30BaHa IpsAMoyronbHas pacderHas cerka 300x100 pasmepom Ax=0.05, Ay =0.01, At <0.001 w1 Bcex
CXEM.

Pe3yabTaThl pacueToB u uX odcy:kaeHue. JlaHHas cTaThs peciiegoBaa u3yieHue 3pdekruBHoC-
TH YHCIIEHHBIX cxeM. Ha puc. 2 npuBeneHsl pe3yabTaThl MPOAOIBLHON CKOPOCTH TOTOKA B PAa3UYHBIX Ce-
4yeHusx nocie ycryna. Yucno Peiinonsaca Re=100, sxcriepuMeHTanbHbIe JaHHBIE ObLTH B3STH U3 PAOOTHI
Apwmanu u 1p. [16].

X o

g AN
0.9

yH

0.8 \"-'\
0.7 0O exp
— -QUICK }
0.6 = =MC
—WKL }
05 ||~ AGT
0.4 /
0.3 —//
02 :J | .
s
o1 d !
0
o { 0,05 0,05 0.15
0,5 0 0,5 1 U0 15
a

Puc. 2. Pe3ynbTaThl MPOAOIBEHON CKOPOCTH MIPH UCTIONBE30BAHIH PA3IMIHBIX PACUETHBIX CXEM:
a — x/h=2.55; 6 — x/h=3.06

Kak BuIHO U3 prc. 2, pe3yabTaThl [T BCEX CXEM B IIPSAMOM KaHaJe JOBOIBHO OJHM3KH APYT K APYTY.
AHayorn4ssle pe3yabTaThl Ipu uncie Pefinonbaca Re=100 mokasans! Ha puc. 3.
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Puc. 3. Pe3yabTaTsl MpoI0IbHOM CKOPOCTH MPH UCTIONB30BAHUN PA3ITHYHBIX pacdeTHBIX cxeM: a — X/h=2.55;
6 —x/h=3.06; 6—x/h=4.18; r —x/h=5.4; 0 —x/h=6.12; e — x/n=7.14

W3 puc. 2-3 BuaHO, 4TO IPU MaJbIX YuciiaX PeliHOMb/Ca BCe CXEMBI Ial0T IPUMEPHO OJIMHAKOBBIC
pE3YyAbTATHI.

Ha pI/IC. 4 HpI/IBe):[eHLI pe3y.HI)TaTBI JJIA paCCTOSIHI/IH 10 COCAUHCHU S HepBI/IqHOFO BI/IXpH B 3aBUCH-
MOCTH OT unciia PeliHonbaca.

14

a ‘exp
— - QUICK
- = MC
—_— WKL

x1/H ¢

o

10

—_
(=]

«Xsb/h

2

2
100 200 300 400 500 600 700 Re 800 500 600 Re 700 800

Puc. 4. Pe3ynbpTatThl Ui pacCTOSHUSA IO COSNMHEHHS TIep- Puc. 5. Pe3ynbraTel JMHBI BTOPUYHOTO BUXPS
BUYHOI'O BUXPS B 3aBUCUMOCTH OT uucia PeifHonbaca Tpy U3MEHEHUH uucia PeliHonbaca

Kak BuznHO U3 puc. 4, pe3ynbTaThl Uil MECTOIONOKEHHS COeIMHEHHUS TIEPBUYHOTO BUXPSI, TOITY-
yeHHsle o cxemam MC, WKL u AGT, noBosnbHO Gnu3ku Ipyr K Apyry, oxHako, cxema QUICK maér
HECKOJIBKO XYyX€ Pe3yNbTarT.

Ha puc. 5 npuBenensl pe3yabTaTsl A NPOTSHKEHHOCTH BTOPUYHOIO BHUXPS B 3aBUCHMOCTH OT
yucna PeliHonbaca.

U3 puc. 4-5 BuagHO, YTO BO BCEX CIIydasix B 30HE 32 BBICTYIIOM XapaKTepPHO 00Opa3oBaHHE BO3BPAT-
HBIX TEUCHHUH, a MPOTSHKEHHOCTh 3TOHW 30HBI U CTPYKTYpa LUPKYJISILUOHHOIO TEUEHHUS 3aBUCST HE TOJIBKO
oT yncna PeliHonbaca, HO M OT YHCIEHHBIX cXeM. YHCIeHHbIE UCCIeI0BaHUs MIOKA3alIH, YTo cxeMa Mak-
Kopmaka BTOporo nopsiaka touoctu, Yopmutra — Katnepa — Jlomakca — Tperbero nopsiika TOYHOCTH, a
cxema AbapOanena—I ornuba—Typkena — 4eTBEPTOro MOPsIKAa TOUHOCTH JAIOT OYEHBb OJIN3KHE PE3yIbTAThI
K DKCIIepUMEHTAIIBHBIM JaHHBIM, yeM cxema QUICK.

BoiBoabl. B cratee nponemoncTpupoBansl 3¢ dekruBHocTH cxeM QUICK, Mak-Kopmaka (MC)
Vopmunra — Katnepa — Jlomakca (WKL) u Abap6anena—T ornnba—Typkena (AGT). [ist Bcex cxeM Hc-
none3oBaHa npoueaypa SIMPLE. B pesynbrare geTanbHOTO YMCIEHHOTO HCCIIEIOBAHMS TTONIEH CKOPOCTH
MOTOKA BBISABJICHBI 3aKOHOMEPHOCTH (YOPMHUPOBAHUS BUXPEBOH CTPYKTYPBI TEUCHHUS B IJIOCKOM KaHaJe C
YCTYIIOM, BKJIIOYasi BTOPUYHbIE BUXPEBbIE 00pa30BaHMs M HECTALMOHAPHBIE OTPBIBHBI € PEKUMBI TEUCHUSI.
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B 3axmodyeHue ciaemyer OTMETUTD, YTO K UCIIOJIB30BAHUIO PACUETHBIX CXEM sl OTPHIBHBIX TEUEHUH clie-
IyeT OTHOCUTBCSI OCTOPOXKHO, TaK KaK pa3HbIE CXEMbl MOTYT JaTh Pa3IMUHbIC pe3yNbTaThl. J{Jis1 OTPBIBHBIX
norokoB cxema QUICK He maer y1oBIETBOPUTENBHOTO Pe3yNbTaTa, HO 3Ta CXeMa Oosee yCToW4YHMBa MpU
WCTOJIb30BaHUU OOJNBIIMX IIAroB 110 BpeMeHH, yeM Apyrue cxembl. A cxembl MC, WKL u AGT narot npu-
MepHo onuHakoBbie pe3ynbraTel. OnHako cxembl WKL u AGT TpeOyroT Gosnbliie BEIYACIUTETBHOTO Bpe-
MeHHU. [109TOMyY cXeMBbI BTOPOTO MOPSIIKA TOYHOCTH JIJIsl OONBIMHCTBA 33124 SBJSIFOTCS PalliOHAILHBIMH
JUTS TIOJTyYEHUS Pe3yIbTaTOB 1OCTaTOYHOW TOYHOCTH.
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3.M. Manuxoe, M.3. Maoanues, M.A. Llloe¢. Tycamoan Kenzaiubd 60paémzan Kananda 1amMuHap OKUM macanacu
VUYH COHNIU CXeManapru maKkKociau

Annomayun: Maxonada ukku yi4o6au KaHan y4yH mycamoan KeHeauuus OpKaau CYIOKIUK OKUMU COHAU YP2aHunou. Xap
xun Peiinonoc counapuoa mypiau okum Xxycycusmaapu Xucoonab uuxunean. Hamuoicanap namunap oxum pesicumu yuyH
nocmayuonap Hasve-Cmoxc menenamanap musumuny COMAU eyul opKaiu amanea owupunean. Kanannune mypnu kecumaapuoa
Me3nUK NPOGUANAPUHUHZ HAMUNCATAPYU 8a DUPIAMYU, XAMOAd UKKULAMYY VIOPMAAAPHUHS V3VHAUKIAPU KAHATHUHE KeHealieaH
Kucmuoan bouna6b, Peiinonoc conuea boenuxnueu ypeanunean. Tenenamanap 4eknu auupmanap acocuod Hazopam Xaxcmiap yCyuu
OpKanu annpoKCUMayusIanean 6a mesnukiap ounan 6ocum ypmacuoacu boenuxaux SIMPLE ycynu époamuoa anuxnanean. Yuoy
MACANAHY COMNIU eHULL YUYH Xap XU COMNU YeKAU auupmanu cxemanapoat gouioananunean. CoOHaU HAMUNCATAPHUHS A0eKEAMAUU
IKCHEPUMEHMAT MABAYMOMAAP OUNAH MAKKOCIAW iU OULaH amanea OuUpUICaH.

Kanum cy3znap: Hasve-Cmoxc menenamacu, Petinonboc conu; namunap okum; mycamoat Keneaueau Kygyp.

Z.M. Malikov, M.E. Madaliev, M.A. Shoev. Comparison of numerical schemes for the problem of laminar flow in a
suddenly expanding channel

Abstract: In the article, the fluid flow with expansion was studied numerically for a two-dimensional channel. Different
flow characteristics were calculated for different Reynolds numbers. Calculations are performed for laminar flow mode. The cal-
culations are based on the numerical solution of a system of nonstationary equations using Navier-Stokes. The results of the lon-
gitudinal velocity profiles in different sections of the channel and the length of the primary and secondary vortices are obtained
with a change in the Reynolds number after the ledge. For the difference approximation of the initial equations, the control volume
method was used, and the relationship between velocities and pressure was found using the SIMPLE procedure. Various schemes
were used to solve this problem numerically. To confirm the correctness of the numerical results, a comparison was made between
each other and with experimental data.

Keywords: Navier-Stokes equations; Reynolds number; laminar flow; suddenly expanding pipe.
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BJIMSHUE YIIPYT'OI'O 3JIEMEHTA NOIIUITHUKOBOM OIOPHI HA
YIPYI'YIO JE®@OPMALIMIO BAJIA

Kenxatoes 111., Maxmynosa I11.

Hamanzancruii unsicenepno-cmpoumenvuoiii uncmumym, Hamanean, Y30exucman
E-mail: maxmudovash88@mail.ru

Annomayus: Ionyuenvl pesynomamul u epagux oeghopmayuu e1usaHUs NOOUWUNHUKO80U onopbl Ha eéan. Paspabomana
NPUHYUNUATLHAS. MEXHONIOSUHECKAs CXeMd NPU PASHOU MOTUWUHE YIPY2020 eMEHMA U PACCMOMPEHO 6IUAHUE HA MEXHOI02UYec-
Kutl pexcum npou3eoocmsa.

Knrouesvie cnosa: oechopmayus; ynpyauii snemenm; nOOUUNHUKOBAS ONOPA;, HANPAXCEHUE; COBUS.

Beenenue. C pa3BUTHEM TEXHOJIOTMUECKUX MAIMH ME€PE] YIEHbIMH CTOUT BOIIPOC IO CO-
BEPIICHCTBOBAHUIO KOHCTPYKIIMM MalIMH U 000pynoBaHus. B mocienHue roasl MHOTHE yUSHbBIE
paboTaroT Ha/Ji KOMIIO3UITMOHHBIMHU KOHCTPYKIUSMU JUIS PEIICHUS PA3IMYHBIX 33/1a4.

UccnenoBanuss B ostoit cdepe mpoBoaunu C.Daub, B.Csoryan, @.Msowmso, B.Uu,
JI.LI35CHHB ¥ MPEeaIoKMIN KOHCTPYKIMIO TTOAIIMITHUKOBOW OIOPBI M3 PE3HHBI U cTami. Pe3uHa — 310
YOPYTHil Marepuai, KOTOPbIA HIMPOKO MCHOJb3YETCS B MAIIMHOCTPOCHUU. YTNPYrui MaTepuan
MO>KET BBIIEPKUBATh OOJbIINE AeQopMaIlii U O0NbIINe epeMElIeHNs, HO UMEET MUHUMAaIbHOE
M3MeHEeHHEe 00beMa (HECKIMACMBIN ).

B nporecce uccnenoBanusi ObUTH MPOAHATU3UPOBAHBI JaBJICHUE, CUJIA CIBUTA M PEaKIIUs
MOAIIMITHUKA Ka4eHMsI Ha ypyrux onopax [1].
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B.Po6uHCOH npoBen ucciieioBaHue ¢ THCTEPE3UCHBIMU ONIOPaMHU M3 PE3UHBI, 00ecTieynBa-
IOIEE B OJHOM YCTPOICTBE KOMOMHMPOBAHHBIE XapaKTEPUCTUKU MOJAECPKKUA BEPTUKAIBHBIX
Harpy3okK, THOKOCTh B TOPU30HTAIBHOM HANpaBJICHUH U CIOCOOHOCTD MOTJIOMIATh SHEPTHIO, He-
00X0AMMYIO JUTSI H30JISIIIUM OCHOBAHUSI KOHCTPYKIIUI OT CeliCMUYEeCKOTo Bo3AencTBH. [ uctepe-
3WCHBIN PE3WHOBBIN MOAMIUITHUK TPECTABIICT COO0H MHOTOCIIOWHBINA 371aCTOMEPHBIN ITOAIINTI-
HUK TOTO THIIA, KOTOPBII MCIOJb3YETCSI B MOCTOBBIX KOHCTPYKIIHSX, C BBIBOJHOMN 3ariylIKON B
LeHTpe. B ucnplTaHUAX NOAIIMITHUKY, TOKPBIThIE PE3UMHOBBIMU MaTepualaMu, BeJIU ce0sl ya0B-
JIETBOPUTENBHO, U METJIM TUCTEPE3NCa MOXKHO OBLJIO JOCTATOYHO XOPOUIO OMKCATh, €CIIN MPEIo-
JIOKUTh, YTO CBUHEI] BeIET ceOs KaK yNpyroriacTUYHOE TBEPAOE TENO C MPEAESIOM TeKy4ecTH
npu casure 10 — 55 MIla. Iogmunauky noka3aiau HEOOJIbIIYIO 3aBUCUMOCTb OT CKOPOCTH MpHU
~100 MM / ¢, XOTS IPU CKOPOCTSIX MOJI3y4ecTH ~1 MM / 4 cuja, co3iaBaemMas CBUHIIOM, yrajia J10
30% oT cuIIbl TPU TUIMYHBIX YaCTOTaxX 3emiieTpsiceHuit. DdeKkT MHOKecTBa HEOONIBIIUX CMEIlle-
HuUM 6611 IpoTecTupoBaH ¢ nomoiusto 11000 nukios mpu + 3 Mm [2].

KoHncrpykiuu noamunHukoB ¢ ynpyruM aiemenToM (CPII) mupoko nenons3yroTes B cuc-
TeMax CaMOM30JIALMU 3JaHUM U APYrUX COOpYyKeHUH 11 3(pPEeKTUBHOTO CMATYEHUST pa3pyIIN-
TEJIbHBIX MOCIEACTBUM TOPU30HTAIILHOTO 3€MJIETPSACEHUS, COTPSACAIOIIET0 3eMJIt0. [ opu30HTab-
Hast rTuOkocTh CPII, 00bIUHO pa3MeniaeMbIX B OCHOBAHUM KOHCTPYKIUH, IPUBOJANUT K KOHIIEHTpa-
LIMU CMEIEHUH B MOAIIUITHUKAX MIPU OJHOBPEMEHHOM OrpaHWYeHHH AepopMaiuili B KOHCTPYK-
uuu. HenaBHue uccienoBaHysl O3BOJIMIN OLEHUTh CIIOCOOHOCTh M30JUPOBAHHBIX COOPYKEHUI
K MEepEMENICHNIO 1 3HAUUTEIbHBIA PUCK pa3pyIlleHUs U3-3a MOBBIIIEHHBIX CEHCMUYECKUX TPebo-
BaHUU K U30JIATOPaM WJIM M3-3a YAApOB IO CTEHaM pBOB [3].

Henocratkom cymecTByIOMMX ONOP B COCTAaBE JIIOOBIX MEXAHW3MOB U MAlIHMH SBJISETCA
HENOoCpeICTBEHHAs Nepeaaya KoyieOaHus BpallaloliiX BaJIOB B KOPITycaxX MallMH U MEXaHU3MOB
Ha CaMU KOpITyca, YTO IPUBOJAUT K YBEIMUYEHHIO BUOPOIIyMa COOTBETCTBYIOIUX MAIlIUH M MeXa-
HU3MOB. KpoMe Toro, KOHCTpYKIIHs He MO3BOJIET apaJUIeIbHOE CMEIEHUE OCH Bajla IIPU BEPTH-
KaJIbHbIX Je(POpMaLUAX ONOP K HECUMMETPUYHOMY PACIOI0KEHHUIO MacC Ha Bally, T.€. LIEHTP Macc
BaJla HE HAXOJUTCS B CEPEMHE 110 AJIMHE Bajla. OTO MPUBOIUT K HAPYIICHUIO IBHYKECHHS MAaIIUHbI
M3-3a TEXHOJIOTUYECKHUX 3a30POB.

W3BecTHBI ONOPBI, B KOTOPBIX MOJIIAIHUK CONPAracT HENOCPEACTBEHHO C KOPILyCOM H
IIPUCOEIUHUTEIbHBIMH TOBEPXHOCTAMH MOAIIUITHUKA KaYE€HUS K KOPIIYCY Hapy)KHBIM TUaMETP U
UpUHY KoJiell [4,5].

A.Ixypaes, C.JOnycoB, A.Mup3aymuaoB [6] B CBOMX UCCIAETOBAHUSIX IPUBOJIAT IS IO/~
IIMITHUKOB KOHCTPYKIIMIO OTIOPBI. MOTJIOLIeHUs KoJieOaHui Bpalatomuxcs BanoB. OHa coiepKUT
KOPIIYC CO CMOHTHPOBAHHBIM B HEM IOJUIMITHUKOM M Pa3MEIIECHHBIM MEXy €TI0 HapyKHOU TO-
BEPXHOCTBIO U KOPITyCOM YIPYT'MM 3JIEMEHTOM, BBIIOJIHEHHBIM B BHJEC YCEYCHHOW KOHUYECKOU
BTYJIKH. Y CEUEHHasi KOHUYECKas BTYJIKAa MU3TOTOBJIEHA U3 PE3UHBI, IPU 3TOM OCHOBAHUS C MEHb-
IIMM JUaMETPOM YCEYEHHBIX KOHMYECKMX BTYJIOK OIIOp Bajla YCTaHOBJIEHBI B KOPIYCE€ B IIPOTHU-
BOIIOJIO’KHBIX JPYT K APYry HalPaBJIEHUAX U HAXOIATCA C HAPYKHOM CTOPOHBI KOpITyca, a OCHO-
BaHUs ¢ OOJBLINM JAUAMETPOM YIPYIHX BTYJOK HalpaBlIeHBl APYT K APYry M HaXOJATCS C BHYT-
peHHel cTopoHkl 38 Kopmyca.

O0bexTHI U MeToAbI HccJae0BaHus. [[MIIBHBIN MIMHIP [UKMHA MAacCUBHBIN U Bpalia-
ercs ¢ yactotoi 730 06/MuH. [TosTOMy nnporcxoauT 3HAUYUTETBHBIN U3rH0 Bajla MUJIBHOTO LIUJIMH-
apa. Ilpu 3ToM B cpenHell 30HE NMUIBHOIO LMIMHIPA HApPYLIAIOTCS TEXHOJIOTMUYECKUE 3a30Pbl
MEXAY NWIBHBIMU IUCKaMHU U KOJIOCHUKAaMHU, KOTOPbIE MOTYT IIPUBECTH K 3HAUUTEIIBHBIM IIOBpE-
KJIEHUSIM BOJIOKOH M CEMSH XJIOTIKA, CHH)KEHHUIO pecypca padOoThl M IMPOU3BOJUTEIHLHOCTH Ma-
mHHbL [103TOMY Ba)KHBIM SIBIISieTCS U3y4€HHE M3TMOHBIX KoJleOaHUH Bajla MUJIBHOTO LWINHApA.
VYnopyras onopa [uid NOAUIMIIHUKOB KaueHUs II0Ka3aja CBOU MOJIOXKUTENbHbIE pe3ynbrarel. C
MOMOIIIIO CIIEIUATIBLHOTO IporpaMMHoro obecrieuenuss ANSY'S npoBoaunu MoaenupoBaHue KC-
IIEPUMEHTA C YUETOM IIapaMeTPOB YIPYroro 3JIEMEHTa ONOPbI MOAIINITHIKA KaYeHWs], U BbISBIIE-
HUS TOTO, KaK HOBasi KOHCTPYKIIMS SJIACTUYHOTO MOJIIWITHUKA BIUSAET HA MEXaHU3M (puc.l).
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v oy P
Puc. 1. Mogens ynpyroro nogmunHuKa

Pesyabrarel M uX  oOcyxaeHuHe.  OKCIEPUMEHTbl  IWJIBHOTO  LWJIMHJIpA
C YIPYroi ornopoi mpoBOJANIIM C UCHIOJIB30BAaHUEM PE3UHBI pa3HOM TOMIIMHBIL. Mcxoas u3 pe3yib-
TaToB MoaeinupoBanus 1o nporpamme ANYSYS, MOXKHO yTBep»KAaTh, 4TO 3a c4eT JehopMaiuu
PE3MHBI MOKHO MOBBICUTH 3(PPEKTUBHOCTH pabOTHl pabOUMX OPraHOB M MEXaHM3MOB Iepeaayn
TEXHOJIOTHYECKUX MamuH. ONopHbIe MOIIUITHUKNA ObUIM NMPOTECTUPOBAHBI HAa TBEPAOCThH, MO-
IyJb CABUTA U IPOYHOCTH CLEIJICHUS B COOTBETCTBUU C JIEHCTBYIOLMMU cTaHapTaMu. Bee cBoii-
CTBa MaTepuaja yKa3blBaJli Ha HEOOJIbIINE U3MEHEHHSI M HAXOAUJIUCh B JIOMYCTUMBIX MpeJerax.
[TonyuenHsie pe3ynpTaThl JedopMaliiy U3ruda MpuBeIeHbl B TAOIHULIE.

. Jedopmarnust
Ne A B MHH Max cp
1 0 0 3.50E-07 8.99E-04 4.50E-04
2 0.25 0.5 3.65E-06 1.30E-03 6.51E-04
3 0.5 0.75 2.42E-06 1.40E-03 7.03E-04
4 0.75 1 1.18E-06 1.51E-03 7.55E-04
5 1 1.25 -5.11E-08 1.61E-03 8.07E-04
6 1.25 1.5 -1.28E-06 1.72E-03 8.59E-04
1,00E+00 5.50F-31 5,08E-01 CCBE-OT 207E01 p—
1.00E-01 E-01 2,54E-01 2,29E-01 2 Q4E-01 17sE01

1,00E-02

—— e ANTSTS)

LOOE-03 - [ cp. (ANTSTS)
4,47E-04 =% vaw(amaTim. )
1,00E-04 : . : : : , . - (TN |

0 05 0,75 1 1,25 15

Puc.2. I'paduk ynpyrux medopmarnmit

Amnanu3 rpaduka Ha puc.2 MOKa3bIBAET, YTO C YBEJIUUYEHUEM TOIIUHBI YIIPYTOTO MOKPHI-
tus noamunauka ot 0.25 10 1.5 mm gedopmarus Baia camkaercs 1o (0.893 — 0.357)- 103MmM.

3akir0ueHHe. YCTaHOBJIEHO, YTO BJIMSTHUE HAIIOJHUTEIBHOTO ONOPHOIO IMOJNIMITHUKA
YIPYTUM 3JIEMEHTOM yMeHbIIaeT ynpyryto aedopmaruto Ha 30 — 40%. Or1o ynydmaetr paborto-
CIOCOOHOCTh ME€XaHu3Ma, 1 oTiin4aeTcst 4.29%-Hoii MOrpeIHOCThIO OT aHATUTHYECKOTO METO/Ia.
Taxum 00pa3oM, MpOBEJCHHBIE UCCIIEI0BAaHMS IOKA3aIM IPUHLIMIHATBHYIO BO3MOXHOCTD IIMPO-
KOT'O MCII0JIb30BaHHsI KOMOMHUPOBAHHBIX MOIIUIHUKOB OTIOP.
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1II. Kensrcabvoes, 1. Maxmyoosa. Kaiiumkok, acocza noowunHuK maaHuuHuRz 641 0ehopmayuacuza mavcupu

Aunomayusn: Pyivan maanyunune munea mascupu 0ehopmMayusCUHuHe HAMuxiCanapu 8a epagueu onuHaou. dnacmux
SNIEMEHMHUHE MYPIU KAIUHIUSU YYYH ACOCULL MEXHOIOSUK CXeMA ULad YUKUIRAH 64 UIA0 YUKADUUHUHE MEXHOLO2UK PENCUMULA
maveupu Kypub YuKuiean.

Kanum cyznap: oecpopmayus, 31acmux s1emenm, NOOWUNHUK MASHYY, KYWIAHUW, KeCul.

Sh. Kenjaboev, Sh. Makhmudova. Influence of the elastic element of the bearing support on the elastic deformation
of the shaft

Abstract: The results and the graph of the deformation of the influence of the bearing support on the shaft are obtained.
A basic technological scheme has been developed for different thicknesses of the elastic element and the effect on the technological
mode of production has been considered.

Keywords: deformation, elastic element, bearing support, stress, shear.
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AHAJIN3 TOYHOCTHU IEPEMEIIEHUS PABOYEI'O OPI'AHA
OJHOKOBIIOBOI'O 9KCKABATOPA

Pycramos K.K., Aiimmyxamenos LI.I1., Komuaos C.H.
Tawxenmckutl 20cyoapcmeeHubitl mpancnopmuulil yHugepcumem, Tawikenm, Y36exucman
E-mail: koliya22@rambler.ru

Annomayun: Ommeueno, ymo IKCKA8AMOPbL AGIAIOMCA NOOLEMHBIMU MEXAHUSMAMU MOOUTLHBIX MAWUH U A2Pecamos ¢
2UOPABIUYECKUM NPUBOOOM U, KAK U Opyele poOOMOmexHuvecKue CUucmemyl, YApAasIsAIomes, pasnuidHolmu memooamu. Tlokasaro,
4mo Ha COBPEMEHHBIX MAWUHAX NPUMEHSIOMCS pA3IUiHble CUCIEMbl YNPAGIeHUs, U3 HUX Hauboiee WupoKoe pacnpocmpanenue
nonyyunu adanmueHvie Memoovl ynpasienus. ODOCHOBAHO, YMO 6 CIMECHEHHBIX 20POOCKUX YCIOBUAX NPU MOYEUHOU 3aCMPOliKe
HeobX00UMO npumMeHeHue 6bICOKOMOUHBIX CIMPOUMENbHbIX MAWUH. YCmManoeneno, umo paspabomaHHas MamemamuiecKas mMo-
Oenb n0360J1s1em OYeHUmMs MOYHOCMb pabomsl paboue2o MexaHuzma 0OHOKOBUL08020 IKCKABAMOPA, NPOAHATUIUPOBATN BO3MOHC-
Hble UCHOYHUKU 2e0MEeMPUYECKOLl NOSPEWHOCIU U COCMAagums pabouyio oonacms. JJokasano, ymo npeodnoxiceHo 015 NOSbIUEHUs
moyHocmu pabouezo MeXaHu3Ma dKCKA8amopa HeckOIbKO Nymetl peuwenus Mol 3a0a4u, Komopvle NOMOZYm NOBbICUMb MOY-
Hocmb pabomul paboyezo mexanusma. Ilpeonazaemulii Mamepual NOMONHCeN COCMASUMb ANOPUMM NPOSPAMMbL YRAPABIEHUS. Pa-
60YUM OP2AHOM U CYUECMBEHHO CHUSUMb 3aMPAMbl HA UCNONb308aHUE 0OHOKOBULOBO20 IKCKABAMOPA.

Knrouegvie cnoea: 00HOKOBULOBbLIL IKCKABAMOP; MAMEMAMULECKAS, MOOENb, CUCEMA YNPAGLEH U, MOYHOCb.

Beenenne. B Hacrosiee BpeMsi HaOIr01aeTcs MOCTOSTHHOE COBEPILIEHCTBOBAHUE AaBTOMa-
TU3ALUU CTPOUTENBHBIX U JOPOKHBIX pAOOT, TAK KaK 3TO MO3BOJIIET NOBBICUTH TEMIIbI CTPOUTEIb-
CTBa U CHU3UTH €r0 CTOMMOCTh U TPyHoEMKOCTh. OHUM U3 HanboJjee YHUBEPCAIbHBIX CPEICTB
MeXaHU3al1K MPHU MIPOU3BOJICTBE 3€MIIIHBIX pabOT Ha CTPOUTENIbHBIX IJIOMIAKaX B FOPOJCKHX
YCIOBUSX SIBJISIFOTCS OJHOKOBIIOBBIE DKCKAaBATOPBI ¢ ruaponpuBoaoM [1-3]. OgHOKOBIIOBBIMU
HKCKaBaTOpaMH BbINOIHAETCS 10 38% 3eMIIIHBIX pabOT B CTPOUTEILCTBE.

CoBpeMeHHbIE CHCTEMbl MOHUTOPUHIA CTPOUTENBHBIX PA0OT MO3BOJISIOT OCYLIECTBIATh
HeNpepbIBHBII aBTOMAaTHYECKUI KOHTPOJIb [TaPaMETPOB AEKTPOOOOPYAOBAHUS U MEXaHUUYECKOTO
o0opyaoBaHus, Mpolecca paboThl SKCKaBaTopa U 00beMa BBIIOJHEHHBIX paboT, a Takxke UHHOP-
MHUpPOBATh OIEpaTopa 0 pekuMax padoThl 3KkckaBatopa. [IpuMeHeHre G0PTOBBIX MUKPOKOMITBIO-
TEPOB MO3BOJISIET BHOCUTH B MaMATh BCE HEOOXOAMMBIE JaHHBIE, TAKHE KaK T€OMETPUYECKUE pa3-
Mepbl KOTJIOBaHA, YIJIbI OTKOCOB, YroJl MOBOPOTA, BHICOTA MOJAbeMa KoBila. Bo Bpemst paboTel B
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KOMITIBIOTEP aBTOMAaTHYECKH MOCTYNAIOT CUTHAJBI C JAaTYUKOB, U 3aTEM MPOUCXOAUT KOPPEKTH-
POBKa BBITIOJIHAEMOTO 3aJIaHUs 110 OTPHIBKE KOTIIOBAaHA WM TpaHen [4].

B nocnennue roapl MMPOKO MPOBOAATCS pabOTHI IO CO3JaHUI0 CHCTEM C MPOrPAMMHBIM
yIpaBJIeHUEM PadOYMM OpraHoOM IO BEPTHKAJIBHBIM U YIJIOBBIM KOOPAMHATAM, YTO TO3BOJIAET
oOecrieunTh TPeOOBAHUS K TE€OMETPUIECKON TOUHOCTH JIHA TPAHIIEH.

Br16op Metona ympaBieHHs] pabOuMM OpPraHOM MAIIUHBI 7S 3€MJISIHBIX padoOT JOJDKEH
OBITh OCHOBAH HA 3HAHUH TUHAMHYECKHX CBOWCTB UCTIOJIb3yEeMON MAIIMHBI, a TAKXKE CTaTUCTHYEC-
KHMX XapaKTEPHUCTHUK CIIyYalHbIX BO3MYILEHHUN, TEHCTBYIOIIMX HA YKA3aHHYIO MAlIUHY.

BbricTponsMenstonuecs: ycioBust paboThl M BHELIHEH cpejibl, HEMOJHOTa HHPOPMAIUU O
JUHAMMKE MAIllWHBI, CII0)KHOCTh MOJIEIMPOBaHUS pabo4MX MPOIECCOB 3aTPYAHSIOT MPOEKTUPO-
BaHUE M HACTPOMKY CHCTEM YNpaBleHHs pabouuMMu mpoueccamu. PydnHas momHacTpoiika mapa-
METPOB CHCTEM, OCHOBAaHHAs Ha OMbITE IKCIUIyaTalluH, HE TapaHTUPYET KaueCTBEHHON pabOoThI
CUCTeM yrpaBieHus. TakuM o0pa3oM, BOZHUKAET HEOOX0AUMOCTh CO3JJaHMsl aJallTUBHBIX CUCTEM
YIIPaBJICHUS, TOJICTPAUBAIOIINXCS [10]] K3MEHEHUE BHEITHUX YCIOBUH U MMapaMeTpoB MaIInHbI [5,
6].

HeanantuBHble METOABI yIIpaBICHUS NMPEAYCMATPUBAIOT HATMUYUE JIOCTATOYHOTO 00beMa
Hanepe[ 3a/JaHHbIX CBE€JCHUI O BHYTPEHHUX U BHEITHUX YCIOBUSAX paOOThI MAIlIMHBI €111€ Ha [TpeJi-
BApPUTENILHOM CTaNH Pa3pabOTKHU CUCTEMBI, KOTOPBIE 3aTE€M HCIIONIb3YIOTCS IPU MPOEKTUPOBAHNUN
cUCTeMBbl yrpaBieHus. Uem mosiHee MHPOpPMAIIHS O XapaKTEPUCTUKAX CUCTEMBI U YCIOBHUSX €€
paboThl, TeM OOBIYHO BHIIIE KAYECTBO HEQIANITUBHOTO yrpaBieHus. Kpome Toro, cyiiecTpyomine
KJIaCCMYECKHE HeaJalTUBHBIE CUCTEMBI YITPABJICHUSI UMEIOT OJIMH 001N Cepbe3HbI HEJOCTATOK:
OHM HUKaK HE YYUTBIBAIOT 3aI1a3/IbIBAHNE PEAKLIUHU OIIEpaTOpa HA U3MEHSIFOLUECS YCIIOBHS, U OIle-
patuu 3arayOieHrs U BbITITyOJIeHUs] KOBILA OCYILIECTBIISIOTCS OIIEpaTOPOM HECBOEBPEMEHHO.

Pa3paboTka cuctem aganTUBHOIO YIPaBIEHUS OCYILECTBISETCS HHBIM 00pa3oM: aJanTHUB-
HbI€ METO/Ibl YIPABJICHUS JAOJDKHBI CIIOCOOCTBOBATH JOCTH)KEHUIO BRICOKOTO KauecTBa yIpasJie-
HUS [IPU OTCYTCTBUH JIOCTATOUYHOM MOJTHOTHI aTPUOPHON MH(POPMALIUU O XapaKTEpPUCTUKAX pabo-
4ero mpoiiecca MO0 B YCIOBUSIX HeompeneneHHOCTU. [IpuHimn paboThl aAanTUBHBIX CHCTEM
yIpaBieHUs] OCHOBAH Ha M3MEHEHUH MapaMeTPOB U CTPYKTYPHI B pe3ylibTaTe HAOMIOIEHUS U 00-
paboOTKH TeKyIel HHPOPMAIIHH.

B nacrosmiee Bpemst fokazaHa 3pheKTUBHOCTh aAalITUBHBIX CUCTEM YIpaBlIeHUS pabounm
OpraHoOM 3€MJIEPOMHO-TPAHCIOPTHBIX MAlIMH HA OCHOBE MHTEJUIEKTYaJIbHbIX HEMPOHHBIX CETEH
[5]. HeitpoceTeBbie peryasaTopsl B psijie CIydaeB MO3BOJISIOT pealin3oBaTh 0ojee 3ppeKTUBHBIC
a/IalITUBHBIC aJITOPUTMBI YIIPaBJICHUS HETMHEHHBIMU TUHAMUYECKUMH O0BEKTaMU [0 CPABHEHHIO
C TPaIMLIUOHHBIMHU.

IHocTpoenne maTeMaTH4eCKO# Mo/ies i pad04yero MeXxaHu3Ma 0JHOKOBIIOBOI'0 IKCKA-
Baropa. Haubosnee nonHoe npeacTaBlieHne 0 XapaKTepUCTUKAaX MallMHbI KaKk 00beKTa yrpaslie-
HUS JaeT UCCIIeIOBaHMUE a/IeKBaTHBIX MAaTEMaTUYECKUX MO/IEJIECH, TOJyYEHHBIX TyTeM 000011eH s
HKCIIEPUMEHTATBHON MH(OPMAIMK O MOKa3aTeNnsIX paboynx MpOIECCOB.

Ha tounocTs konanus rpyHTa pabo4rM OpraHoM OKa3bIBAET BIUSHUE OOJIBIIOE YUCIIO pa3-
JTUYHBIX (AaKTOPOB: TOYHOCTH YIPABIICHUS, 3aBUCSIIIASI OT OIepaTopa B pydHOM PEXHUME yIpaBJe-
HUS 3KCKaBATOPOM WJIM OT CUCTEMBI YIIPaBJICHUS [P aBTOMAaTU3HUPOBAHHOM YIIPABIICHUH, 3a11a3-
JIBIBAaHKE JII0O0OTO U3 STUX BapuaHTOB ympasieHus [7]. CylecTBeHHOE BIMSHUE TAKKE OKA3bIBAIOT
XapaKTEePUCTUKH I'PYHTA, HEPOBHOCTH MMOBEPXHOCTH, JOMyCKaeMbl€ MOTPEIIHOCTH MPU paboTe Me-
XaHU3Ma TUIPOLMIINHIPOB.

MoenupoBaHue MPOBOANIOCH ISl OTEYECTBEHHOI'O TYCEHUYHOTO dKCcKaBaTopa D0-2621

(puc. 1).
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Puc. 1. DkckaBarop D0-2621

Pabounii MexaHM3M SKCKaBaTOpa IMPEJCTABIAET COOOH 3aMKHYTYIO CHCTEMY IOCIEN0Ba-
TEJIbHO COCIMHEHHBIX OJHONOABMKHBIX IpymIl. ['eoMeTpudecKuil aHaIn3 KHUHEMATHYECKOM Lienn
paboyero opraHa 3KCKaBaTOpa BHIMIOJIHEH C UCIIOJIb30BAHUEM UMHUTAIIMOHHOTO MOJEIMPOBAHUS B
cpene MATLAB. U3MmeHeHus 110J105keHNUN 3BEHbEB 331a10TCSI PYHKLUUSAMHU MOJIOKEHHUS.

[Inockas mozens pabouero mporuecca KONaHWsS T'PYHTAa OJHOKOBIIOBBIM JKCKaBaTOPOM B
KaXKIbIi MOMEHT BPEMEHHU OIKCHIBAET MPOJAO0IBHBIN MpodUiIb MAJIOro y4acTka TpaHIlleu B clydae
TOPU30HTAJIIBHOTO PacIoJIOKEHUs I'yceHn4HoH 0a3bl. [losokenue padodero oprasa, a Takxke Hc-
XOJIHBIHN 1 00paboTaHHbIN NPO(UIN TPYHTOBOM MOBEPXHOCTH XapaKTEPU3YIOTCS TOJIBKO MPOJ0IIb-
HBIMHM KOOPAMHATaMU BIIOJIb oceil X U Y. I11nockas Moaess Ha OCHOBE CTPYKTYPHO-KMHEMATHYEC-
KHX CBsI3ed MPOJ0JIBHOTO MPOo(dUiIs pacKphIBaeT XapaKTepPHbIE FT€OMETpUYECKEe 0COOEHHOCTH pa-
6ouyero opraHa. Kunematnueckasi cxeMa pabo4ero oprasa npejcTaBjieHa Ha puc. 2.

1 5 8
£

Puc. 2. Kunemarideckast cxema pabodero Mexanmsma: 1 — ctpena; 2 — pyKosiTh; 3 — KOBIII;
4,5, 6 — rupporuHpsEL;, 7, 8, 9 — mroku ruaponmtHHAPOB; 10, 11 — maTyHsI

Uucno moABMKHOCTEH miiockoro Mexanusma 1o ¢opmyne [1.JI. YeOsimena [8]

W =3n-2p, — p,, (1)
rae N — 4UCIIO MOJBWKHBIX 3BEHBEB; P1 — YHCIO OJHOIOJABIKHBIX KMHEMATHUYECKUX Map; P2 —
YHCJIO ABYXITOJABMKHBIX KHHEMATUYECKUX T1ap.

Pabounii MexaHn3M 3KCKaBaTOpa, MPEACTaBICHHBIN Ha puc. 2, uMeeT N=11 moABMKHBIX 3Be-
HBEB, P1=15 0JJTHONOBMKHBIX KHHEMAaTHUECKUX Map (Touka Q BBeAeHa A yA00CTBa paccyxae-
HUH, KHHEMaTH4eCKOI mapoil He sIBIseTCs), IBYXIOABIKHBIX KHHEMAaTHUYECKUX map HeT — P2=0.
Jlnst utockoro Mexanuszma 1o ¢opmyie I1.JI. Yebbiesa [§] uncno noasmxkHocTeit W=3.

[Tnockuit pabounii MexaHu3M 3KckaBatopa YeTpa uMeeT 3 MoJBUKHOCTH, BCEro pabouunit
MeXaHU3M 3KCKaBaTopa umeeT 4 moABMKHOCTH. OG00IIEHHBIMU KOOPIMHATAMHU KHHEMAaTHYECKOH
LIEMH SKCKaBaTopa SIBISIOTCS (CM. pHC. 2):
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1) yroxa 6 noBopora miarhopMbl BOKPYT BEPTUKAIBHOW OCH;

2) nuHeitHas KoopauHara s, xapakTepu3yrolas epeMenieHUe ITOKa 7 THAPOILMIHHIpa 4;

3) nuHEeHHas KOOpAMHATA S2, XapaKTePHU3YIOILas IEPEMEIeHHE ITOKa § THAPOLMINHIPA 5;

4) nuHelHast KOOPMHATA $3, XapaKTepU3YIolIas epeMellieHHe IToKa 9 ruapoIinHapa 6.

[TonoxxeHue KOBIIIa SKCKaBaTopa, TAKUM o0pa3oM, siisiercst pynkuueit f=1(0,51,52,53) ot ve-
TBIPEX apryMEHTOB.

J11s OONBIIMHCTBA MAHUITYJISITOPOB ONPEEIEHUE KOOPAUHAT IOJI0KEHUS BBIXOJHOIO 3BE€HA
BEJIETCS C MCIOJIb30BAaHUEM MaTpHIl epexoa [9 — 11], mpu 3ToM pacueT HaUMHAETCS OT CXBaTa ¢
MIEPEX0JI0M Uepe3 CUCTEMbI KOOPIMHAT 3B€HbEB PA30MKHYTON KHHEMAaTHUYECKOH LIeNT MaHUITYIIs-
TOpa K CUCTEME KOOPAMHAT CTOWKHU. J[aHHBIM METOJ AOMYCTHUMO MCIIOJb30BaTh B Cly4ae, €CIld
WCTHHHBIC JUIMHBI 3BEHBEB SIBISIIOTCA ampuopHOM wmH(popmarmeir. B cimydae, ecimm M3BECTHBI
TOJIbKO HOMUHAJIbHbIE 3HAUYEHUS JUIMH 3BE€HbEB U HEOOXOIUMO OINpPEAETUTh [0 UMEIOLUIUMCS J10-
IycKaM MCTHUHHOE MOJIO’KEHUE BBIXOJHOTO 3BeHa (KOBIIA 3), IpUMEHEHUE JaHHOTO METOJa 3a-
TPYAHUTENbHO. BBUly BBIIIEN3I0KEHHOTO MTOCTPOCHUE KHHEMATHUECKON Moien pabodero me-
XaHH3Ma 3KCKaBaTopa CJIeyeT HaulHATh OT CTOMKHM M BECTU B HalPaBJIEHUU BBIXOJHOTO 3BEHA.

[Ipu pa3zpaboTke KMHEMaTHYECKOW MOJENH pabodyero MexaHu3Ma HKCKaBaTOpa MPHUHSTHI
CIIEyIOIIKE JOMYIEHUS:

1) paGounii MexaHH3M 3KCKaBaTOpa pacCMaTPUBAETCS KaK TIOCKUN MEXaHU3M; MPOCTPaH-
CTBEHHOE NepeMeIlleHre MeXaHn3Ma pabouero oprata onpeaesnseTcs: TOJIbKO MOBOPOTOM BOKPYT
OCH y Ha yrou 6;

2) Ha 3Tarne pa3paboTKH KHHEMATHIEeCKOW MO/IeNn paboyero MexaHu3Ma 3KCKaBaTopa B Ka-
YecTBe [UIMH 3BE€HbEB MPUHUMAIOTCS UX HOMHMHAJIbHbIE 3HaUEHHUS 0€3 yueTa JIOMYCKOB Ha M3ro-
TOBJICHHE;

3) pabota ruapounarHAPoB 4, 5, 6 paccMaTpuBaeTCs Kak MPSMOJIMHEHHOE BO3BPATHO-TIO-
CTyIaTeIbHOE IBI)KCHHE ITOKOB 7, 8, 9 10 HaINpaBIsSIONIMM COOTBETCTBYIOIINX 3BEHBEB (CM. PHC.
2); TUIPABIMYCCKUMHU SIBJICHUSIMH, & TAKKE 3ara3/bIBAHUEM OTKJIMKA JIBUKHUTEIICH Ha YITPABJIISIIO-
I[1€ CUTHAJIBI PU pa3pad0TKe KHHEMATUYECKON MOJENH PEIeHO TPeHe0peys;

4) nipu pa3paboTKe KHHEMAaTHYECKOW MO pabouero MexaHu3Ma 5KCKaBaTopa BIIUSHHE
paboThl CUJT COMPOTUBIICHUS PE3aHUIO HAa M3MEHEHUE O0O0OOIIEHHBIX KOOPIUHAT B MpoIlecce pa-
OOTHI B IEPBOM MPUOIMKEHUH HE PACCMATPHUBAETCA.

[Ipu cocraBneHnN KMHEMATHYECKOW MOIeTH pabouero MexaHnu3Ma SKCKaBaTopa 3a Hadyalo
KOOpJMHAT NMPUHSAT LIEHTP BpallaTeJIbHONH KHHEMa-
trueckor mapel B. [IpomonbHbIi nmpoduias TpaH-
HIeu OmNpeAeNnsieTcsi, IOMUMO O0O0OIIEHHBIX KOOp-
UHAT, [UIMHAMHU 3BEeHbEB KHHEMATHUECKOH 1eTIH.

OYHKINY TOJ0XKEeHHsT pabodyero MexaHu3Ma
9KCKaBaTOpa COCTaBJIECHBI Ha 6a3e FreOMETPUUYECKUX
ypaBHEHUH. B HENOABMIKHOW CHUCTEME KOOPIMHAT
MOJIOKEHHE KMHEMaTH4ecKuX map pabodero op-
raHa XapakTepusyeTcs: Uil BpallaTesIbHbIX — KO-
OpIUHATaMH LIEHTPOB Map, i MOCTYMAaTeIbHbIX —
KOOpJIMHATaAMHM KaKOW-THOO TOUKHM, Jiexalied Ha

Puc. 3. Pacuernas cxema 1y 38eHbeB 1, 7, 4 HAIMPAaBJISIONICH MOCTYNATEIbHON Mapbl U YoM
MEK/Ty BEKTOPOM IOJIOKUTEIBHOTO HAIIPaBJICHUS MOCTYNATEIbHOM Maphl U OCHIO X.

JU1st HOCTPOCHUSI KUHEMAaTHYEeCKOM MOIe Il pabouero MexaHn3Ma SKCKaBaTopa 3BeHbs 1, 7,
4 paccMOTpPEHBI KaK 3aMKHYTasi KHHEMAaTU4YeCKasl 11eMb. 3aMKHYThII BEKTOpHBIA KOHTYp AC-B
paccMOTpEH Kak TPEyrojJbHHUK co cTopoHOH CB nepeMeHHON ATUHbI, 3aBUCSAIIEH OT 00001IeHHOM
KoopauHaThl S1. PacueTHas cxema st 3BeHbeB 1, 7, 4 mpencTaBieHa Ha puc. 3.
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[Tonoxenue crpeinsl 1 B HEMOABM)KHON CUCTEME KOOPAWHAT, CBA3aHHOM C TOBOPOTHOM TUIaT-
¢dbopmoii, mpu NOCTPOEHUH MaTeMaTHYECKOI MoJenu onpezaensercs yriaoM ¢. Bzaumuoe pacro-
JIO’)KEHUE KMHEMaTu4ecKuXx nap A u B xapakrepusyercs yriioM y U SBJISETCS IOCTOSHHOM BEJIN-
9rHOM. Y101 B — ecTh pyHKIMS 00001IEHHON KOOPAMHATHI S1 M HAXOAUTCS U3 TpeyroyibHuka ACB.

2 2 2 2
Lac + (X +Y )_(LFL[1+51) (2)
2 2

2. Lye - VX2Z+Y

KoopannaTsl 1ieHTpa BpamaTenbHOi KuHeMaTudeckoi mapsl C, coenunstomeit crpeny 1 u
HITOK / TUIPOLMIMHIpPA 4, 3aBUCSAT OT yIJia @:

p=pf—y, Y=arctgx, g =arccos(

2 L,,+5)?
Xe = X —L,c -COs@ = X — L, -cos(arccos( Lac ENCTRY) —arctgé),
2L VXZ4Y2 2L, VX2 4Y?2 Y
Lhc +(XZ+Y?) (Lyp +5)°

. X
=Y +L,.-cosp=Y + L, -sin(arccos —arctg—) - (3
e S re o (2-LAC-\/X2+Y2 2 Lpe VX2 +Y? oy ©
LenTp kuHEMaTHUYecKor mapel D (cM. puc.2), coenuHstomei crpeny 1 u pykosTh 2, pH-
HaJISKUT 3BeHY 1 1 ero KOOpAMHATHI MOXKHO OIPENETUTh, 3Has YroJ { u3 anpruopHoit nHpopma-
UKW U BBIYHCIMB KOOPAWHATBI TOUKHU C. KOOpHI/IHaTI)I LOCHTpa BpamaTem,Hoﬁ KHHEMaTHYECKOU
napel D, coeuHsroniel ctpeny 1 u pykosTh 2, onpeeNsstoTCs CIeIYIOIIHM 00pa3oM:
2 2 2
Xp =Xe — (L, — LAC)-cos(g—go—z) =X — L, -co{arccos( Lo #(XT4+YT) _
2 2L, -YX2+Y?

(L +5,)° L +(X*+Y?)

- —arctgéj—(L—L )-cos ¢ —arccos(—2
2Ly X7 1Y? y) e 2Ly X7 1Y?

(Lru1+51)2 X ﬂj

- —arctg—-—
2L, -VX2+Y? V2

: n : L2c+(X2+Y?)
Yo =VYc + (L —Lac)-sin(¢ —p—=) =Y + L -sin| arcco _
2 2 Lae VX2 +Y?

(L +51)° xj . 2. +(X2+Y2)
- —arctg— |+ (L, — L) -sin| ¢ —arccog —AC -
2 Lac-VX24Y?2 Y 2 Lac-VX24Y?2
Lyyp +5;)°
__{Lrm+s) —arctgé—z}
2-Lpc - VX2+Y? Y 2

Koopaunats! Toukn E onpenenstorcs uepes3 koopauHaTsl Touek C u D crpens! 1 u paccro-
saust Lcp=L1— Lac, Lce u yron &
. T Loc +(X2+Y?)
Xg =Xe —Leg -SIN({——=—¢p+&) =X — L, -cos arcco -
2 2L, -VX?+Y?

Ly +5,)2 2 24y
( ri1 1) —arctgéj—LCE-sin(;—%arcco{ LAC +(X +Y ) _

2L X7 4Y2 2L VX7 4Y2

(Lflll + S1 )2

2L X7 4Y2

X
arctg— ;
+ gY +§)
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Lic + (X2 +Y?)
2.L,. X2

Lhc + (X2 +Y?)

(5)
2L VX2+Y?

Ye = VYe *+Lac -cos(§—%—¢>+§)=Y+LAC -sin| arcco

(Lflll +Sl )2

2L VX2 +Y?

_ (Lru1+31)2
2L VX7 4Y?

OcTanpHble y4aCTKM KUHEMAaTHYECKOM 11enu padodero MexaHu3Ma 3KCKaBaTopa paccMarpu-
BAIOTCS AHAJIOTMYHO C YU€TOM 0000IIEHHBIX KOOPANHAT S2 U s3. PacdyeT QyHKIMI M0JI0KeHNs s
KMHEMaTHYeCKOM Lenu MexXaHu3Ma pabouyero opraHa 3KCKaBaTOpa MPOU3BEIECH C MPUMEHEHUEM
MaKeTa MPUKJIAJHBIX IPOTpaMM ISl pEIICHUs 3a/1ad TeXHU4YecKuX BeruncieHnid MATLAB u pe-
AJIM30BaH HAa OTHOMMCHHOM A3LIKE ITPOrpaMMUPOBAHUS. Pe3y.]'II)TaT MMOCTPOCHHUA KHHEMaTH4IeCKOM
uenu paboyero oprana skckasatopa B cpeie MATLAB npencrasnen Ha puc. 4 B ciaydae, Korja
$1=0 MM, $,=600 MM, S3=600 MM.

OueHka nNorpenHocTel nepeMelieHus padbo4ero MexaHu3mMa 0JJHOKOBIIOBOI0 IKCKAa-
Batopa. OleHKa MOrpelHoCTel epeMelieHus: pabouero Mexanusma BeIeTCs [0 CXeMe pacyeTa
KUHEMaTU4YeCKOM 1enu, OT BXOJHOTO 3BEHA

—arctgé + L - COS (—%arcco

X
+arctg—+ ¢ |
9y g

| i (cM. puc. 2 cTpena 1) K BHIXOZHOMY 3BEHY
(xoBuI 3) myTeM mapaMeTpUYecKOro aHajan3a
-3600 -3000 -2400-1800-1200-600 o| 4 (Meronom  Makcumyma-MuHHMyma)  [12].
_—m ~aw  JaHHBIA PacyeT MPOBOIAMTCS C YYETOM CH-
E7c ?z’)\\ _600 CTEMBI JIOITYCKOB M MOCA/I0K, a 3aKOH paclpe-
E; S JIeJICHUS] IEPBUYHBIX OIINOOK B JJAHHOM CITy-
Fl 4 ~1200 yae HEBa)KEH, TaK KaK MPOU3BOAUTCS HCCIIe-
) _1800 noBaHue Haunbosiee HEONIAroMpUSATHBIX OT-
N{ %’ D KJIOHEHHH 0e3 ydera BEpOSITHOCTH MOSIBIIE-
N ~2400 HUs Takoro ciydas. [Ipu aToM paccmaTtpuBa-
T ﬁ \ 3000 IOTCSl TOJIBKO TeoMeTpudeckue OomuOku 0e3
ydeTa KMHEMaTHKH OO0OOILIEHHBIX KOOpAHU-
-3600 HAT.
-4200 PaccmoTpen 3amkHyThIM KOHTYp A-C-
Puc. 4. PesynbTar noctpoenns knunematnieckoii uern B 3BeHbeB 1, 7, 4. Jlnst onpesienieHnst OTKIIO-
pabouero oprana skckasaropa B cpeie MATLAB HEHHUS METOJAOM IapaMETPUUYECKOI0 aHaau3a

K HOMUHaJIbHBIM pa3MepaM 3B€HbEB IPUOABIIAIOTCS UX PEeIbHble OTKIIOHEHUS U HA OCHOBAaHUU
pacueToB CTpOsATCS HOBble KOHTYpbl A’-C’-B’ — B ciiyuae MakcumMyma BceX MpeeibHbIX OTKIIO-
HEHUI Bcex 3BeHbEB U A”-C”’-B” — B cilyyae MUHUMYMa BCEX MPEJEIIbHBIX OTKIOHEHHUM BCEX 3Be-
HbEB KHHEMAaTHYECKOH LIeMu.
OYHKIMS TOT0KEHUS f=f (51, LAC + ALAC, Lml +ALFU1) touku C' ans xonrypa A-C/-B/
cBsizaHa ¢ pyHKuuel nonoxeHus Touku C ucxoaHoro koHTypa A-B-C cnenyromum oOpa3om:
Xor =Xo + X3

Yor =Ye +AYr-
U3 cooTHommenHit (6) ¢ yaeToM ypaBHeHHit (3) NOTPENIHOCTE KOOPAMHATHI Touku C BhIpa-
KaeTCs Tak:

(6)
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(Lac + AL )2 + (X2 +Y?) (LFH1+ALFU1+51)2 J

=(L,. +AL,.)-cos arcco - -
Lo 2-(LAC—ALAC)-\/X2+Y2 2. (L —AL,o) VX2 4+Y?

(7)
(X2+Y ) (LFU1+81)2 X
—arctg— j -CO arccos( —arctg— |;
" { 2. |_AC AXZEY? 2L, A X24Y?
L, +AL,,. +5,)?
Ay, = (L +AL,c)-sin| arcco (Lac +ALg)" + (X7 +Y7 ) _ (Lrs it S)
2-(Lpe —ALc) VXZ+Y?2 2-(Lye AL, ) -V X2 +Y?
(8)
X . 2. +(X2+Y?) (L +5,) X
—arctg—J—L -sin| (arccog (—2< - —arctg— |
y) ¢ [ {Z-LAC-\/X2+Y2 2.L,. X 4Y? Y
Jlns koutypa A — C" — B mosxHo 3ammcats aHamorm4Hbe COOTHONICHNS:
X = Xe + X (9)
yC// =Yc +AyC//- (10)

[Tocne nmpeobpazoBanus 1Mo aHAIOTHH ¢ cooTHomeHusMH (9) u (10) ¢ yueTom BeIpaKeHUI
(3) MOkHO 3amuCaTh:

2 (X7 4Y? Lo +5, )2
AX —LAc-cos{arccos[ L + (X7 +Y7) (L *s) JarCtgé](LACALAC)'

2L VXZ4Y? 2L, VX2 +Y?

- 2 2 1y? L.,.—AL, . +5s )
-cos(arcco{(l"*c AL, )+ (X7 +Y )_ (Flll i1 ») J_arctgé}

2 (Lpe ALy ) VX2 4+Y2 24 (Lo AL, ) VX7 +Y?

2 (X2 4Y? Ly +5,)°
AY —LAc-sin[arcco{ L t(X2+YT) (L *s) JarCtgéj(LACALAC)'

2L, VX24Y2 2L, X2 +Y?

- 2 L(X24Y? Ly — ALy, +5, )

-sinl arcco (Lac —AL )+ (X" 4Y )_ ( 11 i1 ») —arctgé}
2-(Lye —AL,) VX2 4+Y2 2-(Le —AL,c) VX% +Y? Y

[upuny obaacTu, B KOTOPYIO nomaaaer Touka C, UMeromas MmorpenHoCcTh BHYTPH TOJIS

J0ITyCKa, BJOJIb oceit a6cu1/1cc H OpAWHAT MOKHO BBIYHUCIIUTL CICAYIOIIUM o6pa30M:
he = ‘Axc, +Axc,,‘;

(11)

(12)

(13)

hyC Z‘Ayc/ +Ayc// .

C yuetom Beipaxkenuii (9), (10) u (12) u (13) MoxkHO peoOpa3oBatTh:
(LAC + AI—Ac)2 + (X 2=y 2)

(L,. +AL,.)-cos arcco -
e e 2-(Lye —AL,) VX2 4Y?

h,c :‘Axc, +Axc,,‘ =

(Lrul + ALrul +5; )2 X J
- —arctg— |—(Lyc —AL,c)-
2-(Lpe —AL) X2 4Y? Y e e

— 2 2_y? L, —AL,, +s,)?
.cosl arcco (LAC ALA(:) +(X Y ) . ( gl i 1) _arctg> X j‘
2-(LAC—ALAC)-\/X2+Y2 2-(Lye —A- LAC)\/X +Y?
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(Lac +AL) +(X2+Y2)

2-(Lye —AL, ) VX2 +Y?2

hyC = ‘Ayc, + Ayc// ‘ =

(Lac +AL,c) -SIN [arcco{

(Lrul + ALFL{l +S; )2

X
_ 2-(L,e _ALAC)'\/W}_arCtQVJ_(LAC “AL)-

- 2 24vY2 L, —AL,,, +5,)?
-sin[arcco{(LAc ALyc)” +(X7+Y7) (L it S1) J_arctgéj‘.

(14)

2 (Lpe —ALe) VXZ4Y? 2 (Lpe —A- Ly )WX?+Y?2

[Tomosxenne Toukn D omuckBaeTcs Kak cymMMa NoJioxeHus Touku C W jomyckaeMoi 1o-
rpemHocTH HHBI Lep=L1—Lac. [Torpemnocts ALCD onpenensercs u3 pasmepnoit nenu A-C-D:

2 24y? L,  +AL,y,, +5,)°
Xpr = X —(Lac +AL,c)-cos| arcco (Lac +ALx) +(XT+Y7T) (Lri 1+ $1) —
2-(Lae +AL) VX2 4Y2 2- (Lo + AL ) -/ X2 +Y?2

(Lac +AL)? +(X2+Y?)
2-(Lpe +AL,g) VX2 +Y?2

L, +AL,,,, +5,)° 2 24Y?
(b i+ 51 —arctgi—zj—X+LAc-cos arccod e T(XHYT)
2-(Lae +ALy) -/ X2 +Y?2 Y 2 2Ly -VX2+Y?

L, +S5,)? 2 2 2
__ b ts) —arctgéj+(L1—LAc)cos ¢ —arcco Lpe + (X7 +Y7) -
2-Lye-VX24+Y? Y 2-(Lae —ALy) -V X2 +Y?2

— arctgéj — (L +AL — L, —AL,)- cos{g“ — arcco{

L, +S5,)?
_ ( i1 1) —arctgé—zj;
2 Lye VX2 4Y?2 Y 2

(Lac +AL ) +(X2+Y?) (Lyy + ALy +5,)° 3
2 (Lo + AL, ) VX2 +Y2 2- (Lo +AL,) -V X2 +Y?

Yo =Y +(Lac +AL,c)-sin {arcco{

(Lpc +AL ) +(X2+Y?) ~

2-(Lye +AL, ) -V X2 +Y?

Ly + ALy, +5,)° _ 2 24Y?
_ L * ALy ) —arctgl—zj—XJrLAc-sm arccod e T YD) (15)
2-(Lye +AL,c) VX2 +Y? Yy 2 2Ly X2 4Y?

L 2 2 2 2
Crnts) J—arctgé}(g—LAC)sin[g—arcco{ Lae +(XT4+Y7)

—arctgé)—(L1 +AL —L,. —AL,.)-sin [g—arcco{

2Ly X24Y? 2Ly VX2 +Y2

_ (Lru1+51)2
2Ly XZ+Y2

[MIuprHa 06JACTH BO3MOXKHBIX MOJIOKeHHH Toukn D ompemensercs anamoruyao (14).
OcTtanpHbple y4acTKM KMHEMaTHYeCKOW Ilenmu pabodero MexaHW3Ma SKCKaBaTopa paccMarpuBa-
FOTCSI aHAJIOTUYHO € Y4eTOM OOOOILIEHHBIX KOOPAMHAT S2 U s3. PacueT QyHKIMI NOJI0XKEeHUs IS
KHHEMaTUYeCKO! Lenu padoyero MexaHu3ma 3KCKaBaTopa ¢ y4eTOM MOTPELIHOCTEeH U3roToBjIe-
HUS 3BEHBEB LIENU IPOU3BECH C IIPUMEHEHUEM 1aKeTa IPUKIIAJHBIX IPOrpaMM Ul PELLICHUs 3a-
nad TexHndeckux BeranciaeHniit MATLAB u peanu3oBaH Ha OJJHOUMEHHOM SI3BIKE IPOTPAMMMPO-
BaHusa. OONacTh BOZMOKHBIX MOJOXKEHUN pexylieil KpoMku KoBiia 3 (Touku Q) (cMm. puc.2) B
MOMEHT Bpe3aHUs B TPYHT Ha JIHE TpaHIien riryouHoi 2.4 M (pu s1=0 mm; s2=300 MM; s3=200MMm)
npeJcTaBieHa rpaduuecky Ha puc. 5:

—arctgé—zj
Y 2)
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: 24Y? Ly ++8)°
xD"_X+LAC-cos[arcco{ Lie +(XC4YT) (b #4S)) Jarctgé)

2L VXZ4Y? 2:L, X2 4Y?

Lic"‘(xz"‘Yz) (Lru1+31)2 X ﬂj_

—(L, —L,c)-cos & —arcco - )— arctg———
" 2L, VX24Y2 2L, -IX2+Y? 2

(Lac—ALae)* +(X2+Y?)  (Lyn—Alyn+s)’ )_

— X +(L,. —AL,.)-cos arcco -
e ( {2-(LAC—ALAC)-\/X2+Y2 2-(Lye—AL, ) VXZ1Y2

_ 2 2, y2
—arctgéjJ,(Li +AL1_LAC_ALAC)‘C05 £ —arcco (LAC AI-Ac) +(X7+Y )_
Y 2-(Lpc —ALpc) VX +Y?

(L — ALy +5, )’ ]_amtgx nj;

2-(Lac —ALyc)- VX?+Y?

2 Ly ++S,)°
yD”—XLAC-sin[arcco{ Lo+ (X247 (L +4s) Jarctgéj

2L VX24Y2 2.1, X2 4Y?

H LZ +(X2+Y2) (LF ]_+S]_)2 X T
— (L, —L,c)-sin| & —arccog —A€ - 1 arctg——— -
" 2L, VX24Y2 2L, /X2 4Y? 2

SALPH(XE4YE) (L= ALy +s,) J .

: (Lac
=Y +(L,. —AL,.)-sin| arcco
e e [ {2 (Lic +AL, ) VXZ4YZ 2. (Lio+AL) VX2 +

X : (Lye —AL, ) +(X?+Y?)
—arctg—j+(L1 +AL —L,. —AL,.)-sin| { —arccog ~—4< AC —
Y e 2.(Le —AL,.) VX7 1Y?

Ly = Al +,)° —arctgé_fj.
2 (Lo —AL,c) -V X2 4Y? 2

B noctpoenHoit 00:1acT BO3MOKHBIX MOJIOKEHUHN yKa3aHa ToUKa Q — MOJI0KeHUE pexyieit
KPOMKH KOBIIIa 3 HKCKaBaTOpa B MOMEHT BPE3aHUs B IPYHT Ha JHE TPaHILEU PU UeaTbHOM BbI-
MOJIHEHUHU BCEX 3BEHHEB KMHEMATHUECKOH 1enu Oe3 morpemHocteld. B moctpoenHoi obnactu
TaKk)Ke 0TMEUYeHbI TOUKU Qmax B Qmin — MOJT0XKEHUS PEXYIIeH KPOMKH KOBIIIA PU aHAIIN3€ TOUYHO-
CTH BO3MOXKHBIX OTKJIIOHEHHI METOJI0M MaKCUMyMa-MHHUMYMa, rie Touka Qmax MoJiydyeHa npu
MpeieTIbHOM MaKCUMAIbHOM OTKJIOHEHUH BCEX 3BEHHEB KHHEMATUYECKOU e , a Qmin — Ipu mpe-
JeTbHOM MUHUMAaJIbHOM OTKJIOHEHUHU. B ciyuae mpoBeneHus aHaau3a TOYHOCTH METOJOM IMapa-
METPHUYECKOTO aHalIn3a 00JIaCTh BO3MOXKHBIX TOJIOKEHUH COCTaBiseT 4.7 MM BJIOJIb OCH a0CIIHCC
1 20.6 MM BII0JIb OCH OpauHAT npu periaamentupyemoit CHull 0.05 m [13 — 16].
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JIOTIOTHUTENHHO B 00JIACTH BO3MOXKHBIX TMOJIOKEHUN TOUKK Q pexyIiel KpOMKHU KoBIIa 3
(cM. puc. 2) BBEJIEH pacueT BO3MOXKHBIX

l J, Mm MOJIOKEHUH TOYKH Q (TpU BBHITIOTHE-

HUM BCEX 3BEHbBEB KHUHEMATHYECKOU

-3600 -3000-2400-1800-1200-600 o| A 1eny 0e3 MOrpelHOCTeW U3TrOTOBJICHUS

_\& x}-;-f-m 3BEHBEB — IMEA B BULY, ITO H3MEHEHHE

N IIOTPEIIHOCTEN M3TOTOBJICHUS 3BEHBEB

-600 B Ipoliecce paboThl FTOTOBOIO IKCKaBa-

1200 TOpa HEBO3MOKHO) C YYETOM T'€OMET-

\ PUYECKUX MOIPEIIHOCTEN IIPU ITepeMe-

1 0u -1800 HIEHUH IITOKA TUApOLMINHApa. B ciy-

3 ‘il o Hae y4era reoMeTPHHECKHX OTPENIHO-

- -2400 CTEH MpH NEePEMENICHUH IITOKA THIPO-

\ _3000 LHIHHpA 007acTh BO3MOJKHBIX I0OJIO-

JKEHWW CYIIECTBEHHO paclIMpseTcs U

-3600 cocrasnger 57.1 MM Bmonb ocu abdc-

muce u 133.5 MM BIOJIB OCH OpJIMHAT,

-4200 9YTO B HECKOJIKO Pa3 MPEBBIIIACT pe-

Puc. 5. O6macTe BO3MOXKHBIX MOJIOKEHUH PEXYILEH KPOMKH rnamentupyemoe CHull 3Hauenue 0.05
KOBIIIa B MOMECHT BPE€3aHUA B I'PYHT Ha JHE TpaHIICHU M.

BoiBoabl. [1o pe3ynpTaTaM MaTeMaTHYECKOTO MOJICTUPOBAHUS MOJTydeHa 00IacTh, B KO-
TOPON MOKET HaXOJUTHCS PeXxyllas MOBEPXHOCTh paboyero opraHa SKCKaBaTopa B Juara3oHe
BO3MOXHBIX TIOTPELUIHOCTEN MepEMEIEHUsI BCEX 3BEHbEB KUHEMAaTUYECKOM 1IeTH OT MaKCHUMallb-
HbBIX 10 MUHUMAJIBHBIX oe3 yd€Ta 3ama3abIBaHusl. B cJ1ydac NpoBEACHUA aHalIn3a TOYHOCTU METO-
JIOM ITapaMeTPUUECKOro aHajin3a 001acTh BOZMOXKHBIX MOJIOKEHUH cocTaBiisieT 4.7 MM BJIOJIb OCH
aocmucc u 20.6 MM B10JIb OCH opauHAT npu permamerTupyemoit CHull 0.05 m. B ciiyuae yuera
reOMETPHYECKUX OTPEIIHOCTEH MPU MEPEeMEIEHUH IITOKA THAPOLUIUHIPa 0071aCTh BO3MOMKHBIX
MOJIOXKEHUH CYIIECTBEHHO pacCIIMpseTCs U cocTaBisieT 57.1 MM Baoabs ocu abcmuce u 133.5 Mm
BJIOJIb OCH OPAMHAT, YTO B HECKOJBKO pa3 npesbimaet periamentupyemoe CHull snauenue 0.05
M.

J1J1s IOBBIIIEHUSI TOYHOCTH pabovero opraHa 3KCKaBaTopa, a 3HAYUT U MOBBIIICHHUS] TOYHO-
CTH BBIEMKH I'pyHTa pab04YUM OPraHoOM, MOKHO MPETIOKUTh HECKOJIBKO MyTel pelIeHusl.

[lepBrlif myTh perieHus mpooieMbl HU3KOW TOYHOCTH BBIEMKH TPYHTa SKCKaBaTOPOM MO/I-
pa3ymeBaeT MOBBIIIEHHE TOYHOCTH U3TOTOBIICHUSI 3BEHbEB, 4 TAKXKE MOBBIIIEHHE TOUHOCTU pa-
00ThI TUAPOLMIMHIPOB, YTO HEU30€KHO MPUBEIET K 3HAYUTEIILHOMY MOBBIIIEHUIO CTOUMOCTH Jie-
Tajei sKckaBaTopa.

BTtopoii myTh pelnienys NoCTaBIeHHON 3a/1a4i — MOBBILLIEHUS TOYHOCTH BBIEMKH IPYHTA pa-
00YMM OpPraHoM 2KCKaBaTOpa — 3TO MOJA00P pallMOHATBLHOW METOAUKH YIIPaBIEHUS, 0OeCcieurnBa-
olei TpeOyeMyro TOYHOCTh paboThl, 6€3 BHECEHHS M3MEHEHUN B KOHCTPYKIHIO SKCKaBaToOpa.
JlaHHBIN MeTOJ MpeacTaBiseTcsl HanboJee MPeAnoYTUTEIbHBIM, IIOTOMY YTO HE TpedyeT cyie-
CTBEHHBIX 3aTpaT, a TAK)KE MOXKET MPUMEHATHCA Ha yXKE CYIIECTBYIOIIEM 000PYAOBaHUHU TIPH HC-
MOJIb30BAHUH CIIEIHAIBHOM MPOTpaMMBbl YIIPABICHHUS.
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K K. Pycmamos, LLLIIL. Anumyxamedos, C.H. Komunos. bup upmuunu sxckagamop uwi op2anu Xapaxkamu aHukiu-

2UHU Maxunu

Annomayusn: Dkckagamopaap 2uopasiuK 10pummacuea 32a 6ynean Mooun MauuHaNap 64 azpeamiap Kymapuui mexa-
Husmapuoan ubopam 6yau6, ynap 6owxa pobom musumiapu Kabu mypau ycyaiap ouian boukapunaou. 3amMoHasuil MauuHaLa-
poa mypau xun 6OWKAPYs MU3UMAAPU KPILAHWIAOU, MOCIAULY84aH GoOwKapuwl ycyunapu sue kene mapkanean. Lllaxapnune mop
W wapoumuoa tyn Kypuiuuiu i0Kopu aHUKIUKOA2u Kypuiuu mawunanapuoan goridananuwiny manad xuraou. Muinab wukunean
Mamemamux Mooen 6up YyMUUAU IKCKAGAMOPHUNS UL MEXAHUSMUHUHE MYSPUTUSUHU OAXONAW, MYMKUH OYI2aH 20MEMPUK XAMO
Manbanapunu Maxauwl KUl 6d uw MauooOHUHY my3uul UMKOHUHY 0epadu. DKCKAGAMOPHUNE Ul MEXAHUSMUHUHS AHUKTUSUHU
SAXUWUTAUW YYYH MAKOA0A YOy MYaMMONY XAA KUIUWHUHE OUp Heud YCYLIapu maxkiug)y smunaou, 6y 2¢a uwl MexanusMuHuHe
anuKIUeUHY sSxwunawea époam 6epaou. Taknug smunaémean Mamepuanl uwiyu OpeanHu GOwKapuuwl 0acmypu aieopummuHu
mysuwea époam 6epadu 8a GUp YYMUUIU IKCKABAMOPOAH (POUOANAHUWL HAPXUHU CE3UNAPTU 0apaNCcaod KaMaumupaou.

Kanum cyznap: 6up uymuunu 5KkcKasamop; MamemMamuk Mooeib, GOWKaApYe Musumu; AHUKIUK.

K.J. Rustamov, Sh.P. Alimuhamedov, S.1. Komilov. Precision analysis movements working device of shovel excavator

Abstract: Excavators are lifting mechanisms of mobile machines and units with hydraulic drive. They are controlled by
different methods like any other robotic systems. Modern machines have different automatic control systems. Adaptive management
methods are the most widely used. Construction of buildings in close urban areas requires using of precision machinery. The
developed mathematical model allows to evaluate the accuracy of the working mechanism of the shovel excavator to analyze the
possible sources of geometric errors and to compile the workspace. The article proposes several ways to solve this problem, which
will help to increase the accuracy of the operating mechanism. The proposed material will help to create a program to control the
working device and significantly reduce the cost of using the shovel excavator.

Keywords: shovel excavator; mathematical model; automatic control system; precision.
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Annomayusn: B cmamve ompadicenvl 060CHOBAHUS YeNecO0OPAZHOCIU NPOBEOCHUS. HAYYHBIX UCCLeO06AHUL NO PaA3pPa-
60mKe mexHoN02UU NEPEUYHOT 0OPABOMKU XIONKA-CHIPYA C USMEHEHHBIMU NAPAMEMPAMU NPOYECCA CYULKU U OYUCTIKU O METKUX
COpHbIX npumeceil. B pe3ynbmame npogeoeHHbLX Meopemuieckux U IKCRePUMEHMANbHBIX UCCLe008AHUL pA3PAOOMAH CYWUTbHO-
OUUCIUMENbHYLIL A2pe2am, NPU UCHOLb308AHUL KOMOPO2O U3 HbIHE CYUeCm8yioue2o npoyecca 0y0ym UCKIIOYeHbl MenI02eHepa-
Mmop, ObIMOCOC, OAPAOAHHAS CYUUTKA, KOTOKOBO-0apAOAHHbIL OYUCIIUMETb XAONKA-CbIPYa U MPAHCROPMHOe CPeOCmB80, nepeoa-
roujee XI0noK-coipey on CYWWiKy Kk ouucmumento. IIposedentoie uccied08anus NOKA3any, Ymo npu UCHOIb3068aHUlU npediazae-
MO2O CYWUNLHO-OYUCIIUNENBHOO azpecama (Npu 80CbMu OUCKAX) 81a2oomobop modcem docmueams 2—3 %, a ouucmumenvholii
aghghexm no menxomy copy — 34 %, m.e. ouucmumensvhwlii dhhexm gviute, uem y SKCHIYAMUPYemMo2o 8 HACMosiujee PeMs KOIKOBO-
bapabanrozo owucmumens 1 XK.

Knrouegvie cnosa: xionkogoe 0N0KHO, NPOYECC CYuKU U OUUCTIKU; COPHbIE NPUMECU, CYUUTbHO-0UUCTIUMETbHBLIL de-
pezam; menyio2eHepamop; 6apabanHas CyWuaKd, OYUCmumenb X10nKa-cobipyd.

BBenenue. XJI0MKOBOE BOJIOKHO SIBJISIETCS BBHICOKOMMKBHAHBIM MPOAYKTOM Ha MHUPOBOM PBIHKE.
Kak mokasanu qaHHble MeKIYHAPOIHOr0 KOHCYabTaTHBHOrO Komurera mo xinonky (ICAC), «Bemxyummu
CTpaHaMH I10 TIOCTaBKe Ha BHEITHUI PHIHOK XJIOMKOBOTO BoJIOKHA siBIIsTtoTCs Kutaid, CIIA, Mamus, [laku-
ctaH, baarnmagem, Eruner, bpasunus u Y306ekucrany». [1o maHHBIM TOH K€ OpraHU3aIMK MTPOrHO3HUP OBa-
JIOCHh yYBEIIMYCHUE TTPOM3BOJICTBA XJIOMKOBOTO BOJIOKHA HA 5.1% (22.48 MuH T.), a cripoc - Ha 1.7% (24.09
MITH T.) B ce30He 20202021 r. OgHako, HECMOTPS Ha TO, YTO BO MHOTHX CTpaHaX BO3JENBIBACTCS XJIOMOK,
OCHOBHBIMU M3TOTOBUTEISIMH OOOPYAOBAaHMHN Ul XJIONMKOOYMCTUTENBHOW HMPOMBIIUIEHHOCTH S BJISIOTCS
1pu ctpanbl — CLIA, Kutaii u Y36ekucran [1].

B cBs3u ¢ yBenuueHueM o0beMa TPYJHOOUHUINAEMbIX CEIEKIMOHHBIX COPTOB XJIONKa U yBEJInde-
HUEM IO XJIONKA, COOMPAaEeMOro MalliHaMU, Mepel XJIONKOOYH CTUTEIbHON MPOMBIIUIEHHOCTBIO CTOSIT
MIEPBOOYEPEIHbIE 3aJaUn: CO3/JaHHE U BHEIPEHUE HOBBIX TEXHOJOTWH, MAIIMH M MaTepHaloB, KOTOPbIE
IIPEBOCXOMAT JIyUIlIE OT€IECTBEHHbIE 1 MUPOBBIC AHAJIOTH.

Jn1s IOBBIIEHHS PEHTA0ENIBbHOCTH MPEANPHUIATUS UMEETCS 1Ba IIyTH: peau3auus NPOAYyKIHU T10
BBIF'OJJHOH LI€HE ¥ MAaKCUMAaJIbHOE CHIKEHUE Peain3yeMoi IIPOAYKIUH.

Kak nokasainu MHOro4MciI€HHBIE UCCIIENOBAHNS, IPOBEICHHBIE Pa3HbIMU BEAYILMMH yIEHBIMU B
HaIpaBJICHUH CYLIKH XJIONKA-ChIPIIA, B HACTOALIEE BpeMs Ha IPENIPUATHIX XJIOIKOOUYUCTUTEIBHOH Ipo-
MBILIJICHHOCTH MPOLIECC CYLLIKU BCE elle SBIAeTCs MaIod(PEeKTUBHBIM 1 BHICOKOHEPr03aTPaTHBIM.

Anamm3. Umeromascs nHbopMalys 1Mo paHee NPOBEACHHBIM HCCIEIOBAHUSAM IpoLecca CYIIKH
[I0KAa3ajia, YTO BCE MCCIIEAOBaHMS OBUIM NPOBEACHBI, B OCHOBHOM, IIO Y3KOMY HAIIpaBJIIEHUIO, U3Yy4ajcs
TOJIBKO CaM MPOLecC CYIIKK WM KOHCTPYKIHHU CYIIMIOK. [IpruMeHsieMblii Ha IpakTHKE TEXHOIOTHYECKHU
periaMeHT MepBUYHON 00paOOTKHU XJIOMKa COCTaBJIEH 0e3 ydeTa BBIIIENepEUNCIEHHBIX (PAKTOB, TaK Kak
paHee He ObUIM NMPOBEAEHBI HAYYHBIE MCCIEIOBAHUS 110 W3YyUYEHHUIO BJIMSHMS BPEMEHHU CYILIKH XJIOIIKA -
ChIpLIAa Ha MOCJIEAYIOIINE IIEPEXO bl TEXHOIOTHYECKOr0 MpoLecca U IMIaBHOe — Mpolecca JKUHUPOBAHUS
u npeccoBanus. OTcyTcTBYeT HH(GOPMALIUS O HAYYHBIX UCCICIOBAHUSX, IPOBOJUMBIX B JAHHOM Halpas-
JICHUH 32 PyOexoM.

Panee B «IJHUUXmnpome» ObLIM pa3paboTaHbl METOAHMKH 10 SKCIEPUMEHTAILHOMY OMpeerne-
HUIO IIPOYHOCTH M CUJIBI pa3pyLICHUs KOKYPbl CEMEHH B JTa0OPATOPHBIX YCIOBHIX. DTH METOIUKH MOTYT
MOCITY)KUTh OCHOBaHHEM IJIsl Pa3pabOTKM HOBBIX METOAMK IO ONPENENICHHUIO BJIMSHHUS BPEMEHHU CYIIKU
XJIONKA-ChIpLa Ha MPOYHOCTh KOXKYPHI CEMEHH, CHJIbI IPUKPEIVICHUS BOJIOKHA K CEMEHHM M pa3paboTKu
CTEHIOBBIX YCTAHOBOK JIS1 HKCIIEPUMEHTAIBHOIO OIPECIICHHN 1 BIMSHUS BPEMEHH CYIIKH Ha MOKa3aTeNn
nporecca HKUHUpoBaHus. TakuM o0pa3oM, MOKHO OTMETHTD, UTO AaHHas MpobieMa paHee He U3yvajach
1 HE UMEET MUPOBBIX aHAJIOTOB.

YcTaHOBNIEHO, YTO MPSIMOTOYHBIM OapabanHbiM cymmikam tuna 2Ch-10 npucymu cnenyrome
HEIOCTAaTKH:

[0 JJINHE U TONEPEeYHOMY CEUEHMIO BBICYIIMBAEMBIM XJIOMOK-CHIPELl paclpenensercss HepaBHO-
MepHO. OOpasyrorcsi cBOOOJHBIE OT XJIOMKA-ChIpLa 30HBI, MO KOTOPHIM IHOCTYMAIOUIMNA TEIUIOHOCUTENh
TPAH3UTOM YXOIUT U3 CYHIMJIKH U 3TO MIPUBOAMT K 3HAYUTEILHON TOTEpE TeIa;

TEIUIOHOCUTENb O JUIMHE U TIONEPEeYHOMY CeueHHIo OapabaHa paclpeAersieTcsl HepaBHOMEPHO.
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Ero cpennsist ckopocTh pu BXoje B GapabaH cocTaisieT 7-8 M/c, HO Ha MOcIeTHNX MeTpax OapabaHa ma-
maer 10 0.1-0.4 m/c;

KOHCTPYKTHBHOE oopmiieHHE OapadaHa CYIIMIKA OTpaHUYMBAET CKOPOCTH MTOCTYMAIOMIEro Tel-
noHocuTens B kamepy. C 1enbio IpefoTBpalleHts: YHOca MOCTYIAIOMIEro BIaKHOTO XJIONKa -ChIPIIa BJOJIb
OapabaHa CKOPOCTh TEIJIOHOCUTEIS MOIepKkuBaeTcs B npeaenax 0.6—1.5 m/c;

MOTPaHUYHBIN CITOW, 00pa30BaHHBINA HAa TIOBEPXHOCTH BJIAYXXKHOTO MaTepHalia, CO3AA€T MPENATCTBHE
Ui iepenayn Teria. CkopocTs nocrynaromero teroHocutens (0.6—1.5 m/c) s TypOyau3anuu mnorpa-
HUYHOTO CIIOS SIBJISIETCSI HEJIOCTATOYHOW. B CBSI3M ¢ 3THUM TEIIo B MaTepual MepeiaeTcs JIUIIb TerIonpo-
BOJTHOCTBIO CJIOS, YTO CKa3bIBaeTCAd B 3aMEAJICHWU Mpollecca TerioBiarooOMeHa. MUHUMA IbHOE BpEMsI
peObIBaHMS XJIOMKa-ChIpIa B 6apabaHe paBHO 5—6 MUH, TIPX 3TOM BpeMst aJACHHsI XJIOMKa-ChIPIIA C JIOoma-
ctert cocrasinser juub 1.0—1.5 muH. Bee octanbHOe BpeMs XJIOMOK-ChIPEl] HaXOJUTCA B 30HE TaCCUBHON
CYIIKH, T.€. B 30HE OABEMa Ha JIOMACTSX.

Kak wm3BecTHO, B HACTOSIIMH MOMEHT B TEXHOJOTHMYECKOM IpOIlecce MEepBHYHONH 00paboTKh
XJIOIKa BpeMs CYIIIKH HE PErJIaMeHTHPYETCS, XOTS 3TOT MOKa3aTellb OKa3blBaeT CYIECTBEHHOE BIIMSIHUE HA
KadecTBEHHBIE ITOKa3aTeI KOHEYHOM MPOAYKI MU — XJIOITKOBOI'O BOJIOKHA U XJIOITKOBBIX CEMSAH. B xauecTBe
XJIOTNKOBBIX CYIIMJIOK UCTIONB3YIOTCS OapabaHHbIe CyNIMIKH. BHYTpH CYIIHIIKH XJIONOK -CHIpEl] ITo{Bepra-
ercs JUIMTeNbHON cymke 10 6—10 MuH.

JlnuTenbHas CyIIKa XJIOMKa-ChIpIa BeeT K ePeCyIIMBAHUIO HEe TOIHKO BOJIOKHA, HO U XJIOIKOBBIX
CeMsH, a, KpOME TOro, — K M3IUIIHEN 3aTpaTe 3JEKTPOIHEPTUU U TorumBa. [lepecyiika BOJIOKHA MOXET
MOJIOKUTENFHO CKA3aThCsl B MPOIIECCE OUMCTKH XJIONKA -ChIPIA OT COPHBIX MPUMeECEH, TaK KaK BBICYIIEHHOE
BOJIOKHO JIYYIII€ OYHUINAETCS OT COPHBIX NIPUMeECE, HO TIepecyIKa CEMsIH OTPHUIIATEILHO CKa3bIBACTCS Ha
MPOLECC JKUHUPOBAHUSL.

[Tpn nepecymmBaHUN BOJIOKHA, CEMSH U OCOOCHHO KOXKYPBI CEMSH BO3pacTaeT UX XpyNnKocTb. B
pe3ynbTaTe B Ipolecce JDKHHUPOBAHMS PacTeT YKOpauMBaHNE BOJIOKHA, YTO CHIKAET MPSIUIBHO -TEXHO-
JIOTUYECKHE CBOIMCTBA U €CTECTBEHHO BEJIET K CHI)KEHMIO LICHHOCTH BOJIOKHA. PacTeT onmymeHHOCTh ceMsH
MIOCIIe JDKMHA H3-3a TOTO, YTO BOJIOKHO OTPBIBACTCS HE OT KOXKYPHI CEMEHH, a JIOMAeTcsl Ha MecTe repermnda
y 3y0a musl. [Ipu oTpbIBE BOJIOKHA OT CEMEHH, B PE3yJIbTaTe XPYHNKOCTH KOXKYPBI CEMEHH, pa3pyIIaeTcs
KOXYpa CEeMEHH H B HTOT€ pacTeT 00pa3oBaHUE IIOPOKOB BOJIOKHA — KOXKHUIIA C BOJIOKHOM M OUTHIE CEMeHa,
9TO BEAET K CHIDKCHHIO KauyecTBa BOJIOKHA Ha HECKOJIBKO KIIacCOB. Pa3pymieHne KoxXypsl CeMsH CIoco0-
CTBYET yXYALICHHIO KauecTBa CeMsH. JUIMTENbHBIN HarpeB TakKe BeJET K BHICYIIMBAHUIO Spa CEMEHH,
9TO OTPHIATEIHHO CKAa3bIBAETCS Ha BCXOXKECTH TOCEBHBIX CEMSIH M MOKET OTPa3NThCS Ha BBIXOJIE Macia y
TEeXHUYIECKHX ceMsH. [lepecyIika BOIOKHA TaKXKe OTPHLATENFHO CKa3bIBAETCS HA MPOLECCE MPECCOBAHMS.
13-3a BBICOKOH YIIPYTOCTH BOJIOKHA KUIIBI BOJIOKHA MOTYYarOTCs JISTKOBECHBIMH, UTO BEJIET K IIEPEPacxXomy
TapOyNaKOBOYHBIX MAaTEPUAJIOB, HEIOTPY3Y BarOHOB M K YaCTOMY pa3pyLICHHIO OOBSI309HBIX MOSICOB.

Ha ocHOBaHMM BCero BBIIEPHBEICHHOI'0 MOYKHO YTBEPKAATb, YTO JEHCTBYIOMINI HA CEroIHsII-
HUH JIeHb TEXHOJOTUYECKHI peryiaMeHT TpeOyeT cephe3HOi MOICPHHU3AINH C HCIOJIB30BAaHHEM PE3yJIbTa-
TOB HaYYHBIX UCCIIETOBAHUH 10 N3YYEHHIO BIMSHHUS BPEMEHH CYIIKH XJIOIKA -ChIpIa HA MPOLECC [PKUHH-
POBaHMs, KOTOPBIA IMO3BOJIMT CHU3UTH PACXOJIBI JIEKTPOIHEPTHH, TOIUIMBA U ITOTEPH BOJIOKHA, YIydIIUTh
Ka4ecTBO BhIPa0aThIBaEMOM IPOTYKIIUH.

Llenbio TaHHBIX HAYYHBIX HCCIETOBAHUI SBISETCS pa3paboTka MOJEPHU3NPOBAHHON TEXHOIOTUU
MEPBUYHON 00paOOTKH XJIOMKA-CHIPLA, MO3BOJISIOMICH CHU3UTH PACXOABI 3JIEKTPO3HEPTHH, TOIUIMBA, a
TaKoKe YITYYIINTh KA4eCTBO BBIPA0ATHIBAEMOI ITPOIYKIIHH.

JU71st BBITIOTHEHUST TAHHOM paOOThI PeyCMaTPUBAIOCh TIPOBECHUE TEOPETUIECKUX U IKCIEPH-
MEHTAJIbHBIX UCCIIE0BAHUI KaK B JaOOPAaTOPHBIX, TaK U B IPOU3BOACTBEHHBIX YCIIOBUSX, pa3paboTKa HO-
BBIX METOJMK IT0 TOCTAHOBKE YHUKAJIbHBIX JJAOOPATOPHBIX MCCIEAOBAHUI MO ONPEEICHUIO N3MECHEHHUS
CHJIBI OTPBIBA BOJIOKHA OT KOXKYPHI CEMEHHU B 3aBHCHMOCTH OT BPEMEHH CYILIKH, TPOSKTHPOBAHHUE M N3O~
TOBJICHHE CHEIUABHBIX JJA00OPaTOPHBIX CTECHIOBBIX YCTAaHOBOK.

B mpomecce cymku XJ10mnka-chIpiia IMeeT OnpeaeseHHOe 3HaUeHHe MCEBI00KIKEHHOE COCTOSTHI S
XJIOMKOBOM MAacChl IPH €€ CYIIKE B CYIIMIKAaX 0apaOaHHOIrO TUTIA.

duznyeckas KapTUHA MCEBIO0KMKEHHOTO COCTOSHUS XJIOMKOBOH Macchl B 0apaOaHHBIX CYILIHII-
Kax IpsSMOro JISHCTBUS MPEACTAaBIISAET COO0I HNPKYISIIUOHHOE ABIKEHE MaTepHala OTAENbHBIMU YacT U-
[IaMU ¥ CHETUBIIMMUCS TPYNIIaMU ITPU HAJMYUU XaOTHYECKOTO JIBYKEHUS MU PY3HOHHOTO THIIAa Hanbo-
Jiee JIETKUX M3 HUX (MEJIKHE COpPHBIC IPUMECH, CBOOOIHOE BOJIOKHO U Jp.) [ 2]. MexaHu3M JBMKEHUS Ma-
TepHaja ONMpeAeNeTCs CIyYaiHBIM XapaKTepOM CHJI TIOTOKA CYIIMIBHOTO areHTa U BHY TPEHHHM YCTPOM-
CTBOM CYIIMJIBHOH KaMephl, KOTOPbIE MPUBOIAT K Pa3pyLIEHHIO U HOBOOOpa3oBaHuio rpymil. [Ipuunnoit
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00pa3oBaHusl CLUEIIICHHUS JIETYUEK XJIOMKA-ChIPIa MEKAY COOOH M ¢ COPHBIMU MPUMECSIMUA MOTYT CITY>KUTb
ANEKTPOCTATHYECKUE CHJIBI M 33 CUET TUTPOCKONMUYHOCTH, OCOOEHHO [T MENKOH (hpaKuuu.

CraTucTHYeCKU XapaKTep MPOLECCOB B CYIIMIILHON Kamepe 3aTpyAHSET ONHCAHUE CTPYKTYPHI
TICEBIOOKMIKEHHOTO CJI0SI, MTOCKOJIBKY ISl 3TOr0 HEOOXOMMO ONpeeNeHIe CPSAHNX 3HAUCHUH IUPKYJIs-
LUOHHON CKOPOCTH, KaK OTAENBHBIX YaCTHII, TAK M CIIEIHUBILMXCS TPYII, a Takke dddexTuBHOro kod3hdu-
nuenTa auddys3un. s onpeneneHns dTHX MoKazareneid Heo0X0IuMo 00padboTaTh OOBIIOE KOIHYECTBO
W3MEpEHHH TI0CIIeIOBATENLHBIX MOJIOKEHUH HaOII0JaeMO YaCTHIIBI IPU MOJISTUPOBAHUY ITpoliecca B Oa-
pabaHHBIX CYIIUIIKAX.

OnHako 3Ty 3a/1a4y MOXHO YIPOCTHTh, PACCMAaTPHBas MOTOK CYIIMIBLHOTO areHTa B OapabaHe Kak
OJTHOPOJHBIN, B KOTOPBIM MOCTOWHO BBOIATCS YaCTHUIIBI XJIOMKOBOM Macchl. CyTh METOMA 3aKIII0YaCTCs B
HCIIOJIb30BAaHUHU 6aHaHCHBIX COOTHOIIIEHU M IIpHU YCJIOBHHU CyHICCTBOBAHHA YHHUBCPCAJIHLHOI'O J'IOFapI/I(bMI/I‘IC-
CKOT'O pacrpe/iefieHHs CKOPOCTH Ta30BOro MoToka. du3nyeckast CyIHOCTh 3 TOTO 3aKII0YAETCS B TOM, UTO,
HECMOTpsI Ha U3MEHEHHEe MPOQHIIsl HECYIIeH cpellbl, IIPU BXOJIC B HEE YacTHUI] MaTepuaa, B sape MOToKa
coxpaHseTcs TypOyJeHTHBI MEXaHU3M MepeHoca UMITyJIbca, a BOM3N — obevaliku OapabaHa 3a cueT Mo-
JIEKYJISIPHOM BSI3KOCTH. JTO TO3BOJISIET PACCMOTPETH JIBUKECHUE OXKKEHHOT'O CJI0sl MaTepuana, Kak JBUxKe-
HHE OIHOPOAHOU cpembl. EcTecTBeHHO, MPO(HIIbE CKOPOCTH MOTOKA B SApE MMEET JIorapu(PMHUYeCKUi, a
BOJIM3K OOeUaliKy JIMHEWHBIH XapakTep. 3aMeTHM, YTO YKa3aHHBIC JAOMYIIEHHS 00 JIer4aiT TakXKe aHaH-
THYECKOE PACCMOTPEHHE TEMJIO- U MacCOOOMEHa B IICEBAOOKHUKEHHOM CJIO€ IIPYU NIPUMEHEHUH CTPYHHBIX
TEUEHUM.

PaccmoTprM mocTaBiieHHYIO 3a/1a4y JITsl CITy4aeB pa3indHOW KOHIICHTPAIMU 10 (GPaKIUsM XJIOI-
KOBOH MaccChl.

[Momaraem, 4TO JeTy4ka XJIOMKa-ChIpla (MJM JIpyras COCTABIISIONIAS XJIOMKOBONH MACCHI) MOCIE
BXOJIa €€ B IOTOK C ITOJ/bEMHO-JIONACTHOM cHCcTeMbl OapabaHa MPOXOJUT HEKOTOpoe paccrosiuue h mox
JeWCTBHEM CHJIBI TPABUTALIMY, COBEpIIAs IPH 3TOM OpPOYHOBCKOE IBMDKEHHE 0[] AEHCTBHEM IOTOKA, Xa-
paktepusytomierocs 3¢hdexTuBHEIM kK03 dunuenToMm nuddy3un D. Torma momusiii auddhy3nOHHBINA TT0-
TOK, MMPOXOSIINN B TpaHHIaXx obedaiiku Oapabana, B Oe3pa3MepHBIX BEIMYWHAX OMPENENTUTCS BhIpaXKke-
HUEM BUJAA

axhdgdt = D3| hgdt = p(nydr, 1)
nlr=h
rae x — ynkuus beccens; d; — 3meMeHT paccMaTpuBaeMoro KoHTypa; C — KOHIIEHTPaL|s 9acTUI] MaTe-
puana; N — HopMalb K KOHTYpY; Y (7)dT — GYHKIHS MIIOTHOCTH BEPOSITHOCTH.
DTO MaeT BEPOATHOCTD TOTO, YTO YACTHIIA TIPOHIET 3aJaHHbBIN ITyTh N 3a HEKOTOPBIH MPOMEKYTOK
BpeMeHH dr. [IpumMensis npenmoxeHHbi M.CMOITyX0OBCKUM METO[] OIPEeNICHUs] PACTIPEAEIEHHS BEPOsT-

HOCTH BPEMEHHU JOCTIDKEHUS MAJafolUMH YaCTUIIAMHA KOHEYHOW TOYKH ITyTH, TPH YKa3aHHBIX yCIOBUSX,
B BHIIE

Y@t =2 (re%) zexpl-(1 - R (40) " dr @
HaXOOUM 3HaYCHNE NCKOMBIX XapaKTEPUCTUK BPEMCEH!
t=v"1; (E)_l =vh ' +2D-h7% T = h%u~2 + 2D -hv~3;
ty=D v 2(/9+PZ-3), 3)
rae t, — BeposTHOE 3HaUCHHE IPOMEKYTKA BpeMeHH; P, = % — kputepuii [Teke.

Pemas nonyyeHHble ypaBHEHHSI, HAXOIUM 3HaYEHUSI CKOPOCTHU ABUKEHUS YaCTULIBI U BEIUUUHY €€
LUPKYISILUY B BUAE 3aBUCUMOCTEN
h h2 711 1
o=t w0 =[]
t 2 Lt t

IMockonbky Hac uHTEpecyer Benumurna D npu Pe >1, To BeIpaskenue i D ynpomaercs u uMeer
suy D=h?/6t,.

VuuThIBast anee, 4To MepeMeIieHIue YaCTUI] XJIOMKOBOH MACChl IPOUCXOAUT B OTPAHUYEHHOMN 00-
JIACTH W, CJIEIOBATENBHO, MPOSBISETCA BAMSHUE KOHIEHTPAIMHM HA MX LUPKYJISALUIO, IPUMEHSS METO.
KBAHTOBOM MEXaHUKH JIOIYCKAs, YTO IIOTHOCTh BEPOATHOCTH KOHIIEHTPAIIMH OIUCHIBAETCS yPaBHEHHEM

Hupaka C(r, 0)=4(r), moatomy coctaBum ypaBHeHue quddy3uu B Buie
oc _9%¢c_ pac 4)
at  an? ean’ (
rae 17 — 6e3pa3MepHas KOOpJHHATA.
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Pemast 570 ypaBHeHWe Tpu rpaHudHbix yernoBusx ) = +1, C(+£1,n7) = 0 HaxomuM cyMMapHBbIi

MOTOK uepe3 TPaHUIly B BUJE

dc

Y(t) =-D Ix

4D dc
x=h dx

x=—h
U ero u3o0paxeHue
ChP,

() =—=;,
Cch /S+P§’

OPUTHMHAJ KOTOPOT'O IIPEACTABISACTCS OBICTPO CXOASIIUMCS OSCKOHSUHBIM PSIIOM

P P? . K Pét 2
P(©) = ChZexp (-2 1) nZP(-DF K + D xexp [-E @K +12] ()
Jyis onpeeNieHust BpeMeHH JBM)KCHUS YaCTHIIBI 10 oOeualiky J1ocTaTouHo npoauddepeHnupoBarth nep-

BBI€ JIBA UJIEHA PsJia, a 3aTeM MPUPABHSATH TPOU3BOJAHBIE OT 3TOM CyMMBI K HYJIIO. Torjaa noiayyum
1+971p2
T, = 0.16 + 0.06 In ——=% . 6
4 + 1+P2g—2 ( )
3aTeM, yUYUTHIBAs BIUSTHUE KOHIICHTPAIIUN YACTHUI] HA HHTCHCUBHOCTH ITYJIbCAIINH HECYIIEH Cpebl,
PacCMOTPUM CTPYKTYPY OCAKJIECHHUS CJIOS XJIOMMKOBOM MaccChl o GpakiusM. s 3Toro ucmons3yeM aHa-
JINTUYECKOE OMMUCAHUE CUJIbl COMPOTUBIIEHUS, JEUCTBYIOIIENH CO CTOPOHBI HECYILIEN CPE/bl, C HU3KUM YHC-
JioM PeliHoMb/Ica Ha YacTHULIbI C YCIIOBHBIMU paJidycaMu 7!
P; = érur;fi(a)(v — vy),
rae (4 — ko PUITHMEHT BA3KOCTH TTOTOKA; U, U1 — COOTBETCTBEHHO CKOPOCTH ITOTOKA M YACTHIIHI;
1

a ={6mm, + |36m?m3 + 24mrm, (1 - gp)i :(2 —3p)— byHKUMS pacmpenesieHUs] YacTHI[ MaTepHu-

ana; m; = [ n(r)r"dr — MoMeHTHI QyHKIMHU pacTipe/ieieHus yacTull 1o MaccaM n(r); p = 4(3mgm) ™t -
o0beMHast KOHIIEHTPAIIHS YaCTHII.

Jlist yrpoIeHns: paccMOTPEHUS OyJIeM TI0JIaraTh, YTO XJIOIMKOBAsk Macca COCTOUT M3 YaCTHIl TPEX
pa3MepoB C YCIOBHBIMHU PainycaMH I JIETY4eK XJIOMKa-ChIpIa CPEIHEro pajanyca 1 KPYIHbBIX COPHBIX MPH-
Meced paJuycoM 2 U MEIKUX COPHBIX IPUMeECEH pajuycoM I3 U X KOHI[EHTpAIUeH COOTBETCTBEHHO p1,
p2, p3. Torna GyHKIMK UX pacrpeeneHus o MaccaMm OyIyT UMeTh BUJT

3 (p1 P2, P3 3 (P1 P2, P3
m=rlzrere) meamGr )
1 2 3 2 3
MOJICTABUB KOTOPBIE B BRIPAXKEHUE JIJISI & W BBENS YIPOIICHUS, TIOTYyIHM
4,5(p+Ap,+Bp3)+20,5(p+Ap,+Bp3)?+17,8(p+Cpy+Dp3)(1—1 Sp)%

ar = 2-3p ) (7)

meAd=2-1, B=2_1, c:(r—2)2—1; D =(r—2)2—1.
L& T3 1 T3

Kak nokasanm MHOIOYHCIICHHBIE IKCIIEPUMEHTAIBHBIC NCCIISIOBAHUS U MPAKTUKA SKCILTyaTaluu
OapabaHHBIX XJIOMKOCYNIMIIOK, THAPOIMHAMUKA HECYIIeH Cpellbl OKa3bIBaeT CYNIECTBEHHOE BIIHMSHUE HA
KOHIICHTPAIMIO MEKKUX (PaKIUil M BechMa HECYIIECTBEHHOE — Ha JIETYYKH XJIOMKA-ChIPIa U KPYITHBIH cop.
B cuny uznoxxeHHoro pi1 u p2 — const. CootHotenue (7) XapakTepus3yeT pocT BETUYHUHBI (L B 3aBUCHMOCTH
OT YBEIIMYCHUS KOHIICHTPAIIMU MEJIKHX YaCTHIL, T.€. p3 (Bo3pacTaeT KOd(QPHUIUECHT CONMPOTUBIICHUS UX JIBU-
YKEHHIO).

PaccMoTpuM Terephb CTPYKTYpPY MepeMEIleHHs YaCTHII MaTepHaia B TICEBIO0KIKECHHOM CJIOE TTOJT
BO3JICHCTBHEM CHIIBI TSDKECTH U CONPOTUBIICHUSI IOTOKA HECYLIEH cpelibl ¢ ydeToM u3noxeHHoro. Cocra-
BUB ypPaBHEHUSI BH/IA

4d;
b, i) — 1) = — 2%
1 .
fi(“)=1+(x7’i+m, i=123
nu pa3pe]].[a${ X OTHOCUTCIIBHO CKOpOCTI/I ABHUKCHUA MCIIKHUX YaCTHUIL, HOJIyIII/IM
(r1+1)2f1(@) fo(@)
=[1- h@ 1Y (8)

v
VYupoctus cootHomeHue (8) u npoauddepeHIpoBaB ero 1o BENUYMHE &, HAXOAUM a_al < 0. Crne-
AOBATCIIbHO, CKOPOCTh MCIIKUX YaCTHUILL y6BIBaCT MO0 MCpPC YBCIIMUCHUA UX KOHIICHTPALIUU.
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3arem, IpuHUMAasi BO BHUMaHKE BIMSHHUE BpallleHus1 OapabaHa Ha 3aKpyuMBaHHE IMOTOKA U COOT-
BETCTBEHHO HAa JTUHAMMUYECKHE XapaKTEPUCTUKU YAaCTHUI[bl, COCTABUM YPaBHEHHUE €€ JABM)KEHUS Mo Jei-
CTBHEM CHJIBI TSDKECTH B Hecyllel TypOyJIeHTHOH cpene:

Srha="5rbg + 5ol — 5@ - 5y), ©)
rae Ci — KO3 QUIMEHT COMPOTUBIICHUS YaCTHIIBI; 0 — YCKOPEHHUE, Peliasi KOTOPOe OTHOCUTENBLHO BEKTOPa
yckopenus (npu C=0.3), Haxoaum

a=g+0,19p,(pr) 0 — U, (U — By). (10)
BBens moHATHE CKOPOCTD 3aKpy4YHBaHUS IIOTOKA HECYILEH Cpeibl v, (KOTOopast 00bIYHO B OapabaHax
XJIOMKOCYIIUIOK ObiBaeT B npenenax 0.6-0.8 M/c) u ucmonb3yst mpreMbl BEKTOPHON alreOphbl, COOTHOIIIE-
uue (10) npoauddepeHupyem Mo coCTaBIAIONIMM MPOSKIUH, TOIyYUM ypaBHEHUE JBHKCHHS
5. B, Lx_ 0,19%[(1 —0,)2 + v2]%5(1 - U,);

o Y @ T VR g
TE=0192[(1 - 0,)? + 05?5,
rae o, R — mpoekiuu Ha OCH KOOPAUHAT; ¢ — yroJi TIOBOPOTa.

T[IpoMHTErpHpOBaB TH YpaBHEHHUs NPH HAYATbHBIX YCIOBHAX t = 0; X = ¢ = U, = Uy # 0,R=1
HaXOJMM, YTO C YBEJTHMUYCHUEM KOHIICHTPAIIMH CKOPOCTh YaCTHII MEJIKON (pakiiiu MEHbIIIE, YeM Y KPYITHOM.
3aTeM, HCTONB3ys ONpefeNeHHe TMOTOKAa Macchl dacTui |=pip1w? W THOTOKAa HX SHEPrHH

Q = p;v3v~1, HaxomuM, YTO MPH OCAXKIEHUH MaTepHana Ha obedaiiky 6apabaHa Menkne GppaKIMy OKa3bl-
BAalOTCS CBEPXY.

[Ipomecc Temno- u BIaroodMeHa B 6apabaHHBIX CYNTHIIKAX PACCMOTPHUM TOJBKO ISl BTOPOTO TIe-
puona mporiecca Cymiky. J[eao B TOM, 9TO mepBasi KpUTHUECKasi BIKHOCTD ISl XJIOMKA -ChIpIia Wiy1=26%
[3], a ocHOBHast Macca XJIOMKa MPOXOIHUT CYIIKY TPU UCXOAHON BIQKHOCTH HUYKE ITOTO 3HAUCHUSI.

JInist aCHMMETPUYHOTO OOTEKaHMsI YaCTHIbI XJIOMKOBOW MacChl YpaBHEHHE KOHBEKTHBHOIO Mepe-
HOCa MOXKET OBITh 3aITHCaHO B BHJIC

ac _ 19 ac 1 (. ,0C\ P ac | vgacC
5 = (75) F e as (0 55) — T (0 51+ 2250). (11)
e 6 - yrioBasi KOOpJIMHATA; ' — PaJMalbHAsT KOOpANHATA.
CocTaBmstontiue CKOPOCTH U, U Ug ONHICHIBAIOTCS uepe3 GYHKIINN P YpaBHEHHUSIMHU BUIA
1 oy 1 Ay
T T 12sin6 96’ Yo = ingor

[Monaras, 9To B HAYAILHBIA MOMEHT KOHIICHTPAIIMS YaCTHIl B pacCMaTpUBAEMON 30HE Be3Jle OJIU-
HakoBa, ypasHenue (11) Oymem paccmaTpuBarh npu rpaHuuHbIX yeiaoBusx Cl=1=0; C/i_.=1. IIpu sTOM
WHTCHCUBHOCTD TEIIOO0MEHA, B COOTBETCTBUU C OCHOBHBIM YPaBHEHUEM KUHETUKHU CYIIKH, OMUCHIBACTCS
3aBHCHMOCTBIO BUJIA

du
Q(T) = poﬁRvE(l + Rp), (12)
e T — JIUTENBHOCTh NpoLecca; f — yeabHas TEIIoTa HCIapeHus; R, — OTHOIIEHHE 00beMa YaCTUIIb K

ee MOBEPXHOCTH; Ry, — kputepuii Peounnepa; dU — huKCHpOBaHHOE 3HAYEHHE BIIarOC OJEPIKAHMUS, @ HHTEH-
CHBHOCTH BJIarooOMeHa BETUYHHON MOIHOTO J¥i(h(dy3HOHHOTO TIOTOKA

I = 2nDaC; [I (g—f)rzl sin 6 d6. (13)

B nenmom, cootHomenue (12) MOXHO yIIPOCTHTE C HETbI0 00JIETYeHHs €T0 PeIIeHUs, IS Yero J10-
CTATOYHO BBECTHU 3aBHCHMOCTH MEXIy KpHTeprueM PeOrHIepa 1 TEKyIUM BIarocoiep>kaHieM MaTepraa
BUIA

R, = A(U — U™,
rae A u n — HEeKOTOpBIE BEITMYHMHBI, ONpe/esieMble SKCIIEPIMEHTAIBHO (JITS XJIOMKa-ChIPIa BIAKHOCTBIO
8-30% A =0.1; n=6); U, — paBHOBECHOE BIaroCOJAEPKAHHE.

CKOpOCTL CYLIKH OIMUCBIBACTCS YPABHCHUCM BHU 1A
daw

——— = x'N(wy — wp)", (14)

rae X' = 0.06 — oTHOCUTENBHBINH KOAPOHUIIUEHT CYIIKH, HE 3aBUCSIIHI OT ITApaMETPOB PEKUMA CYILIKH U
¢u3nvecKux pazmepoB yacTuil; N=1,2; w,, ®p — BIaXHOCTh MaTepHala HCXOJHAsI U paBHOBecHas1; N — cko-
POCTB CYIIKH B IEPBOM TEPHUOJIE.
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TeMnepaTypy HarpeBa MaTepuajia MOKHO OIIPECACINTL U3 YPABHCHUS BUA

t=t.— mauchl {1-exp[-m(U-1U,)]}, (15)

rae a=28-10"3; T.=0.7, m=12; t. u T. — TemnepaTypa Hecylle# Cpebl.

[Ipu opranmszanmy mporecca CyIIKH XJIOMKa-ChIplia Ba)KHO 3HATh TEMIIepaTypy HarpeBa ero Imo-
BEPXHOCTU ¥ OCOOCHHO BOJIOKHA, TIOTOMY I MH)KEHEPHBIX PacueToB MPH BBIOOPE peKUMa CYIIKH COOT-
HoueHue (15) MOXXKHO MpeaCcTaBUTh B BUJIE

T, =T,— N®*3(T.-T,),
rae Ty — TemnepaTypa MOKpOTro TEPMOMETpA.

[IpomomxuTensHOCTh MPEOBIBAHUS XIIOMKA-CHIPIIA B CYIIMIIKE B 3aBUCHMOCTH OT BEIWYHHBI BJIa-
rocheMa MOKHO OTIpEeNeTUTh, IPOUHTETpUPOBaB ypaBHeHHE (14)

_ Wo~Wxkpy + (me_“’p)l_n 1= ( Wo—Wp )1—71 16
= N (1-n)x'N Wypy —Wp ' (16)

[IpakTuka 3xcmmyataruu cymmiok 2Ch-10 mokassiBaeT, 4To MPH ONTHUMAJIBHBIX PEXUMAaX CYLIKH
XJIOIKa-ChIpIia Barootoop cocrapisger 700 kr/a mpu npousBomutenbHocTH 10 T/9 o MaTepuanmy. Bpems
npeObIBaHMS XJIOMKA-CHIPIA TIPH 3TOM COCTaBIsieT 5—7 MHH. MaKCHMaNbHO JOIMyCTUMasl TeMIlepaTypa
HarpeBa xJjomnka-ceipiia 70°C orpaHMYMBAET NMPUMEHEHHE CYIIMIBHOIO areHTa TEMIIepaTypOl BBIIIE
250°C. IloaToMy NpH pelIeHnH BBIIETPUBENEHHBIX YPAaBHEHNUH, CBSI3aHHBIX C TEMIIEpAaTypoil MaTeprasa
Wiy are’Ta cymkd, BenrnuruHbl 70°C u 250°C SBAAIOTCS TpaHUYHBIMHU YCIIOBHSIMH.

Takum 00pazoM, T CO3/IaHUS YCIOBUH BBIIENICHUS] MEIKUX (Ppakimii (OHU JIOJDKHBI TP OCaKJIe-
HUY MaTepuaa IonajaTh MO XJIOIOK-ChIpell, a He CBEPXY) U MHTEHCU(UKAIUK Tpoliecca HEOOX OJUMBI
MEpOIIPUATHS, CBSI3aHHbIE HE C IIOBBILIEHUEM TEMIIEPATYPBbI, & C U3MEHEHHEM I'MIpOJMHaMuIec Ko oocra-
HOBKH B CIIO€.

Pe3ynbTaThl. B pamMkax qaHHOM cTaThi pa3paboTaH CyIIUILHO-OYMCTHTEIbHBIN arperat [4], mpu
WCIOJIb30BAHUN KOTOPOTO M3 HBIHE CYIIECTBYIOIIEro Mpoiiecca Oy1yT UCKITIOUYEHBI TEIIOreHepaTop, Jbl-
Mococ, OapabaHHas CyIINIKA, KOJKOBO-0apaOaHHBI OYUCTUTENh XJIOMKA-CHIPIIa U TPAHCIIOPTHOE CpPE/I-
CTBO, IIEPEAAIOIIEE XJIOMOK-ChIPEL] OT CYLIMIKH K OYUCTHUTEIIIO.

Pazpaboransr paboune depTexu IEHCTBYIOMIET0, JA00PATOPHOTO MaKeTa CYITHUIHHO -OYACTUTEh-
HOI'O arperara, M3roTOBJIEH MAaKeT, CMOHTHPOBAaH B TEXHOJOI'MYECKYIO JIMHUIO NEPBUYHON 00pabOTKH
XJIOIKa B yueOHoM abopaTopuu kadeapsl [IOHB TamkeHTCKOro HHCTHTYTa TEKCTHILHOMN M JISTKOU MTPO-
MBILJICHHOCTH.

IIpoBenens! ucciaenoBaHus Mo onpeneneHno 3Q(HEKTUBHOCTU CYHIKH M OYUCTKH OT MEIKUX COp-
HBIX TIpUMecei.

[IpoBeneHHbIe UccIEqOBAHUS [TOKA3aIU, YTO MIPU YCTAHOBKE B CYIIMJIBHO-OYHCTUTEIHHOM arpe-
rare (Ipu BOCEMU JIUCKaX) BIAr0OTOOP MOXKET HOCTUTATh 2—3 %, 8 OUHCTUTENBHBIH 3P GEKT IO METKOMY
copy — 34 %, T.e. ounCTUTENbHBIN 3(GEKT BhILIE, YeM Y SKCIUTyaTUPYEMOro B HacTodllee BpeMsi OapabaH-
Horo ouncturens 1XK.

Pa3paborana 610K-cxeMa CHCTEMbl aBTOMaTHUECKOT 0 PErYJINPOBAHUS TEMIIEPATYPHI B CYLIMIIBHO -
OYHMCTUTEIBHOM arperare.

[IpenBapuTenpHBIE pacdeTsl YKOHOMHYECKOH d(h(PEeKTHBHOCTH TIOKA3BIBAIOT, UTO OHA OYIET cocC-
TaBiATh Oonee 100 MIIH CyMOB Ha OZIMH XJIONKO3aBOJ B TOJl, CHOCOOCTBOBATH YIIyUIIEHHIO KOOI HYECKOH
00CTaHOBKHU U YCIIOBUH TpyAa.

[To pesynpratam uccnemoanmii moiay4eH nateHt PY3 UZ FAP 00972 «CymuisHO-09UCTUTENh-
HBII arperat».

3axiroyenue. 1. B pe3ynpTare npoBEeACHHBIX TEOPETUIECKUX U IKCIIEPUMEHTAIBHBIX HCCIIE0Ba-
HUH pa3paboTaH CyIIMIbHO-OYMCTUTENBHBIN arperar, Ipy UCIOIb30BaHUN KOTOPOT'O U3 HBIHE CYILECTBY-
IOLIEro mporecca OyAyT MCKIIOUEHBI TeMJIoreHepaTop, AbIMOococ, OapabaHHas CyIIMiKa, KOJIKOBO-Oapa-
OaHHBIN OYHMCTHUTENb XJIONKA-ChIPLa U TPAHCIIOPTHOE CPEACTBO, MEPEAAIOIIee XIOMOK-ChIPEL] OT CYIIHIKH
K OYHCTHUTEINIO.

2. IlpoBeneHHbBIE MCCIENOBAHMS [TOKA3aIIH, YTO IIPH YCTAHOBKE B CYLIMIIBHO -OYUCTUTEIILHOM arpe-
rate (IIpY BOCBMH JTUCKAaX) BIATOOTOOP MOXKET AOCTHTATh 2—3 %, a OUUCTHUTENBHBIN 3PPEKT 10 METKOMY
copy — 34 %, T.e. OUMCTUTENbHBIIN 3(EKT BBILIE, YeM Y SKCIUTyaTUPYyeMOro B HacTosee BpeMs OapadaH-
Horo ouuctutens 1 XK.
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M. Azzamos, M.M. A23amoe. Kypumuwi-mo3zanamw ycKyHacuoa uCCUKIUK 64 MAcCca aiMAuiUHUWL HCAPACHIAPUHU
xucoonaw

Aunomayua: Maxonaoa naxma xom awécunu 0acmiabky UWIaw MexHOIOSUACUHY UAA0 YUKUWOA Y32apmupuiean
KYPCamKxuyny Kypumuul 6a Maioa ugpnociukiapoan mo3anau JHcapaéuu oytiuya uimuil u3naHuuIapHu YymKazumHune MaKcaony
acocnapu Kenmupuiean. Ymxazwiean Hazaputi 6 madicpubasuil usIaHUUMIAP HAMUICACUOA X03UpOd Masdicyo Jcapaénad Kynna-
HULYBYU UCCUKTUK UULIAO YUKAp2UY, XA60 cypaud, bapabaunu Kypumeuy, naxma XoM auwiéCuHu mosanoguu Ko3ukiu oapabarn,
naxma xom auiécunuy Kypumeudoan mosaiazuyed y3amysuu mpaHcnopm 0CUMACUHU Yemaaumupean Xon0a U084y Kypumui-
mosanau ycKyracy wunab 4ukuiou. Ymxazunean usianuuap wyHu Kypcamouxu, makiug) sununaémearn (8 ma ouckrapoan
ubopam) Kypumuwi-mo3anaut YCKyHacunu Kyuiauoa Hamaux axcpanuwu 2-3 % eaua, maiioa ugpnociuxiapoan mosaniauw camapa-
Odopaueu aca 34 % eaua emuwiu MymKuH, SoHU mo3anau camapadopaueu xo3upoa Kyrnanunyeyu 1 XK xosuxnu-6apabannu mosana-
SUYHUKUOAGH 10KOpU 6Y1a0u.

Kanum cyznap: naxma monacu, Kypumuui 8a mo3anaui s#capaéuu, ugaoc apaiawmanap, Kypumuu 8a mo3aiau Mocid-
MAcCU, UCCUKTIUK 2eHepamopu, 0apabaniu Kypumeuy, naxma Xom auécunu mo3aiacuy.

M. Agzamov, M.M. Agzamov. Calculations of heat and mass transfer processes in the drying and cleaning unit

Abstract. The article reflects the justification for the expediency of conducting scientific research on the development of
a technology for the primary processing of raw cotton with modified parameters of the drying process and cleaning from small
litter impurities. As a result of the theoretical and experimental studies carried out, a drying-cleaning unit was developed using
which a heat generator, a smoke exhauster, a drum dryer, a peg-drum raw cotton cleaner and a vehicle transferring raw cotton
from the dryer to the cleaner will be excluded from the current process. The conducted studies have shown that when using the
proposed drying-cleaning unit (with eight disks), moisture extraction can reach 2-3 %, and the cleaning effect on small litter is
34%, i.e. the cleaning effect is higher than peg-drum cleaner 1XK which is currently using.

Keywords: cotton fiber; drying and cleaning process; litter impurities; drying and cleaning unit; heat generator; drum
dryer; raw cotton cleaner.
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JloKTOpy TeXHHYeCKUX HayK, mpodeccopy AHBapy Adayiaesnuy PusaeBy — 70 jer

AnBap Aonymiaesud Pusaes ponuics B ropoje Tamkente 24 urons 1952 r.
B ceMbe crykamuXx. [locne okonganus cpequeit mkoinsl B 1969 r. nmoctynmi Ha Me-
XaHWYecKni QaxynbreT TallkeHTCKOro monutexaudeckoro mHerutyta (Tamlld,
HbIHE — TalIKEeHTCKUI TOCYIapCTBEHHBIN TEXHUYECKU YHUBEPCUTET ), TIOCIIE 3aBEP-
HIeHNS y4eObl TOTYy4UII CTIeUaNbHOCTh «HXKeHep-MexXxaHuK».

[Mocne okonuanus TamlI B 1974 r. AuBap AGmyiaeBUY NOCTYITHI Ha pa-
6oty B UHCTUTYT MeXaHUKU U celicMocToiKocTH coopykeanid AH PV 3, rae u no
ceil JIeHb YCIIeNIHO MPOAOIKAET CBOIO HAyYHYIO JeATeIbHOCTb.

[on pyxoBoacTBoM akanemuka X.X. YcMmanxomkaeBa A.A. Puzaes nposen
Hay4yHOE€ HCCIIeIoBaHUE Ha TeMy «BnusHHe mapamMeTpoB COCTaBHOTO IIMUHJIENS U
pacnoioKeHns MOMKUMHOTO IMIMHAPA Ha arpoTeXHUYECKUe MOKa3aTeNu XJIOMKOo-
yOopouHOi MamuHb». B 1983 1. 110 3TOI TeMe OH YCIHEIIHO 3alUTHI JUCCEPTAIUIO Ha COUCKAHUE YUCHON
CTENeHN KaHauaaTa Texanaecknx Hayk B TUMMMCX.

JlokTopckyto nuccepranuio Ha TeMy «HaydHbIe OCHOBBI TOBBIIEHNUS 3P (GEKTHBHOCTH TEXHOIOTH-
YeCcKOoro mporecca B XJIOMKOYOOpPOYHOM armapare, 00ecredrnBaromye ONoJ0rnIecKine KauecTBa XJIOMKa,
BOJIOKHa» OH 3amuTiia B Y3MODU (r. SAurutons) B 1996 r., a ¢ 2002 r. eMy mMpHUCBOCHO yUEHOE 3BaHHE
«tpodeccop.

A.A. Puzaes aBrop 6omnee 300 HayuHBIX paboT, B TOM uucie 4 moHorpaduwuii, 40 aBTOPCKUX CBHIE-
TENbCTB HA N300PETEHH S U TTATEHTOB, IBYX y4EOHO-METOANYECKUX ITOCOOUH.

[Tox ero pyKoBOACTBOM 3aIIUTHIINCE 2 JOKTOPA, 7 KAaHIUIATOB HAYK M BEHIIOIHEHBI Oosee 10 ma-
TUCTEPCKUX paboT. B HacTosmee BpeMsi pyKOBOAUT M KOHCYJIBTUPYET HAay4YHO -UCCIEI0BATEIbCKUMH pa-
O6otamu 3-X conckaTeneil U 2-X MaruCTpaHTOB.

UccnenoBannsa A.A. Pru3aeBa HampaBiieHBl Ha pa3BUTHE TEOPUH MEXAaHW3MOB M MAIIMH XJIOMKO-
BOTO KOMIUIEKCA W, B YaCTHOCTH, Ha oOecrieueHre OMOIIOrHIecKOro KadecTBa COOPAaHHOTO XJIOMKA M BO-
JIOKHA, a TaKKe Ha pa3paboTKy M COBEPIIEHCTBOBAHNE PabOYMX OPTaHOB XJIOMKOYOOPOYHBIX aIapaToB.

3a Bpems paboTHl B HHCTUTYTEe AHBap AGmymnaesud Pusaes mpormen myTh oT actupanTta (1974)
1o mupexropa uucruryra (1997-2015). B HacTosiee BpeMst OH paboTaer B TOJDKHOCTH 3aBEAYIONIETO JIa-
OopaTopei, BemeT mpenomaBaTeNbekyto AesTenbHOCTs B TI'TY m TXTU, a Takke sBISETCS WICHOM
HayJHO-TEXHUYECKOTO COBETa P MHUHNCTEPCTBE HHHOBAIIMOHHOTO pa3BuThs PecryOonukn ¥Y30eKkucTaH.

[on pyxoBoacTBoM A.A.Pu3aeBa BRIIOTHSUTUCH s QYHIAMEHTAIBHBIX U MEXOTPACIEBBIX MPUK-
JIAJHBIX MTPOEKTOB, a TaK)Ke MHHOBAI[MOHHBIE, X03/I0TOBOPHBIE paboThL. [IpH ero akTHBHOM y9acTu OBLTO
BHEAPEHO B IIPOU3BOACTBO HOBOE mokoneHue neuieynosuteneit (AI'MK, HI'MK), o pemennro HTC mpu
AO «Y3arporexcaHoaT-XoaauHr» Ha 2018 r. peKOMEHJ0BAaH ONBITHO-IIPOMBIIUICHHBIN BBITYCK YHHBEP-
CaJIBHOTO COCTaBHOT'O MIMUHJIENS U 14-IMUHACIEHOTO 0apabaHa /Ui OTE€YECTBEHHBIX XJIOMKOYOOPOYHBIX
MamuH. HacTOMYMBOCTh YIEHOTO M €r0 OpPraHU3aTOPCKUE CIIOCOOHOCTH 0C000 MPOSIBIIINCH TPU pa3pa-
00TKe HOBBIX U CO3JJaHMH MOJIEPHU3UPOBAHHBIX YOOPOUHBIX aIlapaToB U XJIOMKOYOOPOUHBIX MAIITHH.

JlenoBrie U opraHu3aTOpCcKue KadecTBa AHBapa AOAyJutaeBuYa SIPKO PACKPBUIACH TPH TIEpexojie
Hay4JHBIX WCCIIEAOBAHW HA TPAHTOBYIO CHCTeMY (UHaHCHpOoBaHUSI. A.A. Pu3aeB cymen COXpaHHUTH KO-
JIEKTUB WHCTUTYTA U MIPOBOAUTH UCCICAOBAHMS B COOTBETCTBUHU C MPUOPUTETHBIMH HAIIPABJICHUSAMH, CBSI-
3aHHBIMH C TIPAKTHYECKUMH HYKJAMH PECITYOIIHKH.

B nmanoit xu3Hn AHBap AOnyiiaeBnd PruzaeB CKpoMeH, akKypaTeH, IOIIep )KUBaeT POBHBIC yBa-
KUTETbHBIE OTHOIIEHHSI C KOJIIETaMHU.

Penmakmmonnass kommerust  Y30ekckoro okypHama «lIpoOmeMbl MeXaHWKHW» TO3ApaBISET
A.A. PuzaeBa co ciaBHBIM I00HIIEEM U JKeJTaeT FOMISIpy KPEMKOro 3I0POBbhsI, CEMEHHOTr0 OIaromomyydus
Y HOBBIX TBOPYECKUX YCIIEXOB.

Pedam;uonﬂaﬂ KoJiecust oicyprHala
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