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OBLIASA XAPAKTEPUCTUKA PABOTbI

AKTYAJbLHOCTH PA0OTHI

Knunoseie  ympyrume Bomuel (KYB) — »9rt0o ympyrue  Bo3myuieHus,
pacnpocTpaHsourecs BI0JIb p€oep TBepAOTeNbHbIX KIUHbEB [1-3]. IIpomnuio yxe okoso
NOJIyBEKa C MOMEHTa OTKPBITHSI U PACCMOTPEHMSI KIMHOBBIX AKyCTHYECKHX BOJIH.
OnHako KJIMHOBBIE aKyCTUYECKHE BOJIHBI MPOJOJDKAIOT MPUBJIEKATh BHUMAHUE B CHUILY
IpPOSBJIEHUS MMM YHUKaJbHBIX CBOWCTB. KiMH ABiIgeTCd €AMHCTBEHHBIM THUIIOM
BOJIHOBOJIA, B T€OMETPUHM KOTOPOI'O B MJIEAJBHOM CIIy4ae OTCYTCTBYET pPa3MEpHbIN
napamerp, W, CiIeoBaTEeNIbHO, OTCYTCTBYET BHYTPUMOJOBAs IUCIIEPCUS YIPYTHUX BOJIH.
CKopoCTh pacipOCTpaHEHHs BOJIHBI B KJIMHE 3aBUCUT OT YIPYTMX CBOMCTB MaTepuaia
KJIMHA, yIja OpU €ro BepIIMHE U OT HoMmepa MoJAbl. KIIMHOBBIM BOJIHAM, NOMHMO
OTCYTCTBUSL JUcHepcud U TUPaKUHMOHHBIX MOTEpPb, CBONCTBEHHA HHU3Kas CKOPOCTh
pacipoCTpaHEHUs: U BBICOKAsl CTENEHb JIOKAJIM3alMU aKyCTHYECKOW 3HEPruu y pedpa
kinHa [1-4]. JlaHHbIE CBOMCTBAa [€NAIOT KJIMHOBBIE BOJHBI IEPCIIEKTUBHBIMM IS
pa3NUYHBIX 00JacTe MPUMEHEHUs — 1e(hEeKTOCKOMNHU, aKyCTOAIEKTPOHUKH, TTOIBOTHOM
aKyCTHUKH, T€O(pU3NKH, aKyCTUYECKON BHU3yalM3alliy, 3BYKOIOTJIOMICHUS, CEHCOPOB [5-
8]. B HepaspymaromeM KOHTpOJE MOXHO wucnoib3oBath KYB mna nuarHoctuku
KOMIIO3UTHBIX MAaTEpHajOB, JIOMATOK TYpOWH, PEXYyIUX KPOMOK HHCTPYMEHTOB,
pa3JIMYHBIX pENIbCOBBIX KOHCTpyKuUMil [7]. IlosTomy, HECMOTpss Ha TPYAHOCTh HX
AQHAJIMTUYECKOTO PACCMOTPEHHUS U YACTyH0 HEOOXOAMMOCTh Ha OMPENEICHHOW CTaIuu
IPUMEHEHHSI KOMIBIOTEPHOI'O MOJAEIMPOBAHUS ISl MCCIIEJOBAHUS MX CBOICTB Jaxe B
INPOCTEMIINX CIIy4yasiX, KIMHOBBIE BOJHBI IPOJOJDKAIOT MPHUBJIEKATh BHUMaHUE
UCclieoBaTeNIel U B Halllell cTpaHe, U 3a pyOekoM.

PeanbHbIl KIIMH MOXET OBITh BBITIOJNHEH W3 TMOJH- WIH MOHOKPHUCTAJIMYECKOTO
MaTepuaga, MOXET HUMETh Ne(EeKTHYI0 CTPYKTYpPy Ha MHUKPO- WJIM ME30CKOIMHYECKOM
YpOBHE, OTKJIOHEHUS T'€OMETPUH OT JIMHEWHOW, YCEUeHHs, MOXKET KOHTaKTUPOBATh C
pa3IMYHBIMU  CPEAAMH. DKCTepUMEHTaIbHOE  HCCIEOBaHHE  OCOOCHHOCTEH
pacnupoCTpaHEeHUs KIMHOBBIX BOJH B TakKuWX KIMHBIX HMeEET (yHAaMEHTAIbHOE WU
MPUKJIATHOE 3HAYCHUE.

Tak, Ha HACTOSUIMA MOMEHT BBIIIOJHEHO HEJOCTATOYHO TEOPETUYCCKUX U
AKCIIEPUMEHTANBHBIX Pa0O0T, MOCBSAIMIEHHBIX UCCIEIOBAHUIO HEJIMHEWHBIX aKyCTHUYECKHX
BOJIH B KJIMHBSIX W3 aHU30TPOMHBIX M M30TPONHBIX TBEPABIX Ten ¢ nedexramu [7]. B
YaCTHOCTH, PaHEe AKCIIEPUMEHTAIIBHO HE MCCIICIOBAIACH T€HEPAIUs BBICIITNX TApMOHUK
B QHW3OTPOMHBIX U U3OTPOIHBIX OCTPOYTOJIBHBIX KIIMHBIX ¢ UCKYCCTBEHHO CO3IaHHBIMU
nedexTamu.

B pabGorax [9-10] mnpencraBnenst wuccrnenoBanus KYB B oOpasmax ¢
reomeTpuueckumu aedexramu. OIHAKO HCIOJIB30BAaHUE KIWHOBBIX BOJIH B 00JacTH
HEepa3pyIaroiero KOHTPOJS TBEPABIX T B HACTOAIIEE BPEMS CIACPKUBACTCS IIO
NpUYMHE HEIOCTATOYHOW WH(OPMAIMK O BIUSHUU PA3NTMYHBIX JEPEKTOB B Marepuale
KJIMHA — MHKPOTPEIIHH, PACCIOCHHH, OCTAaTOYHBIX YNPYTUX HANpPSOKEHUH, a TaKke



IIOCTOSIHHBIX MJIM IEPEMEHHBIX HArPy30K — Ha HEJIMHENHBIE YIPYTHe CBOKWCTBA KIIMHOBBIX
BOJIH.

AKTyaJabHOCTh HCCIIEIOBAaHUS OCOOEHHOCTEH paclnpoCTpaHEHHs] HEIUHEHHBIX
AKyCTUYECKHMX BOJH B KIHMHBAX W3 MOJIMKPUCTAUIMYECKMX METaUIOB B YCIOBHAX
Harpy30K C)KaTHA-pacTsDKCHMsI OYEBUAHA: METAJUIMYECKHE KOHCTPYKIMM B IIpolecce
JKCIUTyaTalluy MOJBEPTaloTCsl NEPEMEHHBIM MEXaHUYECKUM HarpysKam, IPUBOJSAIINM K
HAKOIUICHUIO JAMCIOKALUN, MUKPOTPELIVH, OCTATOYHBIX HAIPSDKEHUM W, KaK CIEICTBHE,
HapyUIEHUIO CIUIOIIHOCTH MeTajlyla M €ro paspylleHH0. OTO YyKa3blBaeT Ha
HEOOXOJIUMOCTh  IOCTOSIHHOTO ~ MOHUTOPMHIA  COCTOSIHMSI ~TaKMX  KOHCTPYKLMIL.
AxycTHueckue MeTobl Je(PeKTOCKONUHN 00eCIeunBalOT BO3MOKHOCTh HEPA3pyLAIOLIEro
KOHTPOJISI CTPYKTYp, COAEpXAaIMX KIUH, B TOM YHUCIE, B MPOLECCE SKCIUTyaTalluu U
OUCTaHUUMOHHO. Takum oOpa3om, pemeHue (yHIAMEHTAIbHOW 3a7auyd COBPEMEHHOU
HEJIIMHEWHON aKyCTHMKHM TBEPAOrO Tela, IOCBALICHHOW HEIWHEHMHBIM aKyCTUYECKUM
BOJIHAM B KJIMHBSIX U3 MOHOKPHCTAJJIOB U U30TPOIHBIX MOJIMKPUCTAIIIMYECKUX METANIOB
¢ neekraMu, IPUOOPETAET BAKHOE MTPUKIIAJHOE TEXHUUYECKOE 3HAUEHUE.

B mocnennee Bpemsi yBenuumiics MHTEpeC K (yHIAMEHTAIbHBIM HCCIEIOBAHUAM
YOPYTHX BOJIH B KIIMHBSX C M3MEHEHHOM (KPUBOJMHENHOW WM CIIOXKHOW) reomMeTpuei
[6, 8, 11]. DT0 00YCNOBIEHO TEM, YTO OOJIBIIMHCTBO KJIMHOBUIHBIX CTPYKTYP, KOTOPBIC
HYKJAQIOTCA B HEpaspylIaroleM KOHTpousie (pedpa JomacTu, KpblUlo, KPOMKH PEXYIINX
UHCTPYMEHTOB (CBepiia, Oypbl U 1Ip.)), HE SBJISIOTCS NMPSAMBIMU HACAIbHBIMU KIMHBSIMH.
HecMmoTps Ha TO, 4TO TEOpHs U MOJEIMPOBAHUE NPEICKA3BIBAET OTCYTCTBUE AUCIIEPCUU
KJIMHOBBIX BOJIH B IIPSIMOM KJIMHE, U3-32 HEBO3MOXHOCTH CO3JaHUs KJIMHA C WICAIbHOU
BeplIMHON (0e3 ee 3aKkpyrjeHWH WM yCeueHHui), Ha BBICOKMX YacTOTaX B PEAJbHOM
KJIMHE MOSIBJISETCS AMcrepcus ynpyrux BoiH [4]. 'paHuna yacTtoTHOro auana3oHa, B
KOTOPOM MPOSIBIISIETCS AUCTIEPCHSL, ONPEAEIISIOTCS BEJIMYMHON yceueHus pedpa KiuHa.

B wm3ornyteix xiuHbAx KVYB obOmamator nucnepcuweid BCIIEICTBHE TMOSBICHUS
pa3MepHoro mapamerpa. YacTHbIM CiIydyaeM TaKUX KIMHBEB SBISIETCA CTPYKTypa,
OTPAaHUYEHHAs] KOHUYECKOM IMOBEPXHOCTBIO C OJHOW CTOPOHBI U LWJIMHIPHUYECKOM C
JIPYyTrOi, TaK Ha3blBa€MblE IWIMHIApUYECKUE KIMHBA [8]. HecmoTps Ha Hanmuuue psaa
paboT MO WCCIENOBAHUIO IUIWHIPUYECKUX KIUHBEB C TOJIOKUTEIBHONH KPUBH3HOM,
CBOIWCTBA KJHWHOBBIX BOJH B LWJIWHAPHYECKOM KIHWHE C OTPULATEIBHOW KPUBU3HOM,
TaKue Kak UX JOUCIEPCUS U JOKAJIU3ALMs, YACICHHO U SKCIIEPUMEHTAJIbHO UCCIIEIOBAHBI
He ObUtM. Takke HEINOCTAaTOYHO BBITIONIHEHO PAa0OT MO yNPYrHMM BOJIHAM B KJIMHBSIX
cnupanbHOi popmbl, HeT uccnenoBannii KYB B Takux oOpa3max Ha HHU3KMX YacTOTax
(mmke 1 MI'm). [ToaroMy nccnenoBanne 0COOEHHOCTEN PacpOCTPaHEHUS YIIPYTUX BOJTH
B KJIMHBSIX C U3MEHEHHOU TeoMeTprel pedpa KiInHa, HAaPUMEp, C YCEYCHHEM B U3rHO0M
pebpa KIuHa, 0OCTaeTCs aKTyaJbHOM 3a1auei.

[IpencraBnser wuHTepec pacnpoctpanenne KYB B kimHe, rpaHuuaimeMm c
KHUIKOCThIO. MIMeercst psii paboT, MOCBALIEHHBIX HCCIEIOBAHUSAM KIMHOBBIX BOJIH B
OpsIMOM KJIMHE, MOrPYXEHHOM B KuAKOCTh [5, 12, 13]. OnHako moBeneHue ynpyrux
BOJIH B KJIMHBSIX [TPU U3MEHSIIOIIENCS TUIOIIA U KOHTaKTa OOKOBOI MOBEPXHOCTHU KJIMHA C
KUJKOCTBhIO K HACTOSIILIEMY BPEMEHHU HCCIEAO0BAHO HENOCTATOYHO. B yacTHOCTH, Takue
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MCCIIEI0BAHUS OTCYTCTBYIOT JUUISl 3aMKHYTOIO KJIMHA, HAIPUMED, LIWJINHIPUYECKOTO, B TO
BpeMsl KaK MMEHHO JTOT THUIl KJIUHBEB MOXET OBbITh MCIOJIB30BAH B KadyecTBE
PE30HATOPOB KIMHOBBIX BOJH. Jl€MCTBUTENBHO, B CHIIy TOTO, YTO UX KpPOMKa 00Opas3yer
OKpPY>KHOCTb, BO3MOXHa 3(QeKTHBHAsI Hakauka ’HEPrHMHM B 3TUX oOpas3lax B CTOSYHE
KJIMHOBBIE BOJIHBI.

OtaenbHO clleQyeT OTMETUTh paboOThl, B KOTOPBIX OBUIM MpEACKa3aHbl U
UCCIIEZIOBAaHbl CTPYKTYPbI, HA3bIBAEMbIE «aKyCTHUECKUMU YE€pHBIMU AblpaMu» (AY) [14,
15]. AU/l npexncraBisitoT MHTEPEC VISl CTPYKTYPHOM aKyCTMKHM M 3BYKOIIOTJIOILEHUS.
OCHOBHBIM CBOMCTBOM TaKHX OOBEKTOB SBISETCS TO, YTO BAOJb HEKOTOPOTO
HanpaBjieHus (B 3aBUCHMOCTH OT I'€OMETPUU CTPYKTYPbl) CKOpPOCTb YNPYTUX BOJH
YMEHBIIAETCA 10 HYyJA, 4YTO JIOJDKHO NPHUBOJUTH K OECKOHEYHOMY BpPEMEHHU
pacupoCTpaHEHHs BOJIHBI HA KOHEYHOM YYacTKe B IIPOCTPAHCTBE. OTO NPUBOIUT K
OTCYTCTBHUIO OTPaXEHHOW BOJIHBI IIPU PACIPOCTPAHEHUH MAJAKONIEH BOJIHBI BIOJb 3TOTO
HamnpasieHusa. B AYJ/[ Takoe yMEHbBIIEHHE CKOPOCTH BOJHBI CBA3aHO C YMEHBIICHUEM
JOKaJIbHON JKECTKOCTH, KOTOPOE OOBIYHO JAOCTHraeTcsi ¢ IMOMOLIbI MoAMpUKanuu
FEOMETPUM — HAIPUMEP, MPU YMEHBIIEHUU TOJIIIMHBI 00pa3lia IO CTENEHHOMY 3aKOHY
[15].

HenocTarouHo 53KCHEpUMEHTAIBHBIX M TEOPETUYECKUX paboT B 3TOH objacTtu
BBINIOJIHEHO Uid o0pa3uoB AYJl 13 HOBBIX MaTepuanoB, HAIPUMEpP, U3 Pa3IMYHBIX
IIOJIMMEPOB, B TO BPEMsI KaK TAKME MAaTEPHUAJIbl SBJISAIOTCA BECbMa NEpCIEeKTUBHBIMU. [Ipn
UCMOJIb30BaHUM TeXHUKM 3D medatm U3 HUX MOTyT OBbITb BBIIIOJHEHBI O00pa3Lbl
pa3IMuYHBIX GOPM U CTPYKTYP.

Hean u 3agaun

Heabto HacTosAmelr paboOTHl SBISIFOTCS  OKCIIEPUMEHTANBHBIE HCCIIEIOBAHUS
METOJIaMU Jla3epHOW BHOPOMETPUM M HEJIMHEWHOH YJIbTPa3BYKOBOH CHEKTPOCKOMUU
BJIMSIHUSL BHYTPEHHEH CTPYKTYpBI, TEOMETPHUH U TPAHUYHBIX YCIOBUH Ha OCOOCHHOCTU
pacrpoCTpaHeHUs YIPYTUX BOJIH B U30TPOIHBIX U aHU30TPOIHBIX KIWHbBIX, & UMEHHO:

e HeIuHEeHHbIX HPQeKxToB (TeHepauus BTOPOH YHPYroil rapMOHHMKH, ObICTpas
JUHAMUKAa W HEJIMHENHOE IMOIJIOIEHNE YIPYIMX BOJIH) B MPSAMBIX KIHWHBAX U3
M30TPONHOr0 Marepuana (MOIMKPUCTAIIIMYECKOrO CIlIaBa aJFOMHHMS) C UCKYCCTBEHHO
CO3/IaHHBIMU Ae(EeKTaMM, B TOM YUCJIE MPU BO3JEHCTBUM PACTATUBAIOLINX CTATUYECKHX
HaIIPSKECHUN;

e HenuHEWHBIX A(PQEeKTOB (TeHepamus BTOPOM W TPETbEel YIPYTHX TapMOHUK,
ObICTpasi TUHAMHKa M HEJIMHEHHOEe IOIJIOLIEHHE) B MPSIMBIX aHU3O0TPOMHBIX KIMHbSIX
(BBITIOJIHEHHBIX U3 MOHOKpHUCTAJJIa HU1OOATA JINTHSA);

® BIMSHUSA TPaHUYHBIX YCJIOBUH (IpaHUIa C BO3AyXOM, BOAOH, INIMLEPUHOM U
aBTOMOOWJIBHBIM ~MaclioM) Ha CKOPOCTb pacHpOCTPAHEHMsI KJIMHOBBIX BOJH B
LWIMHJPUYECKUX KIMHbBSX C MOJOKUTEIbHOU U OTPULIATEIbHOW KPUBU3HOM U CPaBHEHUE
IIOJIyYE€HHBIX PE3YJIBTATOB C PE3yJIbTaTaMU YHCIEHHOTO MOJECIUPOBAHUS;



® JIMCTIEPCUU W JIOKAJIHM3AIMK yIPyrux BoJH JIamOa B miacTuHe ¢ mapadoaudecKuM
npoduiieM, 00pa3yrIUM KIWH, U CPaBHEHUE TIOJTYYCHHBIX PE3yJIbTaTOB C pacyeTaMu 0
UMEIOITUMCSI TEOPETUIECKUM MOJIEIISIM;
® JIMCTIEPCHU W JIOKAJIW3AIWW YIPYTHX BOJH B CIHPAIGHOM KIWHE CIIOXKHOU
reoOMeTpUH (METAIITUYECKOM CBEPIIE).
JIyist TOCTHKEHUsT OCHOBHOU IEJH B pa00Te OBLIN TIOCTABIICHBI CIEAYIOIINE 3aAa4M:

1. Pa3paboTtats U CO3/11aTh ABTOMATU3UPOBAHHYIO YJIbTPa3BYKOBYIO
AKCIIEPUMEHTAIBHYIO YCTAaHOBKY JUJISl MCCJIEAOBAHUSl JIMHEHHBIX U HEJIMHEWHBIX BOJH B
TBEPAOTEIIBHBIX KJIUHBIX, B TOM YHUCIIE, C UCIOJIb30BAHHUEM CKAHUPYIOLIETO JIA3€pPHOTO
BUOpOMETpA.

2. PaccuutaTh W U3rOTOBUTH 00pa3lbl NPSIMBIX KIMHHEB W3 MaTEPUAIOB C
HUCKYCCTBEHHO CO3JaHHBIMU B HHUX JedexTaMu, o0pa3lbl UUIUHIPUYECKUX KIHHBEB,
oOpa3zen kiinHa ¢ napabonuyeckuM npodunem uz AbC-mnactuka merogom 3D nedaru.

3. Pa3paborarh 3KCHEpHUMEHTAIbHBIE METOIUKH IS UCCIIEIOBAHUS OCOOCHHOCTEH
pacrpoCTpaHEHHUs] JIMHEHWHBIX M HEIMHEHHBIX YIPYTUX BOJH B KIMHBIX pa3HOU
re€OMETPHH, B CiIydae OTCYTCTBHUSI WM HAJIWYUS KUJAKOCTH HA MOBEPXHOCTU KIIMHA, 0e3
Harpy3kd WM TIPpd PACTATHMBAKOIIEM OJHOOCHOM  HAIpPSXKEHWUH, HANPABICHHOM
napajuielibHo pedpy KIMHA, a TakKe METOJIMKH HCCJIeIOBaHUS pPACIPOCTPAHEHUS
3ruOHBIX BOJH JI5MOa B KinHE ¢ mapaboandecKkuM mpoduiieM.

4. BBITIOJIHUTH 3KCIIEPUMEHTAIIbHBIEC UCCIICIOBAHMUS:

a) JIuHeNHBIX M HENMHEHWHBIX MapaMeTpOB YNPYTUX BOJH B HPSIMBIX KIUHBSIX U3
M30TPOINHBIX M AHU30TPONHBIX MAaTEPUAJIOB B CIIy4asX HaJW4yusd WIM OTCYTCTBUSA
ne(eKTOB B UX CTPYKTYpE.

0) BiusHHMsS pacTATMBAIOIIETO MEXAHMYECKOIO HAMPSIKEHUS, HAIMPaBICHHOIO
napauiebHO pedpy KIMHA, Ha CKOPOCTh PACIpPOCTPAHEHUS U aMIUIUTY1y BTOpPOM
TapMOHUKH YIPYTUX BOJIH B IPIMOM M30TPOITHOM KIIMHE.

B) BrusiHust reomeTpun KirHa HA CKOPOCTh U JIOKAJIU3AIUIO YIIPYTUX BOJH.

r) 3aBucumoctu ckopoctd KYB 0T ypoBHSI paznuuHbIX KUAKOCTEH, 3aMOJIHAIOMINX
UWIMHIPUYECKUHN KIIUH C Pa3JIMYHON KPUBU3HOM.

1) OcoOeHHOCTH pacpOCTPaHEHUS U3TUOHBIX YIPYTHUX BOJH B IUIACTHHE, TOJIIUHA
KOTOPOI MEHSIETCS 110 NapaboIMYECKOMY 3aKOHY.

O0beKT u NnpeaMeT HCCJIeaA0BaAHUA

OOBEKTOM HcCe0BaHuUs SIBISIIOTCS YIIPYTHe BOJHBI B TBEPJAOTENIbHBIX KIHUHBAX C
Pa3IUYHBIMU T€OMETPUEH U TPAHUYHBIMHU YCIOBHSMH, a TAKXKE C AaHU30TPOIHEN yIPyTUX
CBOMCTB MaTepHalla KJIMHA.

[IpenmeToM wuccieoBaHusl SBISAIOTCSA JIMHEHHbIE (JOKaIM3alus U JAUCHEpCUs
KJIMHOBBIX BOJIH) W HENWHEHHBbIe (TeHepanus BBICIIMX TapMOHUK, HEIMHEHHOE
noryomenue 1 3pQext ObicTpoit TuHAMHUKH) 3()(EKTH IpU PacTIPOCTPAHEHUH YIIPYTHX
BOJIH B TBEPJIOTEIBHBIX KIUHBSIX.



MeTo010J10rMsI HCCJIEAOBAHMS

OKCIIEpUMEHTAJIbHBIE HCCIIEIOBAHMS JIMHEWHBIX WU HENMHENHBIX cBolcTB KYB
IPOBOAWINCH HMITYJIbCHBIM YJIbTPa3BYKOBBIM METOJOM M METOJOM CKaHUPYIOLIEH
Ja3epHON BUOPOMETPHH.

WMmyibCHBIN yIBTPa3BYKOBOW METOJ 3aKI0OUaeTcs B BO30YKIEHUU B oOpasle
yIBTPa3BYKOBOTO HMIyJbCa C TIOMOINBIO ThE30KEpPaMUYECKHX Mpeodpa3zoBaTeneii,
OPUKPEIUVIEHHBIX K peOpy KIMHA, W PErucTpalid NpPOIIEAINX W OTPaXEHHBIX
uMIlyIbCoB. [Ipyn MCNONB30BaHUM CXEMBbI Ha MPOXOXKJIECHHUE CUTHAN M3JIydalCsl OAHUM
npeoOpa3oBaresieM U NPUHUMAJICS OJHUM HMJIM HECKOJBKMMH IpeoOpazoBaTeIsiMU WIIN
PETUCTPUPOBAJICS C TMOMOIMIBIO Ja3epHOr0 CKaHupytomiero BuOpomerpa PSV-300
(Polytec).

AMITIUTY]a HOPMaJIbHOM KOMITOHEHTBI KOJIeOaTeNIbHOM CKOPOCTH KIIMHOBOM BOJIHBI
B 3a/IaHHBIX TOYKAaX IOBEPXHOCTU HCCIIEIOBAHHBIX O0pa3llOoB H3MEPSUIACh METOI0M
CKaHMpYIOIIEH Ja3epHOi BUOPOMETpUH.

AHanu3 cHekTpa aKyCTHMYeCKOM BOJIHBI M BHU3yalIu3alus (opMbl COOCTBEHHBIX
KosebaHmii  oOpasla BBINOJHSUIUCH C  TOMOIIBIO BCTPOCHHOTO  IMPOrPaMMHOIO
oOecrieueHus JiazepHoro Bubpomerpa metogom Dypbe npeoOpazoBaHus.

UccnenoBannsa HenuHelHbIX cBocTB KYB mpoBogmmmce METOIOM HMMITYJIBCHOU
yJIbTPa3BYKOBOU criekTpockonuu. OrmnpeneneHue amIuiuTybl U (pa3pl OTPUHUMAEMOIO
CUTHaAJa OCYIIECTBIBUIOCH C IIOMOLIBIO YJIBTPAa3ByKOBOIO M3MEPUTEIBHOIO KOMIUIEKCA
RAM-5000 SNAP SYSTEM (Ritec) meTo10M BCTPOCHHOW KBaApaTypHOU 00pabOTKH
CUTHAJIOB.

JIns1 SKCIepUMEHTAIBHBIX UCCIEOBAaHUN BIUSHHS OJHOOCHOI'O PACTSKEHUS KIIMHA
Ha HeJlMHelHble ynpyrue cBoiictBa KYB ucnonb3oBanack pazpaboTaHHas MEXaHUYECKas
cucTema i CO3/1aHUs KOHTPOJIMPYEMOM CHUJIIbI, IEUCTBYIOLIEH Ha 00pa3el] napajiesibHO
pebpy KInHA.

HavuyHass HOBH3HA

B nuccepranuonHoii paboTe MOMy4YeHbl CIEAYIOUIME OPHUTHHAJIBHBIE HAy4YHbIE
pe3yJIbTaTHI:

1. [IpoBeneHbl 3KCIEpUMEHTAIbHBIE HMCCIEAOBAHMS T€HEpallud BTOPOW YIPYToit
TQPMOHUKH KJIWHOBOW BOJHBI B HM30TPOITHOM KIIMHE C HUCKYCCTBEHHO CO3JIaHHBIMU
nedexkramu. OOHapykeHa HEKJIacCUYecKasl CTETNIeHHAsl 3aBUCUMOCTb aMILTUTY/]IbI BTOPOH
KJIMHOBOW TapMOHMKHM OT aMIUTUTYAbl OCHOBHOM 4YacToThl U 3(QexTsl ObicTpoit
TUHAMUKA W HEJIMHEWHOTO TOTJIONICHHS JUIsl YIPYTHX BOJIH B U30TPOIHBIX KIUHBSIX C
nedeKkTaMu BHYTPEHHEH CTPYKTYPHI.

2. O6HapykeHa M HCCIIEOBaHA 3aBUCHUMOCTh AaMIUIMTYAbl BTOPOM TapMOHUKU
YOPYTHX BOJIH B KJIMHE OT BEJIMYUHBI MPUIOKEHHOW K KIWHY CTaTUYECKOM CHJIBI,
HaIpPAaBJICHHON NapasuiesbHO pedpy KIuHa.

3. DKClepUMEHTaIbHO ~ HCCJIENOBaHbl JloKanu3auss u aucnepcus KYB B
HWIMHJPUYECKUX KIMHBSX JABYX THUIIOB I€OMETPUHU, B CHHUPAIBLHOM KIIMHE, a TaKKe
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nokanmuzanus KYB B npsmoMm kinnnHe. OOHapy»X eHO, yTo Ha KO3 (GUIUEHT JTOKaIU3a1H
U JIACIIEPCUI0 OKa3bIBAa€T BIIMSHHUE TE€OMETPHs KIHMHA. YBEIMYEHUE KOJIMYECTBA
pa3MEpHBIX IIApaMETPOB B TI'€OMETPHM KIHWHA INPUBOAUT K BO3PACTAHHUIO JHUCIIEPCHH
HanoOoiee MemrenHo moasl KYB.

4. DKCIIEpUMEHTAIIBHO HCCIEA0BaHA 3aBUCHMOCTh CKOPOCTH PacHpOCTpaHEHUS
KYB B muMnuHApuyecKux KIMHBSIX OT PAacCTOSHUSA OT pedpa KIHMHA J0 MOBEPXHOCTU
KHUJIKOCTH, 3aIOJHSIOIEH KJIMH, C KOTOPOH OHM T'paHU4aT 0JHOU rpaHpto. OOHapyKeHo,
YTO OCHOBHOE MU3MEHEHHUE BEIMYHMHBI CKOPOCTH IPOUCXOIUT, KOTIA KUIKOCTh TPAHUYNAT
C TIOBEPXHOCTHIO KiIMHA B oOmactu nokanm3amuu KYB, u 3aBUCHT OT MIOTHOCTH
KUIKOCTH.

5. B aHM30TpOMHOM KIWHE W3 MOHOKpHCTaUIa HHOOaTta JuTHA C jAedeKkramu
oOHapy>KeHa HEKJacCH4yecKasi CTENEHHas 3aBHUCHUMOCTb AMIUIMTYAbI BTOPOM M TpeTbel
KJIMHOBBIX T'ApPMOHMK OT aMIUIUTYJbl BOJIHBI OCHOBHOH 4acTOThl U 3((eKThl ObICTpOi
JUHAMHKHU Y HEJTMHEHHOTO MOTJIOLICHUS.

6. DKCIIepUMEHTaIbHO OIpeieiéH YacTOTHBIM JAuana3oH JUIsl M3TMOHBIX BOJIH
JIbmba B kimHe ¢ mapabonmueckuMm mpodmieM u3 ABC-mactuka, mpu KOTOPOM OH
BBINIOJIHAET (PYHKIMIO KOHLIEHTPUPYIOLIETO BOJIHOBOAA.

IIpakTHYecKAasi 3HAYMMOCTb Pa00ThbI

1. OOHapyXeHHble HEKJacCHyecKas CTENEeHHas 3aBUCHUMOCTb aMIUINTYJbl IS
BBICIIUX YNIPYTUX TAPMOHUK KJIMHOBBIX BOJH OT aMIUIMTYAbI OCHOBHOHM YacCTOTHI, @ TAKXKE
HEeJIMHEHOEe NOMIOMIEHHH U 3PQeKT ObICTpOM JMHAMUKHA MOTYT  CIIyXKHTb
JUArHOCTUYECKUM MPU3HAKOM HalIUuus J1e(peKTOB BHYTPEHHEH CTPYKTYpbl B MaTepuase
KJIMHA.

2. MoHuTOpUHT nedopMaliy, HAIPsHKEHUH M HaKOIUIeHHUs J1e(eKTOB BHYTpPEHHEH
CTPYKTYPBl KOHCTPYKLHH, COJIEp)KAIIMX KIWH W HaXOMIIUXCS TOJ MEXaHWYeCKOU
HArpy3Koil, MOXKET OBITh OCYIIECTBIIEH C IOMOIIBI0 PETHUCTPAIIMM WX HETWHEHHBIX
yIPYTUX CBOMCTB € UCIOJIb30BAHUEM KIMHOBBIX BOJIH.

3. OOHapyeHHass B pabOTe 3aBUCUMOCTb CKOpocTH pacnpoctpaneHus KYB B
WINHAPUYECKUX KIMHBAX C OJKUJAKOCTBIO OT pAcCTOSIHUA OT pedpa KIWHA [0
HOBEPXHOCTH JKUAKOCTU MOMKET CIIYXKHMTh (PU3UUECKUM IMPUHLUIIOM pabOThl JaTYUKOB
JUI ONpEJIeNIEHUs] YPOBHS JKHIKOCTH, B TOM YHCIIE, B arpECCHBHBIX Cpelax, a TaKxKe
OCHOBOW METOJMKU KOHTPOJIS INIOTHOCTH KUAKOCTU MPU U3MEHEHUH BHEIIHUX YCIOBUH.

4. TlpoBeneHHBIE AKCHEPUMEHTHI C MapadOIMYECKUM KIMHOM IOKa3ajH, 4TO OH
SBIIIETCSI BOJIHOBOJIOM, KOHIEHTPUPYIOUIMM JHEPTUI0 aKyCTUYECKOW BOJHBI, YTO
SBJISIETCSI BAXKHBIM B pa3pabOTKe aKyCTUYECKMX METaMaTepuajoB M MOMIOIMIAIOIIUX
YCTPOMCTB, padOTaOIIKX MO MPUHLIMITY “aKyCTUUECKOU YEPHOM ABIPHI” .

IToJ10:x€eHHNSs1, BLIHOCUMbIE HA 3aIIUTY:

1. Inst M30TPONMHOTO MOJIMKpUCTAUIMYeCKoro Martepuana (cmmaBa JI16 ¢
OCTAaTOYHBIMU  YIPYTUMHU HAOPSKEHUSAMH), KOI(POUIHMEHTH M2, oOIpenenisomue
CTEIIEHHYIO 3aBUCHUMOCTbh BTOPOH YNPYrol rapMOHMKU KJIMHOBOW BOJIHBI OT aMILIUTYAbI
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OCHOBHOM yactoThl, paBHbl M>= 1,01+ 0,05 mns 30° knuua, M>= 1,06 + 0,05 qs 60°
knuHa U M> = 1,14 £ 0,05 nns 44° knuHA, ¥ OTJIMYHBI OT KO3 PUIIHMEHTa KIAaCCUISCKON
HeITUHEHHOCTH M> = 2.

2. Cratuueckas nedopmaids oOpaslla HM30TPOIMHOTO KJIWHA C KMCKYCCTBEHHO
CO3JIaHHBIMU JlepeKTaMu TPUBOAUT K YBEIHMYCHHIO €ro ynpyrou HemumHendHocTu. [lpu
YBEJIMUEHUU PACTITMBAIOIIET0 MeXaHW4yeckoro HamnpsbkeHus o ot 0 go 25 Mlla
MPOUCXOAUT BO3pacTaHHWE aMIUTUTYAbl BTOpoM rapmonuku Ha = 0,7 % 1o 3akoHy,
OM3KOMY K THHEHHOMY.

3. Jlokanuzamus Hauboisiee MenneHHON Moabl KYB B npsMbIX, HWIMHAPUYECKUX U
CIIUPATbHOM KIMHBSIX OJU3Ka K 3KCIMOHEHUUANbHOU. B mpsMoM H30TpPONHOM KJIMHE B
gacToTHOM nuama3oHe oT 200 mo 1000 kIt koapduniueHT JToKkanIu3anuyu He 3aBUCUT OT
4aCTOThl M YMEHBIIAETCS C yBenwueHueM yria kinHa. Koaddumment nokanwzanuu B
CIIUpAJIbHOM KJWMHE B auanazoHe or 160 mo 580 kI'm mMeeT 4acTOTHO-3aBUCHUMBIN
XapakTep.

4. B o0pa3uax UUIMHAPUYECKUX KIWHBEB C MOJIOKUTEIBLHON U OTpHUIATEIbHOU
KpuBU3HOM B moJioce yactoT oT 120 go 600 xI'u u ot 150 mo 400 xI'i cOOTBETCTBEHHO
oOHapyxeHa mgucrniepcus (U3MeHeHue ckopoctu cocrtasiser 2,8 % u 1,9 % nns
UCCIIEOBAaHHBIX KIIMHBEB COOTBETCTBEHHO). B crimpaibHOM KJIMHE B IOJIOCE YAaCTOT OT
100 o 600 kI'y oOHapy>keHa Aucnepcus (M3MEHEeHHe CKOpOoCTH cocTaBisgeT 18 %).

5. Ckopoctb pactpoctpanenuss KYB B nmuinHapuyeckoM KJIMHE NPU KOHTAKTE €Tr0o
BHYTPEHHEH MOBEPXHOCTU C KHUJKOCTHIO yMEHbIIaeTcs. [IpM M3MEHEHHHM IUJIOTHOCTH
xugkoctd or 0,9 1o 1,2 r/cM® IpOMCXOAUT yBeNMYEHHE OTHOCHUTENHLHOTO M3MEHEHUs
ckopoctt KYB ot 16,7 1o 18,4 % st nonoxxutenbHoro kiauHa u ot 12,6 go 15 % nns
OTPULATEJIBHOTO KJIMHA.

6. Jlyiss aHU30TPOITHOTO MaTepuaia (MOHOKPHCTAIIa HHOOaTa TUTHS ¢ edeKTamu)
ko3 ummentsl M> u M3 onpeaensionme CTENEHHYI0 3aBHCHMOCTh BTOPOM M TPEThbEl
YIPYTUX TAPMOHUK KJIMHOBOM BOJIHBI OT aMIUIUTYJbl OCHOBHOM 4acTOThI, paBHbI M> =
2,51 £ 0,05 u M3 = 1,70 = 0,05, u omuuHbl OT KO3(PPUIHUEHTOB KIACCUUECKOU
HenuHeHHocTH M> =2 u M3 = 3.

7. Knua ¢ mapabonuyeckum mpodunem 3 ABC-macTuka BBITOTHSAET (YHKIIMIO
KOHIIEHTPHUPYIOIIETO BOJHOBOA JIJIsl M3TMOHBIX BOJIH JIamba B nuamazone gactot ot 20,5
10 93,3 k[, 9TO MPUBOIUT K YBEIUYCHHUIO aMIUIUTYIbl KOJIeOATETbHONH CKOPOCTH U
YMEHBIIICHUIO CKOPOCTH PACIpPOCTPAHECHHS BOJIHBI MPH MPUOIMKEHUN YIIPYTOW BOJTHBI K
pebpy kmumHa. B wmcciaemyemom oOpasme kimHa Ha dvactote 64,9 kIl ammiutyna
YBEIIMUYMBAETCS IPUMEPHO B 22 pasa, a CKOPOCTbh YMEHbIIaeTcs B 5,8 pasa.

JloCcTOBEPHOCTH Pe3YJbTATOB

JlocTOBEpHOCT, U OOOCHOBAHHOCTb  PE3YJbTATOB pabOTHl IOATBEPXKIAETCA
COOTBETCTBHEM DPE3YJIbTATOB IKCIIEPUMEHTOB alPUOPHON MH(OPMAILINHU, TEOPETHIECKAM
pacu€raM, pe3yjpTaTaM YHWCJIEHHOI'O MOJEIUPOBAHUSA U PE3ysbTaTaM, IOJYYEHHBIM B
paboTax Ipyrux aBTOPOB.



Anpooanus pe3vibLTATOB

Pe3ynbTaThl, monydeHHbIEe B JUCCEPTALMU, JOKJIAABIBAIUCh U OOCYKJANIUCh Ha
CJIEIYIONINX BCEPOCCHUCKUX W MEXTyHAapOIHBIX KoH(pepeHusax: Ha XV, XVII, XXXIII
Bcepoccuiickux 1mikonax-ceMuHapax «BonHOBbIE sIBIIEHHS B HEOJHOPOAHBIX CpEIax»
umenn A.I1. CyxopykoBa (r. Moxatick, 5 —10 utonst 2016 1., 26 — 31 mas 2019 ., 510
utoHs 2022 r.), na XXIII, XXVI, XXVII, MexayHapoaHbIX Hay4YHbIX KOH(EpPEHIHIX
CTYJIEHTOB, aCIIMPAHTOB U MOJIOJIbIX yueHbIX «JlomoHocoB» (r. MockBa, 11 — 15 anpens
2016 r., 8 — 12 ampens 2019 r., 10 — 27 Hosa6ps 2020 r.); Ha 1211 MexayHapoaHou
KOH(EPEHINH 10 YHCICHHOMY MOJISIMPOBAHUIO M TpHUKiIaaHol Marematnke ICNAAM
(r. Pomoc, I'peniust, 22 — 28 centsa6ps 2014 r.) u Ha MexayHapOoJHOM CHUMIIO3UyME IO
yneTpa3Byky [US 2016 (r. Typ, @pannus, 18 — 21 cerradps 2016 r.), u o0cykaanuch Ha
HAy4YHBIX CEMUHapax Kadeapsl aKkycTUKH ¢puznyeckoro pakyiapreta MI'Y.

Pabota BeImonHeHna mpu noaaepxkke rpantoB PH® 19-12-00098, PODOU 17-02-
01123 wu crunenguu AmepukaHCKOTO akyctudeckoro ooOmectBa (ASA International
Student Grant).

Myoaukanuu

OcHOBHBIE pe3yJbTAThl JAUCCEPTAIIMU M3J0KEHBI B 15 meudatHeiX paboTax, B TOM
yyciie B 3 CTaThsiX B PELEH3UPYEMBIX HAay4HbIX JKypHAJIaX, YJOBIJIETBOPSIOLINX
[Tosmoxxenuro o mpucyxaeHun y4d€Hbix crerneHed B MI'Y ummenun M.B. JlomoHOcOBa,
2 ctaThIX B JPYTUX PEHEH3UPYEMbIX HAy4yHBIX >KypHanmax M 10 mnyOnukamusx B
coopHukax Te3ucoB KoHpepeHuuil. Crnucok paboT aBTOpa MPHUBEACH B KOHIIE
aBTopedepaTa nepe/ CIUCKOM JIMTEPATYPHI.

JIMYHBIA BKJIAJ aBTOPa

Bce npencraBieHHble B UCCEPTALIMOHHON paboTe pe3ynbTaThl MOIYYEHbl aBTOPOM
au4HO, JHOO mpu ero ompenessomemM ydactuu. [loctaHoBka 3amau u 00CyXKIeHUE
pEe3yJabTaTOB MPOBOAWINCH COBMECTHO C HAyYHBIM PYKOBOAUTENIEM. ABTOpPOM
CaMOCTOSTEIBHO CO37aBATKCh SKCIIEPUMEHTAIbHbIE YCTAHOBKH U METOJIMKH U3MEPEHUS,
MPOBOJMUIIMCH BCE AHAJIUTUYECKHE pacyeTbl U dSKcrepuMeHThl. [loaroroBka K
nyOJIMKalMd TOJYYEHHBIX pPE3yJIbTaTOB MPOBOAMIACHE COBMECTHO C COABTOPAMH.
CopepxaHue Hay4YHO-KBAJTM(UKAIIMOHHON pabOThl OTpakaeT NePCOHANbHBIN BKIJIAJ
aBTOpa B OMyOJUKOBaHHBIE paOOTHI.

CTpVKTYpA U 00LEeM AMCCePTAIMU

Huccepranmonnas paboTa COCTOMT H3 BBEICHHSA, JBYX IJlaB, OCHOBHBIX
pe3yJabTaTOB U BBIBOAOB (3aKJIIOUCHHMSI) U CIUCKa JuTepaTypbl. OOmmii 006EM pabOThI
cocraBisiet 142 crpanuubl, 72 pucyHka u 128 Oubimorpaguueckux CChUIOK.
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COJAEPKAHUE JTUCCEPTALIUU

Bo BBemenum 000CHOBaHa aKTyaJlbHOCTh TE€MbI JTUCCEPTALIMOHHON pabOThI, €&
Hay4YHas HOBHW3HA W TPAKTHUYECKas 3HAYUMOCThH, CPOPMYIMPOBAHBI IENH PabOThI U
OINMCAHO €€ KPAaTKOE COAEPKaHUE.

I'naBa 1 cocrout w3 cemu naparpaoB U HOCHT OO30pPHBIH XapakTep.
[IpuBeneHbl pe3ybTaThl TEOPETUUECKUX U DKCIIEPUMEHTAIBHBIX HCCIIEIOBAHUI CBOMCTB
YOPYTUX BOJH B M30TPOMHBIX KIUHBAX, KIUHBSIX C HM3MEHEHHON TreoMeTpuel u
nedekTaMu, B KIUHBSAX, TPAHUYALINX C JKHJIKOCTBIO, & TAKXKE JIMHEHHBIX U HEJIMHEWHBIX
CBOMCTB KJIMHBEB C AaHU30TPOIIUEN YIIPYTUX CBOWCTB.

§1.1 I'naBbl 1 MOCBAILIEH PacCMOTPEHUIO OCHOBHBIX CBOMCTB KIJIMHOBBIX BOJIH,
TaKMM KaK KOJMYECTBO MOJ B KJIMHE, UX CKOPOCTH, JIOKaJW3aluus U JUCIIEepCUs
KJIMHOBBIX BOJIH. OmnucaHbl pe3yJibTaThbl HCCIIEJAOBAHUI KIMHOBBIX BOJH YHCJIECHHBIMU
METOJaMU U TNPUOIMKEHHBIE AHATUTUYECKUE TEOPUU, TMOCTPOCHHBIE UIsl OMHCAHUs
pacnpoctpanenuss KYB B TBepaoTEIbHOM KIIUHE.

B [2] Ospuma npemnoxkena smmupudeckas —(Gopmyna IS CKOPOCTEH
AHTUCUMMETPUYHBIX MOJI KIIMHOBBIX BOJIH:

V(n)=V(R)sin(nf), nO<rx/2, (1)
rae V(R) — ckopocTh BOJIHBI Panes Ha OOKOBOW TMOBEPXHOCTH KIMHA, 7 - HOMEDP
AHTUCUMMETPUYHOM KIIMHOBOM MOJIbI, 6 - yTOJI pacKphiBa KJIMHA.

JlJ1s1 OCHOBHOM MO/Ibl KJIIMHOBOM aHTUCUMMETPUYHOM BOJIHBI Jlaraccom B pabote
[1] yMCceHHO TMOKa3aHO, YTO aMIUIUTYJa KOJeOaHUW yMEHBIIAETCS C PACCTOSHHEM OT
pebpa KIMHA 1O OJKCIOHEHIMAJIbHOMY 3akoHy. ClieoBaTeNbHO, aAMILUTUTYLY
KosiebaTeabHOW CKOPOCTH B OCHOBHOM MOJIE€ KJIMHOBOM aHTUCUMMETPUYHON BOJHBI B
3aBUCUMOCTHU OT PACCTOSIHUS JI0 peOpa KIIMHA MOKHO 3aIiCcaTh B 00IIEeM ciIydae B BUJIE:

A= Agexp (-B), )
rae A u Ap — aMIDIUTY Il KOJIeOAaTeNTbHOM CKOPOCTH HA PACCTOSIHUM X OT pedpa KIMHA U
Ha caMOM peOpe COOTBETCTBEHHO, X — PACCTOSIHHE OT peOpa KJIWHA, A - JJIMHA BOJHBI
KVB, B — 6e3pa3MepHbiii KO3)PUIIMEHT, XapaKTepU3YIOIINil cTeneHb Jokanu3anuu KYB
y pebpa knmHa. B mpubnmkeHMM TOHKOTO KiIMHA B pabore [4] aHanuTuyecku OBLIO
MOJIYYEHO, YTO mapameTp B = 2.

B §1.2 paccmartpuBaroTcsi pe3yJbTaThl HCCIEIOBAHUS  PACIPOCTPAHECHUS
KIIMHOBBIX BOJH B KJIMHBSAX C T€OMETPUUYECKUMH JEPEKTaMU — BBIEMKAMH, YCCUCHUEM,
paccmarpuBaetcsi paccesnue Moja KVYB  Ha Topmax kinmHa.  YkasblBaeTcs Ha
HEBO3MOXXHOCTb HW3TOTOBJIEHUSI HWJCAIBHOIO KIMHA 0€3 yCeueHHs BEpUIMHBI, YTO
MPUBOJIUT K TMOSBJICHHUIO JUCIEPCUU HA BBICOKMX YaCTOTAaX: HAKJIOH JIUCIEPCHOHHOU
KPUBOM pacTET NpHU YBEINYECHUHN YCEUCHHS KIIMHA.

§1.3 nocBALIEH UCCIENOBAHUAM YIPYTOM HEIMHEHMHOCTH, NPOSBIISIOIEHCS TIPU
pactpoctpanennn KYB B TBepporensHOM kiauHe. B um3orpomHoMm TBEpAOM TEleE,
o0JaaromieM BBICOKOM CUMMETPHUEH, MPU paclpoCTpaHEHUU M3TMOHON KJIMHOBOW BOJIH,
HE JOJDKHA T€HEPUPOBATHCS BTOPAsi TApMOHHMKA KIMHOBOW BOJIHBI 33 CYET KIIACCHUYECKOU
HEJIMHEMHOCTH, CBA3aHHOM C aHTApMOHHM3MOM KPHUCTAJUIMYECKOW PELIETKH B MaTepHalIe
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kimHa [16]. OpHako reHepanusi BTOPOHM TapMOHUKM MpPU  PaCHpPOCTPAHEHUU
AHTUCUMMETPUYHBIX MOJ KJIMHOBBIX BOJIH MOXET ObITh OOYCJIOBJIEHA aHU30TPOINHUEH
o0pasia, HapyIIeHHEM TeOMETPHH KJIMHA WU HaluareM aedexToB B HeMm [17].

B TBepabix Temax ¢ gedekramu  (AUCIOKALMAMH, MHUKPOTpPEIIMHAMM,
HapYUICHUSIMU CIUIOIIHOCTH, OCTATOUYHBIMM MEXaHHMYECKUMH HANpPsHDKEHHUSIMH) Hapsy C
HEJIMHEMHOCTBIO  CHJI  MEXKMOJIEKYJSIDHOTO  B3auUMOZEHCTBUSA  (KJlaccudeckas
HEJIMHEWMHOCTh) TPOSBISAETCS CTPYKTypHas (HEKJIacCHYyecKas) ympyras HEJIMHEHHOCTb
[16]. OTa HENMHEWHOCTh MOKET 3HAYUTENIBHO IIPEBBIIIATH KJIACCUUECKYI0 HEJIMHEHHOCTb,
CBS3aHHYIO C aHFAPMOHU3MOM KpHUCTaNINYECKOM peéTku [17].

B mnaparpade ormeuaercs, 4TO METOAbl HEIMHEHHOW AaKyCTHKH SIBIISIOTCS
NEPCIEKTUBHBIMU Il HEpa3pyLIAOLIEro KOHTPOJS CTPYKTYpP, COAEpKALIUX KIIHH.
OnHako TEOPEeTUYECKUX W IKCHEPUMEHTAJIbHBIX pabOT, MOCBAIIEHHBIX HCCIIEIOBAHUIO
HenuHelHbIX KYB B M30TpOnHBIX TBEPABIX KIMHBSAX C HEKJIACCUUECKON HEJIMHENHOCTBIO,
CBSI3aHHOW C HAIMYHMEM JIe(PEKTOB BHITIOJHEHO HEIOCTATOYHO.

§1.4 nocBsamIEH wucclienoBaHUAM HeEIUMHEWHBIX CBOMCTB KYB B KIMHBIX C
aHu3oTponuen ynpyrux cBoictB [2, 18]. B pabore [19] B TBepaoTenbHOM
IPSIMOYTOJIbHOM aHU30TPOITHOM KJIMHE M3 MOHOKpHUCTa/lJIa KPEMHUs HaOmrojaics psj
KBaJIPaTUYHBIX HENIMHEHHBIX A (EKTOB: yBeIMUEHUE KPYTU3HBI (PpOHTA, Cy>KEeHue
UMIIyJbca W O0pa3oBaHUE YAAPHOTO NPOPWIL, UYTO ONHMCHIBACTCS HEIMHEHHBIM
HBOJIIOLMOHHBIM YPaBHEHUEM [UJIsl KJIMHOBBIX BOJH. Te€M HE MEHee OTCYTCTBYIOT
HKCIIEPUMEHTANIbHBIE MCCIE0BaHUs (DYHKIIMOHAIBLHOW 3aBUCUMOCTU 2i1 TApMOHUKHU OT
aMIUIUTYbl BOJIHBI HAa OCHOBHOW YacTOTE€ Ul KJIMHOBBIX BOJH B HM30TPONHBIX U
AHU30TPONHBIX KIMHbAX. He nccnenoBansl HeanHeiHbe 3 (PeKxThl OBICTPON AMHAMUKYU U
HEJIMHEMHOIr0 TNOIJIOUIEHUS JJIsl KJIMHOBBIX BOJH B M30TPONHBIX WU AHU30TPOIHBIX
KJIMHbSIX.

B §1.5 mpuBogutcs 0030p paboT, MOCBAIIEHHBIX pachpocTpaneHuro KYB B
KIMHBSIX ¢ TeOMeTpuei pedpa, OTIM4HOM oT mpsiMoi. MlHTepec Kk JTaHHOMY HanpaBJICHUIO
UCCIIeZIOBaHUSI OOYCJIOBIEH LIMPOKOW PACIPOCTPAaHEHHOCTHIO B TEXHUKE CTPYKTYD,
coJlep KallliX M30THYThIE KIWHBS (JOMATKU TypOWH, CBEpJa, JIOMACTH BUHTOB U T.1.).
PaccmaTpuBaioTcsi 0COOEHHOCTH IHCIIEPCHH B KIHMHBAX C HM3MEHEHHOW TE€OMETpHEH,
BO3HMKAIONIME B CWJIy HaJu4us pasMEPHOro IapaMerpa B HX T[E€OMETPHUHU:
HWIMHJIPUYECKUE, IHUCKOOOpa3Hble, M CHHUpajbHble KIWHBSA, KIWHbI C OWIMHEHHBIM
npoduieM.

Ocoboe BHMMaHue ypemseTcs padore [8], B KOTOpOH C MOMOIIBIO Jy4eBOTO
NOIX0Aa B MPHUOIMKEHWH TOHKOTO KJIMHA TIOJIYYeHBI (POPMYIBI A AMCIIEPCHH Tak
HA3bIBAEMbIX MOJIOKUTEIBHOTO UM OTPHULATEBHOTO LMIMHAPUYECKUX KIMHbEB (puc. 1.)

[8]:

Vn = V4 (1 £22) 3)

2 Boro
rae Vi, By = w/V; - CKOpPOCTh W BOJHOBOW BEKTOP NEPBOWM MOJBI B MPSIMOM KIHHE,
ro=R/sin(§2) — paguyc KpuBH3HBI KJIMHA (OUCCEKTpHICA YIJIa KIIMHA, MEPEeCeKaromas
€ro 0Cb CUMMETPHUH), 6 — yroJ KJIMHa, R — painyc OrpaHUYMBAIOIIET0 IUIUHAPA.
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Puc. 1. IwmHapudyeckue KIWHBS JABYX THIOB KPUBHU3HBI — a) IIOJOXKUTEIbHBIH U 0)
OTpUIATENbHBIN [§].

3nak B ¢opmyne (3) ompenensieTcss TUIIOM T€OMETPUHU KIIMHA — JJIsl KJIMHA C
MOJIO)KUTEIILHOM KPUBU3HOW B (popMyJie JJIsl CKOPOCTEH JNOJIKEH CTOSTh 3HAK «+», a B
KJIMHE C OTPULIATEIIbHON KPUBU3HOM — 3HAK «—».

B §1.6 paccmarpuBatoTcs pabOThl MO HCCIEJOBAHUIO PACHPOCTPAHEHUS
KJIMHOBBIX BOJH B TMPSIMOM KJIMHE, TpaHUYAlleM C KUIKOCTBIO M B CIIOXKHBIX
(TBepmoTenbHBIX) cTpykTypax [12, 13]. [TlpencraBieHpl BO3MOXHBIE OOJacTH
npuMmeHeHus uccienopanuiit KYB B o0pasnax, rpaHdyanmx ¢ KUIKOCTHIO — MOABOIHAS
aKyCTHKa, TallleHWe IIyMOB T'peOHBIX BWHTOB M TYpOWH, CEHCMOJIOTHS, CO3JIaHUE
AKyCTUYECKOW paJMallMOHHOW CWJIBI M IPOU3BOJCTBO AaKyCTHYECKHUX AaTYUMKOB, B TOM
YHCJI€ TaTYUKOB YPOBHS JKHUJIKOCTH.

§1.7 mocBsAMEH W3TMOHBIM BOJHAM, PACIPOCTPAHSIOMIUMCS B KIHWHE CO
CTENEHHBIM NpPOpUIEM M aKyCTHUYECKHMM YEpHBIM JbIpaM. [IpuBOIUTCS OCHOBHAas
uH(popMaLUsg O MOHATHUM aKyCTUYECKUX YEPHBIX IbIp, MPUHIUIIE HUX JEHCTBUS, HUX
OCHOBHBIX THIAaX M OCOOCHHOCTSX B HJICAJTbHOM M PEATBHOM CIIy4asX (C yCEUECHUSMU U
YaCTOTHBIMH OTpaHUYeHUsIMH). M3105keHa Teopusi pacripocTpaHeHUsl U3THOHON BOJHBI B
IJIaCTUHE C MPOUIEM, MEIJIEHHO MEHSIOIIMMCS 10 CTEIIEHHOMY 3aKoHy. Takxke B 3TOM
paszenie MpEeACTaBIEHbl PE3yJbTaThl BBINOJHEHHBIX ABTOPOM YMCIIEHHBIX pPacdy€ToB
CKOPOCTH HYJIEBOM MOJIbI U3TMOHOM BOJIHBI PaCHpOCTpaHSIONIeHcs B o0pa3ie MiIacTUHbI,
UCIIOJIb3YEeMOM B JUCCEPTAMOHHOW padoTe, C TOMOIIBI0 XapPaKTEPUCTUIECKOTO
YpaBHEHHMSI, COOTBETCTBYIOILIETO aHTUCUMMETPUUHBIM MoJiaM BOJIH JIamoa.

Bo 2ii rmnaBe omumcaHel pa3paboTaHHBIE aBTOPOM SKCIEPUMEHTAIbHBIC
YCTAaHOBKM M METOJMKH HUCCIEAOBaHUM, HCCIEAyeMble 00pa3lbl U TMOJy4YEHHBIE
DKCIIEPUMEHTAIbHBIE PE3YJbTaThl, & TAaKXK€ NPUBOAUTCS CPABHEHUE IOJyYEHHBIX
SKCIEPUMEHTAIBHBIX PE3YIHTATOB C PE3YIbTATAMU TEOPETUUECKUX PAOOT U YUCICHHOTO
MOJIETUPOBAHUS U3 U3BECTHBIX OT€UECTBEHHBIX U 3apyOeKHBIX UCTOUHUKOB.

§2.1 InmaBel 2  mWOCBAMIEH  ONUCAHMIO  pa3pabOTaHHOH  aBTOPOM
SKCIIEPUMEHTAJIbHOW YCTAHOBKH ISl UCCIICIOBAHUIN JIMHEMHBIX U HEJIMHEUHBIX YIIPYTUX
cBoiictB KYB Ha 6a3e ynbTpa3BykoBoro uamepureibHoro kommiekca RAM-5000 SNAP
SYSTEM (Ritec) u ckanupytomiero yiazepaoro Buopomerpa PSV-300 (puc. 2).
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DS09104A

(a) (6)
Puc. 2. Cxema (a) u portorpaduu (0) SKCIIepUMEHTATLHON YCTaHOBKHU.

Takxe B JHaHHOM paszjene MpeJcTaBieHbl 00IIKe CBEeJCHUS 00 HCIOJIb3yeMOM B
AKCIIEPUMEHTAIBHBIX UCCIICIOBAHUSIX UMITYJIHCHOM YIBTPa3BYKOBOM METOJIE M O METOJIEC
Ja3epHOW ckaHupyromeid BuOpomerpuu. OnucaHbl OCHOBHBIE MPUHLMIIBI PabOTHI
Ja3epHOr0 CKAaHUPYIOIIEro BUOPOMETpa U MPEUMYIIECTBA UCIIOIH30BAHUS BU3YaTU3allUN
pacnpoctpanenus KYB s ncciienoBanus ux CBOMCTB.

B §2.2 npuBoasaTcs pe3yabTarhl UCCIENOBaHUN nucniepcuu v jgokanuzanuu KYB B
oOpaslie mpsMOro KJIMHA W3 W30TPOMHOTO MOJHMKPUCTAIUIMYECKOTO CIUIaBa ATFOMUHUS
16 ¢ yrmom 60° (puc. 3a). Bemmonnena Bm3yanusanus KYB, pacnpoctpanstomeiics B
oOpasue. ObHapysxena HeOonbas aucnepcus (2,5 %) B unreppaine yactot 0,2—1,0 MI 1,
o0yCIIOBJIEHHAas: KOHEYHBIMH pa3MepaMu 00pas3iia U HEHYJIEBBIM YCEUECHUEM BEPIITHMHBI
KJIMHA, YTO HaXOAMTCS B COMVIACMU C YUCIICHHBIMHU pacueTaMu APYTHUX UCCIEIOBaTENICH.
Jlokammzamus KYB B aTom o6pasiie Ha wacrotax ot 200 mo 1000 k['ir Obuta 6am3ka K
skcnioHeHIManbHOU (Puc 36. [lorpemnoctn m3mepenwnii coctaBuinu e 6onee 0,01).

1

0O 750 xI'g

=
]
1

= 3.76 x/h 200 xI'

y
R?=0.9988 - 350 xI'm

=
(o))
1

¢ 1000 xI'g

=
=
1

1 %
HopMHpOBaHHAS AMILTHTY/AA
KY

o
(]
1

0 0.2 0.4 0.6 0.8 1
Paccrosgnue 10 pedpa KIHHA, X/A

(6)
Puc. 3. a) Buzyammszammsa konebatensHOi ckopoctu KYB. 6) Jlokammzamus KYB B 60-
rpalyCHOM NPSIMOM KITHHE.

Onpenenés kodpUIMEHT JOKaIuW3aluu B B TOKa3aTejae SKCIOHEHTH (2).
[TokaszaHo, 4TO Ha BCEX UCCIEAYEMbIX YAaCTOTaX OH OBLI MPUMEPHO OJMHAKOB U paBeH 3,8
+ 0,4. IlonmyuyeHHbIE SKCIEPUMEHTAJbHBIE PE3yJbTaThl HAXOIWUTCS B COOTBETCTBUHU C
pe3ysibTaTaMM  AHAJIUTUYECKOTO PACCMOTPEHMS M UYHCIEHHOTO MOJIECIMPOBAHUA,
BBITIOJIHEHHBIMU B [1-4, 20].
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§2.3 nuccepranMoHHON PabOTHI MOCBAUIEH AKCIEPUMEHTAIBHBIM HCCIIEA0BAHUAM
HEJIMHEeHHBIX ynpyrux cBoiictB KYB B mpsiMom wu30TponmHOM KiuHE C JeeKTamH.
OKCcnepUMeHTaIbHbIe 00pa3iel kiuHa ¢ yriaamu 30° um 60° ObLIM BBINOTHEHBI W3
NOJIMKPUCTANIMYECKOTO CIulaBa amoMuHus J[16 ¢ [ONOJHUTENBHO CO3AaHHBIMU
OCTaTOYHBIMU  YNPYTMUMU  HAOpsDKEHUSIMH ~ MeToAoM  Hakjemna.  OmnwucbiBaercs
CIEKTPAJIbHBIA METOJ| UCCIICIOBAHUS HEJIMHEHHBIX YINPYTUX CBOMCTB KJIMHOBBIX BOJH U
MOJIyYEHHBIE SKCIIEPUMEHTAIIbHBIE PE3YJIbTATHI.

B oOpasuax kimHa mpoBeJeHbl UCCienoBaHus 3aBUcUMocTy noriomienus KYB ot
e€ ammmtyasl  (OQQEeKT HEeTMHEHHOro TOTJIONICHUS), 3aBUCHUMOCTh CKOPOCTH
pactpoctpanerus KYB ot e€ ammmutyasl (3¢ ekt ObICTpOol TUHAMUKHA) U 3aBUCUMOCTD
aMILIUTY Al BTOPOW KIIMHOBOM rapMOHUKY OT aMIuIATy1pl KYB Ha ocHOBHOM yacToTe.

B xnuHbsSX 00HapyKeHO HENUMHEHHOE MOoryionieHre U 3PQPeKT ObICTPON TUHAMUKHU
KVYB, npu stom B kiuHe ¢ yrioMm 60° ucciemayembie 3G(EKTbl MPOSBISIOTCS CUIIbHEE,
yeM B KiuHE ¢ yriaom 30°, 4yTo CBA3BIBaETCA C OOJee CUIIbHOW JIOKalMU3aluend camoi
meieHHo Mol KYB B o6pasiie 60-rpagycHOro KivHa, 0 CpaBHEHHUIO CO 20M MOJOH
30° kuHa.

Taxxe ObUTIO TIOKa3aHO, YTO B 00pa3ile C JOMOTHUTEIBHO CO3/IaHHBIMU Je(heKTaMu
3¢ deKThl HeIMHEWHOTo TorioueHuss U ObicTpoil nuHamuku KYB mposBisioTcs npu
oonee Huszkux ammmryaax (0,4 mB mo cpaBHenuto ¢ 1 mMB), yem B oOpasue 0e3
JOTIOTHUTENbHBIX ~ UCKYCCTBEHHBIX J€(PEKTOB, a TakkKe OTIMYaeTcsl XapakTep
zapucumoctu (Puc. 4). Tlorpemnocti m3Mepenuii Ha puc. 4a u 6 npu AV/V < -10*
coctapmm  0,1:10* ex. m 0,02 m! coorBerctBenno. (IlorpemmnocTy npu Hyle
3HAYHUTEJIBHO OOJIBIIIE).

A;r, MB
0 1 ol 5
0 3 4 r
-2 3 §
-4 % 3t
160 8 )
— -8 E
- 9 2t
S -10 o < 8
<.12 + ° g
1 L
-4 g a & o C nedextamu
w16 2 ) OBe3 aedeKkToB
-18 o C pedeKkTaMu 0 Lo gm . . . .
- - o C 0 1 2 3 4 3
20 be3 nedexToB Ay B
(a) (0)

Puc. 4. Dddextor ObicTpoit MuHaMuKK (a) 1 HenMHEWHOTro noriomeHus (0) KB B knuHbsx 6e3

JIOTIOJTHUTEIILHO CO3JaHHBIX MEe()EKTOB U ¢ MCKYCCTBEHHO CO3JaHHBIMHU JeheKTaMH Ha 4acTOTe
317 xI'w.

OTO CBA3BIBAETCS C TEM, 4YTO B 000uMX oOpasnax, MOMHMO KJIaCCHYECKOU
HEJIMHEHHOCTH,  IPUCYTCTBYET  CTPYKTYpHasi  HEJIMHEHHOCTb,  OOYCJIOBJIECHHas
MOJIMKPUCTAJUIMYECKOW CTPYKTYpOM MeTailla, a TaKKe HEJIMHEHHOCTb, CBs3aHHAS C
U3roTOBJIEHUEM U 00paboTKOi 00pa3oB. Bo BTOpoM 00pa3iie HCKyCCTBEHHO CO3/IaHHbIE

OCTAaTOYHBIC YIPYTHUE HANPSOKCHUS YBEIMYMBAIOT OOIIYI0 CyMMapHYIO HEIHHEWHOCTH
oOpasia.
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B 30° u 60° KIMHBAX C MCKYCCTBEHHO CO3JAaHHBIMH OCTATOYHBIMH YIPYTUMHU
HANpsDKEHUSIMH ~ BIEPBBbIE  AKCIIEPUMEHTAIBHO  HUCCIIEIOBAaHA TeHepalusi BTOPOM

rapmoHuku KYB (puc. 5. Ilorpemnoctu nzmepenuit cocrasuiu 0,1 mxB).
5 ¢ 4 ¢

A,; MKB

) 0 1 1 )
0 1 2 3 4 5 6 0 0.5 1 1.5
AIf' MB Alf‘ MB

(a) (6)

Puc. 5. 3aBHCHMOCTb aMIUIMTYJbl BTOPOM TapMOHMKU KIMHOBOM BOJHBI Az OT aMILIUTY[bI

nepBoi rapMoHUKH Ajra) B 30°kune, 0) B 60°knuHe.
3aBHCHMOCTb aMIUIUTY/Ibl BTOPOIl rapMOHUKHU A2 OT aMIUIUTY/bl OCHOBHOW BOJIHBI
A B TBEpABIX TEJAX ONpPEAEIAETCS CIEIyIOUIUM ypaBHeHueM [16]:

Ay, ~ NP LAY 4)

bespasmepnsiii napamerp N2 XapakTepus3yeT BEJINYUHY YIPYTOM HEIMHEHHOCTH B
oOpasne, a nmapamerp M> — Ko3(h(UIUEHT, ONpenesIOINi CTENEHHYI0 3aBHUCHUMOCTb
aMIUIMTYZbl TaPMOHHMKHM OT aMIUIMTYJIbl OCHOBHOM 4acTOThL. [[ns ciywas reHepaunuu
BTOPOH YIIpyroi rapmMoHUKU M>= 2.

Amiutyna tpetbedl rapmoHMkun KVYB mponopuuoHanbHa aMIUIMTyZe OCHOBHOM
4acTOTHI B cTeneHu Mz = 3:

Ay, ~ Nk LAY (5)

N> m N3 — HeIUHEWHbIE YIPYTUe IMapaMeTpbl, XapaKTepU3YyIOLIUE KBaIpaTUUYHYIO MU
KyOMUYHYIO HEJTMHEMHYIO yIPYroCTh MaTepHalia KJInuHa.

JInsi KIMHBEB C HCKYCCTBEHHO CO3JIaHHBIMHM JepeKTaMHd aMIUIMTyAa BTOPOM
rapMoHUKU A2y KYB npakrtryecku TUHENHO 3aBUCUT OT aMIUIMTYbI IEPBON TAPMOHUKHU
Ay KYB. OmnpeneneHnbl 4YuClEeHHbIE 3Ha4Y€HMs Mokaszarenss M> B ypaBHeHuu (4):
M>=1,01 ana 30° xwmHa U M> = 1,06 s 60° knuHa. B obOpasie 60° kiuHa 06e3
HCKYCCTBEHHO CO3JaHHBIX AE€(PEKTOB aMIUIMTyAa BTOPOH TapMOHMKH HE TMpEBbINIANa
YPOBEHb IIyMa.

CornacHo [21], nuHelHass 3aBUCMMOCTb BTOPOH YIPYrol TapMOHUKU A OT
aMIUTUTYIbI TIEPBOM TapMOHUKHU A ;r HaOMI0AaeTcsl B Ne(EKTHBIX cpeaax. DTO MO3BOISIET
cenaTh BBIBOJI, YTO reHepauus BTopoil rapmonuku KYB u addexT ObicTpoil quHaMUKK
B U30TPOITHBIX 00pa3iax KIMHBEB OOBCHACTCS HATMYMEM B HUX J1€(PEKTOB, IPUBOISIINX
K TOSBICHHUIO CTPYKTYpHOH HEIMHEWHOCTH B Matepuane kinHa. OOHapy>KeHHBIE
HenuHelHble ynpyrue 3¢ dextsl B KYB MOryT ciiyuTh AMarHOCTUYECKUMHU MPU3HAKAMU
HaJIN4Hs 1e(PEKTOB B MaTEpPHAJIC KINHBEB.

§2.4 DOCBALIEH HCCIENOBAHUIO BIMSIHUS OJHOOCHOTO PACTSKEHUS MPSIMOTO
M30TPOITHOTO KJIMHA Ha HEJIMHEHbIe ynpyrue cBolictBa KYB.
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OOpazen; KiIMHA € MCKYCCTBEHHO CO3/JaHHBIMH OCTaTOYHBIMH CJABUTOBBIMHU
nedpopManusMu W yriioM 44° ObLI  M3TOTOBJICH W3 LWIMHAPUYCCKOTO TIPYTKA,
BBITIOJTHEHHOTO M3 ciuiaBa J[16.

Jns  nepopmupoBanus oOpa3na Oblla pa3paboTaHa cHCTEMa I CO3JaHHS
KOHTPOJIMPYEMOM CHJIBI, JCHCTBYIOIICH Ha oOpasell MapauiebHO pedpy KIHHA,
BKJTFOYAOIAsT JIOMKPAT, YIPABISEMbIH MArOBBIM JBUTATEIEM, U JTATYUK JABIICHUS IS
pEeruCTpaIuy 3HaYCHHUS CHIIBI, IPUKJIAIbIBACMOM K 00pa3ily (puc. 6).

Aarumrx
n
EH - —_—

Y ®BY*]

SysTEM [—*| ©HY_|

| E Ocywnnorpady

Puc. 6. DOkcnepuMmeHTanbHasi yCTaHOBKA, BKIIOYAIOIIash CUCTEMa IS CO3JaHUS
KOHTPOJINPYEMOT'O OJJHOOCHOTO PACTSIKEHHUS.

B oOpasue mnpoBeneHbl HCCIEIOBAHUS 3aBUCUMOCTH  aMIUIUTYIbl BTOPOM

rapMoHuku KYB oT aMImuintyipl BOJIHBI OCHOBHOM 4acCTOTHI U OT BEJIMYMHBI CTATUYECKON
MEXaHUYECKOW CHIJIbI, a TaKKe€ 3aBUCUMOCTH CKOpocTu pacnpoctpaHeHus KYB or
BEJIMYHMHBI CTATHYECKOW MEXaHWYEeCKOW Ccuiibl (akyctoynpyruid 3ddekr) (puc. 7a u 0.
[InaHKM MOTPEIHOCTH U3MEPEHUN MEHBLIE pa3MEPOB Mapkepa TOUku U coctaBuiu 0,1
MkB u 0,02:10% en. coorBeTcTBeHHO). PacTaruBaroiiee HanpsHKEHHE G, MPUIOKEHHOE
napauienbHO peOpy KiMHA, u3MeHsioch B uHTepBasie 0 — 25 — 0 MIla. U3mepenus
MPOBOAMINCH B UMITYJILCHOM PEXHMME Ha 4acToTe 30HAupytoniero curuana f= 300 kI'm.

Kak u B oOpa3nax HM30TPOMHBIX MPSMBIX KIWHBEB C OCTATOYHBIMHU YIPYTUMHU
nepopmanusamu ¢ yrnmamu 30° u 60°, B 44° xnnHE aMIUIUTyAa BTOPOM TapMOHHUKH Azf
KVYB npakTtuuecku JMHEHHO 3aBUCHUT OT aMIUTUTYbI nepBoi rapmoHuku 4;r KYB. Ilpu
3TOM K03(punment M- okazancs paseH 1,14.

0,7 0.0001
0 } t }
0.696 > : 10 15 20 25
-0,0001
20,692 2 3
= 0,692 -0,0002 - qu
- - -
S e 2
Toess M -0,0003 - %,
X 80
-0,0004 -
0.684
0 10 20 30  -0.0005
o, MIla o, MIla

B YBeIHYEHHE Harpy3KH O CHATHE Harpy3KH

(a) (6)
Puc. 7. BnusiHMe MEXaHUYECKOIO HANPSKEHUs HA BEJIMYMHY aMIUIMTYJbI BTOPOM TAPMOHUKHU U
ckopocTs KYB B kiuHe ¢ anepTypoit yria 44°,
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C pocroM BennuuHBI pactaruparouiero HanpsbkeHus ot 0 no 25 Mlla ammutyna
BTOPOM TapMOHHUKM TNPAKTUYECKH JMHEWHO Bo3pacTtana npumepHo Ha 0,7 %, npu
YMEHBIIEHUH MPUIIOKEHHOTO 1aBieHus oT 25 Mlla no 0 ammiuTyna BTOpoil TapMOHUKH
KYB yMmeHblIanach Takke NPAakTUYECKH JMHEWHO Ha =~ 1,4 %. Ilpu sTom ammumTyna
BTOpPOW rapMoHUKH npu o = ( He BO3Bpallajiach K NEPBOHAYAIBHOMY 3HAYECHHIO.
MaxkcumManbHOE 3HAaYeHUE NPUIOKEHHOTO K 00paslly CTaTH4YeCKOr0 MEXaHWYEeCKOTO
HarpsbkeHus 6 = 25 Mlla 3HauuTeNbHO MEHBIIE YCIOBHOTO Mpejeia TeKYyYeCTu Go2 =
340 MIla B marepuane kiuHa crmiaBa J[16 [22]. [losToMy B MHTEpBalle MEXaHUYECKHUX
HanpspkeHud 0 — 25 — 0 MIla, npunoxeHHbIX K KIMHY, MaTepuai KJIMHA HaXxOJWiICs B
obnactu ynpyrux gedopmanuid. [lomydeHHass 3aBUCUMOCTh AaMIUIATYABI BTOPOU
rapmMoHuku KYB oT peBepcrBHO U3MEHSAIOUIEr0CsS MEXaHUYECKOTIO HAMPS)KEHUS BbI3BAHA
HEe IUTacTH4eckon nedopmarmeii obOpasma, a CBA3aHA C MEPECTPOUKON nedeKTHOU
CTPYKTYpbl B Marepuasie kimHa. OTMETUM, 4TO MU3MEHEHHUS CKOPOCTH JUIsl KIMHOBBIX
BOJIH B KJIMHE u3 J[16 mpuMepHO Mpu OAHUX U TEX K€ MEXAHMYECKUX HAIPSIKEHUAX Ha
MOPSIIOK OOJIBIINE, YeM JIJIsl TPOJOJIBHBIX BOJIH B aHAIOTUYHOM Martepuaine [23].

B § 2.5 npuBeneHb pe3yiabTaThl UCCIEI0BAHUN qucnepcuu U jokanu3aiuu KYB B
LWIMHJPUYECKOM KJIMHE, BHYTPEHHSASI TOBEPXHOCTh KOTOPOI'O IPAaHUYUT C BO3IYyXOM U
AKUJKOCTBIO.

JIns mpoBeAeHusl SKCIEPUMEHTOB B IIMJIMHAPUUECKUX KIMHBIX C MOJ0XKUTEIBHOU U
OTPULIATENILHON KPUBHU3HOM M3 LMWJIMHAPUYECKOrO MpyTKa ciuiaBa amoMuHus J[16
nuameTpoM 98 MM OBUTO M3rOTOBJICHO [IBa IIMHIpUYECKUX KiuHa (puc. 1a,0). ¢
OJIM3KUMU TI0 BEJIMYMHE YIIIAMH PACKPBITUS: YTOJl KJIMHA C MOJI0KUTEIbHOW KPUBU3HOM —
33°, a KJIMHa C OTpHULATEIbHOM KpuBH3HOW — 32°. JlMameTp OrpaHUYMBAIOLIETO
LWIMHApPAa B KIWHE C OTPULATEIbHONW KpPUBU3HOM cocTaBiasil 73,2 MM, a ¢
MOJIOKUTEFHOW KPUBU3HOM OBbLT paBeH 98 MM.

B wusroroBneHHeIX 00pa3nax KiIMHBEB ObuIa MCCIIEOBaHa JUCHEPCHS U
nokanuzanus KYB B nnanazone wactot ot 100 1o 600 kI' (puc. 8a). beuio mpoBeneHo
CpaBHEHHE TMOJIYYEHHBIX JMCHEPCHUOHHBIX KPHUBBIX C pacdyeTamH, BBIIOJIHEHHBIMHU I10
dopmyne (3), m C pesymbraTaMH YHCJICHHOTO MOJAEITUPOBAHUS, BBITOJTHEHHOTO
COTPYIHUKOM MHCTUTYTA (pusuku 3emun uMenu LlImunra k. ¢-m. H. KoctkoBsiM P. A.

OKCHEpUMEHTAJIbHbIE 3HAYEHUS] HAXOJATCA B XOPOLIEM COOTBETCTBHM C
pe3yJbTaTaMM  YWCIEHHOIO  MOAENUpPOBAaHMUSA. OTKIOHEHUs  AKCIEPUMEHTAJIbHBIX
3HaueHuil ckopocth KYB ot pesynbratoB pacu€toB mo dopmyne KpsuioBa (3)
CBSI3BIBAIOTCS C TeM, 4TO (hopmyina (3) monydeHa B NpUOIMIKEHHH TOHKOTO KIWHA, 0e3
y4€Ta OrpaHUYEHHOCTH Pa3MEPOB KIIMHA U HAJIUYUS yCEUCHHUS.

CornacHo poBEIEHHOMY MOJEIMPOBAHUIO, aMILTUTY1a AHTUCUMMETPUYHOU MOJIbI
KYB Tak xe, kak W B ciy4yae NpsSMOTO KIWHA, YOBIBa€T SKCIIOHCHIHAIHHO B
HANpPAaBJICHUU, MEPHEHANKYJISIPHOM peOpy KIMHA, B 3aBUCHUMOCTH OT PAaCCTOSIHUS OT
pebpa kinuHa (2) (puc. 80, B. Ilorpemmnocti HopMupoBaHHBIX amIIuTy paBHbl 0,003 u
0,005 cootBercTBeHHO. g yacToT 278,5 u 578,5 kIl MOTPEIIHOCTH BBIIIE U COCTABUIIA
0,03 en.). Koaddunuent B nis KauHa C MOJTOKHUTEIbHOW KPUBU3HON OB paBeH B = 5,2
+ 0,2, a JyIs KJIMHA ¢ OTPULIATENIbHOW KpuBU3HOU B = 4,8 £ (0,2. OT0 yKa3bIBaeT Ha TO, YTO
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nokammzans KYB y pebpa kiMHa B UMIMHAPUYECKUX KIUHBAX C TMOJOKUTEIHHON

KpHBHSHOf/'I BBIIIC, YEM B KJIIMHC C OTpHHaTeHBHOﬁ KpPIBH?;HOﬁ.

1680 -

1640

Ve M/e

Tl § ° ; f
1600 - -_.-.—‘-'-‘-'-'-‘-"'_"‘_"'__'I.';
B ki r——:—:_—____
- - - ’; ;
1560 e * -
Y I
f, kI
1520 T T T T T
50 150 250 350 450 550 650
(+) KpHBH3HA: - . - AHATHTHUECKHil pacieT @ SKCTIEPHMEHT MOJIeTHPOBAHHE
(=) KPHBH3HA: — — aHanHTHYeCKHil pacueT M  SKCIEPHMEHT — ** MOJEJIHPOBaHHE
(a)
1 1 A 1585
A/d, o 400 KT A A/4, B
0.8 1 0.8 1% < 2185 KI'n
0 300kl O 278,5 kK[l
0.6 4 0.6 -
0 578.5kI'g
x 250K i
04 1 GxlH 0:4 —-—Mogemnupo
A/A, = exp(-5.176 1/)g) BaHIe
0.2 1 200 KTt 0
0 0
0 0.5 1 1y 0 0.5 1 g
(6) (8)

Puc. 8. Csepxy a) JlucnepcroHHbIE KPUBBIE TSI IIMIHHAPUYECKUX KIIMHBEB C TIOJIOKUTEIBHON U
OTpUIATeNIbHOW KpuBH3HOM. CHu3y - nokanuzanua KYB B UmWIMHApUYECKOM KIHMHE C

MOJIOXKUTEIHFHOM KPUBU3HON 0) M C OTPHUIIATEIIBHON KPUBU3HOH B).
[Ipu cpaBHeHUU 3HaUeHHMN KO3 duUlIMeHTa JoKanu3anuu B u3 (2) B MpsMOM KIMHE

U B IWIMHIPUYECKUX KIMHBAX Ha OJHOM rpaduxe (puc. 9), BUIHO, YTO KOA(DPUIIMEHT
nokanuzanuu KYB ais 000ux TUMOB HWIMHAPUYECKOTO KJIMHA MEHbIIIE, YeM 3HaUeHHE B

JIA IIPAMOTO KJIMHA IIPpXU TOM K€ YIJIC.

~

(Y (=)}
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Ko puuuenr jgoxanuzanuu B
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0 10 20 30 40

50 60 70

Vroa kanHa, rpaxycel

® [ [iwmHHIpHYe cKUil KIHH

u [Ipsmoii KITHH

Puc. 9. 3aBucumocts koadpdunmenta B mis nokammsanuu KYB B mokazaresne S3KCIIOHEHTHI
(2) ot yruta kJIMHA A71s1 IPSIMOTO M ITMJTHHAPUYECKOTO KIIMHBEB.

Jlist

HCCICA0BaHUA

BJIMSAHUSA

KOHTAaKTa

BHYTpEHHEH  TOBEPXHOCTHU

MUIMHAPUYCCKOTO KJIHMHA C XHUJAKOCTBIO Ha PacCIIpOCTPaHCHHWA KIMHOBBIX BOJIH B HCM
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UCIOJIb30BAJIUCh JKUJIKOCTH, HMEIOIIME pPAa3jIU4HyI0 BA3KOCTh M IUIOTHOCTH: BOJA
(mmotHOCTB — 1000 KI/M?, ckOpOCTh 3ByKa — 1490 M/c, KMHEMaTHYecKas BA3KocTh — 0.894
MM2/c), 86% BOIHBIN PAaCTBOP TIMLEPHHA (M3MEPEHHAS IUIOTHOCTH — 1221 £ 0.5 kr/m?,
U3MEpeHHast CKOpoCTh 3ByKa — 1950 + 20 m/c, nuramuyeckas Bsa3kocTh 0.0926 Ia-c [24])
¥ MamuHHOE Macio Mapku 1o SAE 10W-30 (usmepennas miotHocTs 890 £ 1 kr/m?,
KMHEMaTu4ecKkas BA3KOCTh — 146.5 Mm?/c [25], u3sMepeHHas cKOpocTb 3Byka — 1420 + 20
m/c). Bee 3nauenuns npuBeneHs! At Temnepatypsl 25°C u atMochepHOM JTaBICHUN.
Hanuuue XuAKOCTH Ha BHYTPEHHEW MOBEPXHOCTH 00paslla KJIMHA TMPUBEIO K
pa3IMYHbIM TPAaHUYHBIM YCJIOBHUSAM Ha BHYTPEHHEH M BHEIIHEM CTOpPOHAxX KIUHA.
Pe3ynpTaThl UYMCIEHHOTO MOJEIMPOBAHUS M SKCHEPUMEHTAIBHOTO HCCIEI0BaHUs
3aBucuMocTd ckopoctd KYB 0T ypoBHS >KUIKOCTH, 3aMOJHSIONIEH LUIUHAPUYECKUN
KJIMH, npuBeaeHbl Ha puc. 10. OTHocuTenpHble norpemHocty ckopoct KYB Ha nanHoM

rpaduke coctaBuiu npumepHo 0,5 %.
1700

1700
Kl Vyun, m/c
m ® @ @ R a e e BB BB A 8 @
1600 - g ° 1600 | gat®
8 1 ] [ ] a a o 4
] o A aBaem _Toe [} [
6 ] o B s B .
a ’ o (+) KpHBH3HA, BOJA 1500 + 5 Q a® 2® © (+) KpHBH3HA, BOJA
1500 A ) . [ & (+) KpHBH3HA, ITIHIEPHH | B, . s 2 4 (+) KpHBH3HA, TNIHIEPHH
i . . O (+) KpHBH3HA, MaCIO 1400 3 2 % O (+) KPHBH3HA, MACITO
1400 3 o ® (-) KpHBH3HA, BOZa ] 'S ® (-) KpHBH3HA, BoJa
| 4 (-) KpHBH3HA, [TTHIEPHH 1300 !! ? ] 4 (-) KpHBH3HA, [NTHIIEPHH
B (-) KPHBH3HA, MaclIo = (-) KPHBH3HA, MACIIO 7y
1300 F ; ; : ; Xk 1200 ‘ . ‘ : ’
0 0.1 0.2 0.3 0.4 0.5 0 0.2 0.4 0.6 0.8 1
(a) (6)

Puc. 10. 3aBucumocts ckopoct KYB B KiuHE C *KHUIKOCTBIO OT HOPMHUPOBAHHOTO Ha
amuay KYB paccrosiHust oT pebpa KIHHA 0 MOBEPXHOCTH JKUAKOCTH, IIPU 3TOM 3HaueHuto 0
COOTBETCTBYET YPOBEHb J>KUIAKOCTH Yy BEpUIMHBI KJIMHA (uyactora - 250 kl'm): (a)
MoJieTIpoBaHue; (0) SKCTIEpUMEHT.

Kak BugHo Ha puc. 10, mpu MamoM ypoOBHE JKUIKOCTH CKOPOCTb OCTAaeTCs
NPAaKTUYECKH TMOCTOSHHOW, PE3KO YMEHbIIasiCh, HAYWMHAS C paccTOsSHUM Ao/2 (1o
3HAYCHUI HUXKE CKOPOCTH 3BYKa B JKHJIKOCTH). TakuM 00pa3oM, 3aMETHOE BIIUSHUE
JKAJIKOCTH Ha BenumuuHy ckopoctd KYB mpoucxonurt, kak M CIeIoBaJIO OXUIAThb, B
00JIaCTH JTOKAIM3alluK KIIMHOBOM BOJIHBI.

[Ipy wu3MeHeHUM TIUIOTHOCTH kuakoctu oT 0,9 nmo 1,2 r/cm? MPOUCXOJAUT
YBEIMYEHUE OTHOCUTENbHOro u3MeHeHus ckopoctu KYB or 16,7 no 18,4 % nns
MOJIOKUTEIBHOTO KJIMHA U 0T 12,6 10 15 % 114 oTpULaTeIbHOTO KIIMHA.

B uccnenyempix mpeaenax BsS3KOCTH (auHamudeckas Bs3kocTh oT 0,0009 mo 0,1
[Ta-c, o0bémHast BszkocTh — oT 0,0025 mo 0,28 Ila-c), 3aBucumoctu ckopoctu KYB ot
BS3KOCTH KHUJKOCTH HE OOHApyKEHO, YTO MOXET OBITh CBS3aHO C TMOJSpU3aANUCH
KJIMHOBOM BOJIHBI, HE COJIepKalllell CIBUTOBOM KOMIIOHEHTHI. bojee MenjeHHoe
n3MeHeHnue ckopoctu KYB npu sKkcniepuMEHTaNBHBIX UCCIENOBAHUAX 110 CPABHEHUIO C
pe3yJIbTaTaMyd YHCIEHHOTO MOJISIUPOBAHUS OOBSACHACTCS HAIMYMEM HEOOIBIIOrO
MEHHCKA XUJKOCTH Y TIOBEPXHOCTH KJIMHA U OCOOCHHOCTSIMHU €ro (DOpMBI ISl KIIMHBEB
Pa3HOU F€OMETPHH.
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Takum 06pazoMm, IpoBeEHHBIE SKCIIEPUMEHTHI MOKa3aJIH, YTO U3MEHEHUE CKOPOCTH
KVYB B munnHApUYECKOM KJIMHE, BBI3BAHHOE HAJUYUEM >KUIKOCTH, TOCTATOUYHO BEJIHUKO,
Y KayeCTBEHHO COOTBETCTBYET PE3yJIbTaTaM YHCIEHHOTO MOJEIMPOBAHUA. JDTO MOMKET
CIY’)KUTb OCHOBOH /JI1 METOJUKH KOHTPOJS IUIOTHOCTU MXUIAKOCTU IPU H3MEHEHUU
BHEIIIHUX YCJIOBUII.

B §2.6 mpuBOasTCS pe3ynbTaThl MCCIEAOBAHUS OCOOCHHOCTEW pacHpOCTpaHEHHS
KJIMHOBBIX BOJIH B OOpaslie CIO0XKHOW CHUpPaTbHON (QOpPMBI - B CHHPAJILHOM CBEpJe IO
MeTaJuTy auameTpoM 28 MM ([yMHa pexyiiei yactu obpasma - 192 mwm). Knun takoi
(dopMBI MMEET HECKOJBKO pa3MepHbBIX mapameTpoB. OCHOBHBIMH, IIOMHUMO JIHAMETpa
CBepJa, SBJIAIOTCSA TaK)K€ IIMPUHA JICHTOYKM CBepja — 2,7 MM M JUIMHA 1Iara cBepja —
160 Mm. Yron Mexay JIMHHEH KPOMKHU JIEHTOUKM M OChbIO cBepijia cocTaBisil 29 + 1
IpalyCcoB.

Metoaom na3epHOi ckaHupyrolied BuOpomeTpun B nuamazoHe 100 mo 580 kI
UCCIIEIOBAaHA JIMCIIEPCUsl KJIMHOBBIX BOJH B oOpasue cBepia (puc. 11. Bennuuna
norpentHocTy Ha puc. 116 He nmpepsimana 0,03 ex.).

3,2 1
g i :\f ——580xT
2 3 5 g 0.8 1 —8— 520K
E 1 it 3 —+— 430 KTn
a 2.8 ir \i / \I £ 0,6 - o
3 343 = 340K
2 ¥ 3 8 —
226 ii ' g 041 230K
= E —e— 1601l
=
g y3d £
224 4 2 02
- E >
& -
=]
2.2 . . o0 . . . ;
0 200 400 600 0 0.1 0.2 0.3 0.4 0.5
YacroTa, KI'nm PaccTosiHne 10 pedpa KIHHa, X/}

(a) (6)
Puc. 11. lucniepcus (a) u nokanu3zanus (6) KIMHOBBIX BOJH B 00pasiie cBepia.

OO0OHapyXeHO, YTO B OTVIMYUE OT MPSMOTO KIIMHA, B o0paslie cBepia HalIrogaeTcs
JUCIIEPCHs, YTO SBJISIETCS CJIEACTBUEM HAMUUs PAa3MEPHBIX MapamMeTpOB B T'€OMETPUU
cBepina. JlucmepcHOHHbBIE XapaKTEpUCTUKU B 00paslie cBepiia SBISIOTCA Ooliee
BBIPQXXKEHHBIMU U UMEIOT 00Jie€ CIOXKHBINA XapaKTep, IO CPABHEHUIO C JUCIIEPCUOHHBIMU
CBOMCTBaAMHU IIWJIMHJIPUYECKUX KIWHBEB, YTO MOXET OBITh OOBICHEHO HAIUYUEM
HECKOJIbKMX pa3MEpHBIX MapamMeTpoB B mpoduiie oOpasiia cBepia — AMaMeTpa, MUPUHBI U
BBICOTBHI KPOMKH PEXKYIIEH 4acTh, UCKPUBJICHUSI CBEpJIa B MOMEPEUYHOM CEUEHUU U Il1ara
CBepJIa B MIPOJOJIbHOM HarpaBieHuH. OOHApyKEHO, YTO B OTJIMYUE OT KJIMHOBBIX BOJH B
OPSIMBIX M IHJIMHIPUYECKUX KIWHBAX, KOI(POUIIMEHT JIOKAIM3AIUKA KIMHOBBIX BOJH B
oOpa3lie CnupajJbHOIO KJIMHA 3aBUCHUT OT YaCTOTbI, YTO MOKET ObITh OOBSCHEHO CII0KHOU
reoMeTpueit oopasia cepia.

B §2.7 onucanbl pe3ynbTaThl MCCIIEIOBAaHUS HETUHENHBIX ynpyrux csoiicts KYB B
AHU30TPOITHOM KJIMHE M3 HuoOara autus. [ sKCepUMEHTaJbHBIX HCCIEeIOBaHUMN
HEJIMHEWHBIX yHpyrux 3QQeKToB B aHU30TPOIMHOM MaTepuaje OblI HCHOJIb30BaH 64°
KJIMH, U3TOTOBJICHHBIN U3 MNIACTUHKU HUOOaTa nuths YZ-cpesa pasmepamu 2x10x60 Mm.
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Ha peOpe knuHa umercs HeOoabIon aedekT, rimyOrHa KOTOporo Obuta B HECKOJBKO pa3
MEHBIIIe JJIMHBI KIIMHOBOM BOJIHBI, @ MPOJIOJIbHBIE pa3Mephl edeKkTa — COMOCTaBUMBI C
JUTMHOW BOJHBL. B oOpa3ne ximnHa Ha vactote f= 3,85 My Bo3Oyxmanack u3ruOHas
moaa KVYB, ckopocts kotopoit Obuta paBHa (3190 +40) m/c. B criekTpe mpomeniei
KJIMHOBOM BOJIHBI, I[OMHUMO CHIHaja Ha OCHOBHOH 4acTtoTe Aj; OBUIM Takke
AKCIIEPUMEHTAIBHO 3aPETUCTPUPOBAHBI M U3MEPEHBI aMIUTUTYABl BTOPOU Ar M TpeThe
TapMOHHKHU A3 B 3aBUCUMOCTH OT aMIUIMTY/bl KJIMHOBOW BOJIHBI HA OCHOBHOM YacToOTe
Air(puc. 12. [lorpemnoctu cocrasmiu 0,1 MxB).

2 [ i 4,5 [ A3z
25 4 FmxB
35 f
20 3t
15 2,5 t
2 F
10 L5 |
5 L r
ArMB s | Ay MB
0 . 5 i

(a) (6)
Puc. 12. 3aBucumoctu (a) aMIIUTyIbl BTOpON rapMOHUKU Az u (0) - aMIIUTyIbl TpeTben
TapMOHHUKU A 37 OT aMILTUTY 1l IEpBOM rapmMoHuKHU A ;s KYB.

3aBUCUMOCTb aMIUIUTYJ BTOPOM MU TPETheW TapMOHUK OT aMIUIMTYJbl OCHOBHOM
4aCTOThl HOCUT HEJIMHEHBIN XapakTep. s BTopoi rapmonuku M> = 2,51 + 0,05, u nis
tpetbeit M3 = 1,70 £ 0,05. Takue 3HaueHus MOKa3aTeJeH CTENEHW YKAa3bIBAlOT Ha
HaJIM4YME B HCCleIyeMoM oOpa3lie KJIMHA, KPOME KJIAaCCHUYECKOW HEJIMHEHHOCTH,
CBSA3aHHOW C aHrapMOHU3MOM  KpPUCTaJUIMYECKOM  pelleTKH HuoOaTa  JIMTHUS,
HEKJIACCUYECKOU (CTPYKTYPHON) HETMHEHHOCTH, 00YCIIOBICHHOW HaIM4ueM Je(PEKTOB B
Marepuaie KJIWHa, MOSIBUBIIMXCS MPU €r0 U3rOTOBIICHUH.

Pe3ynpTaThl 3KCHEPUMEHTAIBHOTO HCCIEAOBAHMS 3aBHUCHUMOCTH IOTJIOIIEHUS U
ckopoctu KYB or ux ammiuryael mnpuBeaeHbl Ha puc. 13a,0 COOTBETCTBEHHO.

[Torpemnoctu usmepenuii cocrtasunu 0,02 m™' 1 0,01-1073 cooTBeTCTBEHHO.
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(a) (0)
Puc. 13. 3aBucumoctu (a) mamenenus: noryomnieHus KYB u (6) oTHOCHTEIPHOTO WM3MEHEHUS
ckopoctr oT amMuiuTy a6l KYB B kimuHe u3 HHoOaTa muTus.
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OO6Hapy:keHHast 3aBUCUMOCTh U3MEHEHHSI CKOPOCTHU U MOTJIONIEHUS KIIMHOBBIX BOJH
OT WX aMIUTUTY/Ibl YKa3bIBAET HA HAJIMYKME HETMHEHHOCTH B KIIUHE.

B §2.8 uccrenyroTcss 0COOEHHOCTH pacpOCTPaHEHUs YHPYrUX BOJH B KJIMHE C
napabonnueckuMm npodunem. s npoBeneHus SKCHEPUMEHTOB MO pPacHpOCTPaHEHHUIO
YOPYrHUX BOJH B mNapaboJMyecKoM KIHWHE ObLI pacCuuTaH W H3TOTOBIEH METOJO0M
texnonoruu 3D-meuatn u3 momumepa ABC skcnepuMeHTanbHBIA 00pa3el, COCTOSIIHMA
U3 IJIACTUHBI MMOCTOSTHHOW TOJIIIMHBI, HA JBYX MPOTHBOIMOJOXKHBIX CTOPOHAX KOTOPOMH
OBUTM HM3TOTOBJICHBI KIIMHBS, TOJIIMHBI KOTOPBIX YMEHBLIAIUCH MO MapadOoIMdecKoMy
3aKOHY NP TPHUOIKeHUH K pedpy kiuHa (puc. 14). ®opma mapaboandeckoro nmpodus
onpegenserca popmynoil A = b-x’ , rae h — ToNIMHA KJIUMHA, X — PACCTOSHUE OT pedpa
ximHa. Kosdppuuuent b =10 m!.

e

100 mm

b

‘F 18,3 mm +|+ 31,5 MM +|+ 18,3 mm ——

(6)

‘:i 47

Puc. 14. (a) ®oro obpasma; (6) pazmepsl oOpasma.

B mmanazone wactror f = (20,5-93,3) kI'm ObuH M3MEPEHBI JJIMHBI BOJH BOJIHBI
JIpmba, pacmpocTpaHSOMIEHcs NEePHeHANKYIIpHO pedpy KIMHA Ha pa3HBIX ydyacTKax
oOpasna: B macTuHe u KimHe (puc. 15).

) e 309K
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PaccTosige K pedpy KJIHHA, OTCYHTRIBAEMOE OT IPAHHIBI "' IIACTHHA-
napaboaHuecKHi KIHH" , MM

-15 -10 -5 0 5 10 15 20
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Puc. 15. 3aBucuMocTs JIiHBI BOJHBI JIaMOa OT paccTOsIHUS OT TPAHMIBI MKy TIJIACTHHOW U
napaboJMYecKUM KJIMHOM B Jnuama3oHe 4dactoT f= (20,5-93,3) k[ Ha pa3HbIX ydacTkax
oOpa3ia (B KJIIMHE U B TUTACTUHE).

I[Tonx rpaduxom momemEéH mnpoduiab NApadOIUIECKOTO  KIMHA, TOYHO
COOTBETCTBYIOIINNA KoopAauHaTaM «x» Tpaduka. Homas B 00pasiie Ha ocu OX HaxoauTcs
Ha TPaHUIIE TUIaCTUHA-TIapabomyecKkuid KinH. [ Bcex 9acToT HaOII0qaeTCs TeHISHITUS
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3HAUUTENBHOTO YMEHbBIICHUS JAJIMHBI BOJIHBI B KJIIMHE MPU NPUOIKEHUN BOJIHBI K pedpy
KJIMHA. DTO BBI3BAHO YMEHBIIEHUEM TOJIIMHBI KJIMHA 110 HAMPaBJICHUIO K pedpy KIMHA U,
KakK CJEJICTBHE, YMEHBIICHHEM CKOPOCTH BOJIHBI J[3M0a, 4TO HaXOOUTCS B COTJIACHU C
dbopmynamu u3 ctathu [14]. CkopocTu He 0OpalaroTcs B HOJIb Ha pedpe oOpasiia KinuHa
B CHJIy TOT'O, YTO HEBO3MOXXHO (PU3UYECKH peann30BaTh YMEHbIICHHUE TOJIIIMUHBI KIMHA
JI0 HyJIs 110 MapaboaudyeckoMy 3akoHy. [Ipu TonuHe KIMHa B OCHOBaHUM - 4,7 MM, U Y
pebpa knuHa - 0,14 MM, ux oTHomeHHE cocTaBiseT nmpumepHo 34. Cormacuo [14],
ckopocts KYB nponopiyoHanbHa KOpHIO KBaJpaTHOMY M3 TOJIIMHBI 00pasua. [losTomy
CKOPOCTH Y OCHOBaHHMsI U peOpa o0pa3slia B 3KCIIEpUMEHTE OTINYatoTcs B 5,8 pas.

DKCHEpUMEHTAJIbHO HCCJIEIOBAHO HW3MEHEHUE CKOPOCTH PACIpPOCTPAHEHUs U
aMIUTUTYIbI KOJIEOATEeIbHON CKOPOCTH B M3TMOHOM BOJIHE MPH €€ IPUOIIKEHIH K pedpy
kinuHa (puc. 16.).
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(a) (6)
Puc. 16. 3aBHCHUMOCTb CKOPOCTH paclpOoCTpaHEHH (a) U aMILTUTYAbI KoJeOaTeTbHOH CKOPOCTH
(6) Bonubl JI>M0a Ha yactoTe f= 64,9 kI'l B oOpasie OT paccTOSHUS BAOJNb HAaNpaBICHUS
pacnpocTpaHeHHs BOJIHBI. TOYKaMU U CIUIOIIHOW JTMHUEH MOKa3aHbl Pe3yJIbTaThl HIKCIIEPUMEHTA,
a MyHKTUPHOW JMHHUEH — pacu€Thl CKOPOCTH PACHPOCTPAHEHUS M aMIUTUTYAbI Orudaromeil mo
dopmyne u3 [14, 26].

OO6HapyXeHO yMEHBIIEHUE JJIMHBI BOJHBI U YBEJIMYEHHUE €€ aMIUIUTYAbl MpHU ee
npuOIMKeHnH K peldpy KIWHA, YTO HAXOIUTCA B COTJACHH C TEOPETUYSCKUMU
pe3yJibTaTaMH, MOJYy4YE€HHBbIMU B [ 14].

JlazepHblii BUOPOMETp MO3BOJIMJI BU3YaJIU3UPOBATh PACIPOCTPAHEHUE H3TUOHBIX
KIIMHOBBIX BOJIH B 00pasiie W M3MEPSATh WX aMIUIMTYIy MPU Pa3IUMYHBIX BapHaHTaX
YCTaHOBKM Ibe3onpeoOpazoBareneii Ha Hem. Ha puc. 17a ot mnpeoOpazoBatens B
HaNpaBJIeHUU K pedpy mapaboandecKoro KinHa Bo30ykaanachk n3ruoHas BoiaHa JIsmba ¢
wiockuM ¢porToM. [Ipm sTOM BONHA pacmpocTpaHsiack B ABYX 4YacTaX oOpasma:
[IEPBOHAYAIBHO B IIJIACTUHE, B KOTOPOW €€ TOJIIIMHA U CKOPOCTh BOJIHBI IIOCTOSIHHBI, a
3aT€M B KIMHE, TOJIIWHA KOTOPOrO, a, CJIEAOBATEIbHO, U CKOPOCTb BOJIHBI IIPU €€
npuOIMKeHUH K peOpy KIMHA YMEHBIIAINCh B HANPABIEHUU PACHPOCTPAHEHUS BOJIHBI.
OTO NPUBOIUT K YMEHBUICHHUIO UIMHBI BOJNHBI JI3MOa mpu e€ mpuOmmkeHuu K pedpy
KJIMHA.
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(a) (6)
Puc. 17. Buzyanu3zamnus pacrpocTpaHeHus BoJHBI JIaMOa B o0pasiie KJIMHA B HalpaBJIeHUH: (a)
NepIEeHINKYIApHO K pebpy kinHa Ha yactote 60 kI'1; (6) Baonb pedpa kinHa Ha yactoTe 64,9
k[ 1. PEOpa knMHBEB MOKa3aHbI KENTOM IMHUEH, a TPAaHULA «TUTACTHHA-TIAPaOOTUYECKUN KIINH
— CEpOU JINHUEN.

I[Ipu  BO3OyX)aeHnum  ympyrod BOJIHBI B oOpasue  mpeoOpazoBarernem,
pPacCIiONIOKeHHBIM Ha 00pasile NeprneHauKyspHo péopam kinuna (Puc. 176), mmockas
BOJIHA OJHOBPEMEHHO WU3JIy4yaeTrcs B TpU dYacTh oOpasna: B TOHKYIO IUIACTHHY
MOCTOSIHHOM TOJIIMHBI, W B JBa OOKOBBIX KIIMHA, PACIHOJOXKEHHBIX Ha JBYX
IIPOTUBOIIOJIOKHBIX CTOPOHAX IUIACTUHBI. TaK Kak TOJIIMHBI TUX KIMHBEB, KAK YXKE
OTMEUaJIOCh paHee, YMEHBIIAITCS M0 MapaboIMuecKoMy 3aKOHY MPH MPUOIMKEHUU K
pedpy KJIMHA, TO, KaK CJEJICTBUE, - YMEHbIIIAETCS CKOPOCTh (PpOHTA BOJHBL. Benenctaue
ATOT0 NMEePBOHAYAILHO U3JyYeHHBIE B 00pa3Ie BOJIHBI C TNIOCKUMH (PpOHTaMU B Ipoliecce
€€ pacnpoCTPaHEHUsI HAUYMHAKOT OTJIMYATHCA OT IUIOCKUX.

B 3axiioueHum npensioKeHbl OCHOBHBIE pe3yJbTaThl U BBIBOJBI BCed pPalOTHI,
OJ1aroJlapHOCTH, MyOIMKALMK aBTOPA U CIIUCOK JINTEPATYPHI.

OCHOBHBIE PE3YJIBTATHBI U BBIBO/1bI

1. Pa3pabotanbl M  co37aHbl  aBTOMATU3UPOBAaHHAs  YJIbTPa3ByKOBasd
DKCIIEPUMEHTAJIBHAs YCTAaHOBKA W METOJMKHM JUIsl MCCIEJOBAaHMs JIMHEHWHBIX U
HEJIMHEHHBIX YIPYTUX CBOWCTB KIWHBEB C Je(eKTaMu M aHU30TPONHEH YIPYTHX
CBOMCTB, a TaK)X€ HMCCIICIOBAHUS JIMHEHHBIX YIPYIMX CBOMCTB KIHMHBEB C Pa3iIU4HON
TE€OMETPHUEN U € Pa3IMYHBIMU T'PAHUYHBIMU yCIOBUSMHU.

2. Jlnsg TmpoBEACHUS HSKCIEPUMEHTAIBHBIX HCCIEAOBAaHUI OBUTM pPAacCUMTaHBI U
U3rOTOBJIEHBI CIIEyIoIIKe 00pa3iibl KIMHBEB: U3 MOJUKpUCTAIIIMYECKOro ciasa J[16 —
M30TPONHBIM MPsAMON KIMH ¢ yrioM 60°, mpsiMble M30TPOIIHbIE KIMHbS ¢ yriaamu 30°,
44°, 60° c octaTouHbIMH JedopMalMsIMU U J1Ba 00paslia MUIMHIPUIECKUX KIIUHBEB C
OTPHUIIATEIIFHON U MOJIOKHUTEIbHONW KpUBU3HOU 1 yriiamu (33° u 32° cOOTBETCTBEHHO); U3
MOHOKpHCTaIa Huo0aTa JUTHA — aHU30TPOIHBINA KIMH ¢ yriioM 64°; u3 monmumepa AbC
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— KIuH ¢ mapabonudeckuMm mpodmiem (merogom 3D-meuatn). B kauectBe oOpasia
CHUPAJILHOTO KJIMHA HUCTOIb30BaJIOCh CTAJILHOE CBEPIIO JUAMETPOM 28 MM.

3. B u30TpONHBIX W aHW3OTPONHBIX KIWHBIX C JedekTamu (BBIMIOJHEHHBIX W3
NoJIMKpUCTalinyeckoro ciasa /{16 ¢ ocTaTOUYHBIMU yNpyTMMH HANpSOKEHUSIMH U U3
MOHOKpHUCTa/lla HHOOaTa JHUTUA C JAepeKTaMH) SKCIEPUMEHTAJIbHO HCCIIEeOBaHbI
HeJTMHEWHbIE 2P EKThI: TeHepallvs KIMHOBBIX TApMOHUK U 3()PEeKThI OBICTPON TMHAMUKA
u HenuHerHoro nornouieHuss KYB. OGnapykeHo, 94TO 3aBUCUMOCTb BBICHIUX TapMOHHK
OT AaMIUIUTYAbl OCHOBHOM TapMOHUMKM MMEET HEKJIACCUYECKUI XapakTep, 4To
CBSI3bIBAETCS C HAJTUYUEM CTPYKTYPHOU HEJIMHEHHOCTH. DTU PE3yJIbTaThl MOTYT CIIYKHUTh
OCHOBOU NIl HEJIMHEWHOM YIPYrol TUAarHOCTUKH Je(EKTHON CTPYKTYpbl KIMHOBHIHBIX
00BEKTOB.

4. DKkcrniepuMEeHTalIbHO HcclieoBaHa 3aBUCUMOCTh ckopocT KYB u ammnuty el ee
BTOpON TapMOHUKHM OT BEIUYMHBI MEXaHHYECKOTO HAINpPSKEHUS, CO3JaHHOTO CHUJIOM,
NPUIOKEHHON K 00pa3ily mapamienbHo peOpy KIMHA U3 MOJUKPUCTAIUIMYECKOTO CIIaBa
J16 c yrmom 44°. O6HapykeHo, uyTo ctathueckas aedopmanus (mo 25 Mlla) obpa3ia
NPUBOAUT K YBEIMYEHHUIO €ro yIpyrod HEIMHEHHOCTH — BO3PACTAHUIO aMILIUTYbI
BTOPON ynpyroid rapmMoHMKM KJIMHOBBIX BOJIH (Ha 0,7 %). Ilpu 3ToM oTHOCUTENBHOE
u3MeHenue ckopoctd KYB B kiimHe NmpuUMEpHO NMpU OJHUX M TEX K€ MEXaHMYEeCKHX
HanpsDKeHusX Ha mopsgok Oosbmie (0,0005), ueM aiis mPOJOJIBHBIX BOJTH B TOM K€
MaTepuaie. DTH pe3yJbTaThl MOTYT CIYKUTb OCHOBOM [JIi HEJNMHEHWHOW ympyrou
JMArHOCTUKHU Je(eKTHON CTPYKTYpbl HATPYy>KaeMbIX KIMHOBUIHBIX OOBEKTOB.

5. DKCHEepUMEHTaJbHO MCCIEOBAaHbl JUCIEPCUOHHBIE XapaKTEPUCTUKHU YIPYTUX
BOJIH B KIMHbSIX pPa3IUYHOM TE€OMETPUM — B TMPSAMBIX, IWIMHIPUYECKUX (C
OTPULATENIBHON U TOJOKUTEIbHOW KPUBHM3HOW) M B CHUPAIBHOM KiIHMHE. ISl mpsMbIX
KJIMHBEB U3 ciiaBa J[16 oOHapykeHa nucnepcust KIMHOBBIX YIPYrux BOJiH (2,5 %) B
nosioce yacTtoT oT 200 g0 1000 kI'11, uTo OOBACHIETCS HATMYUEM yCeUueHHUs pedpa KIuHa.
B o0pa3nax nnianHIpHYeCKuX KIMHBEB C MOJIOKHUTEIHHON U OTPULATEIBHON KPUBUZHOM
B nosioce gactoT ot 120 go 600 xI'm u ot 150 mo 400 k['11 cOOTBETCTBEHHO OOHApYKEHA
nucnepcus (M3MeHEeHUe CKopocTu cocTaBmio 2,8 % u 1,9 % coorBercTBeHHO). Paznuuune
JUCTIEPCUOHHBIX KPUBBIX IOJIOKUTEIBHOTO W OTPULATEIBHOIO KIMHBEB CBS3aHO C
OTJIMYMEM UX THUIMA KPUBU3HBI. B cnimpanbHOM KiuHE B mtosioce yacToT oT 100 qo 600 kI
oOHapy>keHa aucnepcus (M3MEHEHHE CKOPOCTH cocTaBuio 18 %), cBsi3aHHas ¢ HATMYUEM
pa3MepHBIX apaMeTPOB B 00pasiie, CPABHUMBIX C JUTMHOM yIpyroil BOJHBI B KIHHE.

6. UccrnenoBanbl ocobeHHocty yokanuzauuu KYB g npsMeIX, TUIMHAPUYECKUX
¥ CIHpaNTBbHOTO KiInHbEeB. OOHApYKEHO, YTO JoKanu3anus ocHoBHOM Moabl KYB y pebpa
KJIMHA BO BCEX UCCIEIOBAaHHBIX oOOpa3lax SBJSETCS S3KCIHOHEHLMANbHON: A =
Agexp (—Bx/A). Koadhdumment nokanuzamuun KYB B B mpsMOM KJIMHE HE 3aBUCHT OT
YacTOThI, IPU 3TOM HAOJIOJAETCS 3aBUCUMOCTb OT yria KiuHa (s KJIMHBEB C YIJIAMU
30°, 44°, 60° oH paBeH, COOTBETCTBEHHO — B =59+0,2, B=52+0,2uB=3,8+0,2). B
MOJIOKUTEILHOM M OTPULATEIbHOM UUWJIUHJIPUYECKUX KIUHBSIX OH COCTaBIsIET
cootBeTcTBeHHO B=5,2+0,2 u B=4,8£0,2, npu 3ToM KOIPUIHEHT JTOKATU3AIUU
KYB nns o6oux THUNOB UMIMHAPUYECKOTO KIWHA MEHBIIE, Ye€M pPACCUUTAHHOE I10
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TEOPETUUECKUM MOJICNISIM 3HAuYC€HUE B Uil NpsSMOro KJIMHA TPU TOM K€ yIJe, 4TO
OOBSCHSETCS HaJIM4YMEeM KPUBU3HBI KIWHBEB. B cnupanbHOM KiIuHE (CBEpiie)
nokaymsaruss  KYB  Onm3ka K OKCMOHEHIMAIBHOW, TMPU  3TOM  HAOIOmaeTcs
HEMOHOTOHHAsl 3aBHUCHMOCTHh KO3 duimeHTa B OT 4YacTOThl KJIWHOBOW BOJIHBI, YTO
CBSI3aHO CO CIIOKHOM reoMeTpueil oOpasiia, BKIFOYAIOEH psijl pa3MEpHBIX MMapaMeTpoB,
CPaBHUMBIX C JUIMHON yIIPYIOW BOJIHBI B KJIIMHE.

7. OKCHEpUMEHTAJbHO MCCIEAOBAHO pPACHPOCTPAHEHUE KIMHOBBIX BOJIH B
UWIUHAPUYECKUX KIMHBSAX [UJIs Ccllydasi, KOrJa BHYTPEHHsII MOBEPXHOCTh KJIIMHA
TPAHUYHUT C KUIKOCTIAMHU C PA3IMYHOMN MIJIOTHOCTHIO U BA3KOCTHIO (BOAA, aBTOMOOMIIBHOE
macino mapku o SAE 10W-30, 86 % Boanblii pacTtBop rmuepuHa). OOHapykeHa
3aBUCUMOCTh ckopoctd KVYB oT mioTHOCTH XMAKOCTH: 3HAYEHUE MHHUMAIBHON
ckopoctu KYB yBenuuuBaeTcs ¢ pocTOM IUIOTHOCTH JKUJAKOCTH, 3alOJIHSIONIEH KIUH. B
UCCIEAYEeMBIX TIpeesiax BSI3KOoCTH (IuHamudeckas BsiskocTh oT 0,0009 mo 0,1 Ila-c,
o6bémHas Bsa3kocth — oT 0,0025 go 0,28 Ila-c), 3aBucumocTu ckopoctn KYB ot
BSI3KOCTH KHUIKOCTH HE OOHAPY’)KEHO. Y CTAaHOBJICHO, YTO 1O MEpEe YBEIMYCHUS YPOBHS
KUAKOCTH B oOmactu Jjokanm3anuu KYB ux ckopocTh B MWJIMHIPHYECKOM KIIMHE
ymenbmaercs. [Ipu yBenudeHud mioTHoCTH kuakoctu ot 0,9 1o 1,2 r/cm® mpoucxoaut
YBEIIMYEHUE OTHOCHUTENBHOTO u3MeHeHusi ckopoctd KYB ot 16,7 mo 184 % nns
MOJIOKUTEIBHOTO KJIMHA U oT 12,6 no 15 % nna orpuuarensHoro kiauHa. [lomydeHHsie
AKCIEPUMEHTAIbHBIE  PE3YyJIbTaThl  KOPPEIUPYIOT €  pe3yJibTaTaMH  YHCJIEHHOIO
MOJICJIIUPOBAHUS.

8. DKCIepHMMEHTAIbHO HCCIIEIOBAHBI OCOOEHHOCTH PACIPOCTPAHEHUS! W3THOHBIX
BoinH JIhmb6a B muiactuHe ¢ mapabonmuueckuMm mnpodunem u3z ABC mmactuka,
U3rOTOBJIEHHOM 1O TexHojoruu 3D-medyaTu. YCTaHOBIEHO, YTO HSKCIEPUMEHTAIbHO
M3MEpPEHHAsl JUCIEPCUOHHAsT KpUBas JII OCHOBHOW AHTUCUMMETPUYHOW MOJbI BOJIHBI
JIomba B macTMHE  o0paslla  COOTBETCTBYET  TEOPETHYECKH  PacCUUTAHHOU
JUCTIEPCHOHHON KPUBOM. Y CTaHOBIIEHO, YTO JJIMHA BOJHBI JIamOa ymeHbIIaercst mpu ee
NPUOIMKEHUH K pedpy mapaOoryecKoro KiIWHA, a aMIUIUTY/1a BOJIHBI yBEIUYHBACTCS,
YTO HAXOJUTCS B COMVIACHM C pe3yJbTaTaMU TEOPETUYECKUX uccheqoBaHuil. B
YaCTHOCTH, B HcclieyeMoM oOpasle Ha dactore 64,9 kI’ ammiouTyna yBelnyuBaeTcs
npuMepHo B 22 pas3a, a CKOPOCTh YMeEHbImaeTcs B 5,8 pa3. OOHapyXeHO H3MEHEHHE
HaIlpaBJICHUS PACOpPOCTPAHEHUs] W3TMOHOW BOJIHBI NpU €€ paclpoCTpaHEHUU B
HallpaBJIeHUU MapajiebHOM peOpy kiauHa. [IpoBeneHHbie B auama3one dactor 20,5 —
93,3 k[’ skcmepuMeHTHI TMOKa3ajdu, 4TO pa3paboTaHHBI B paboTe oOpaszell KInHa
ABJISICTCSI BOJIHOBOJOM, KOHUEHTPUPYIOUIMM SHEPTrUI0 aKyCTUYECKOM BOJIHBI, YTO
SIBJISIETCS BaXXHBIM B Pa3pabOTKE aKyCTHYECKUX MeTaMaTepHalioB M MOTJIOMIAIOIINX
YCTPOICTB, padOTaOIKX MO NPUHLIMITY “aKyCTUUECKON YEPHOM ABIPHI™ .
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IIYBJIUNKALINU ABTOPA 110 TEME IUCCEPTALIUAN
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