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rpy3ku Ha YHT B mpearonoxeHnun ee muiamHapudeckoro uarunda. I[Mosepxnoctu YHT
KOHTaKTUPYIOT CO Cpelloil pa3HOil TUIOTHOCTU U AaBiieHus. Cpena MOXeT ObITh CXXUMae-
MO B npoliecce aedopMaiiiu MoBEpPXHOCTU U HeCKMaeMoi. OrnpenesieTcs: BAMsHUE Ha
M3rud CpeaHero NaBJIeHUSI 1 U3MEHEHUs] KPUBU3HBI CPEIMHHOM MOBEPXHOCTH, a TaKXkKe
MPUCOENMHEHHOM MacChl ra30BOM CPE/ibl.

Knroueeswie crosa: YHT, ra3, mioTHOCTb, JaBjieHUE, IPUCOEAMHEHHAsI Macca

DOI: 10.31857/50572329923600214, EDN: IZGYHW

1. Beenenne. OnpeaesieHue CrieKTpa 4acTOT TJIACTUH M 000JI0UeK, KOHTAKTUPYIOIIUX C
XKUIKOCThIO 1 ra3oM, uMeeT 0oJjiblioe 3HadyeHue [1—3]. DToil TeMe mocBsiieHa oOIIpHas
nutepatypa. K Hell mpuMBbIKaeT TakxKe cepusi padoT 1Mo KojaedaHUSIM TOHKOCTEHHBIX TeJl, He
KOHTaKTHPYIOIIIUX C BHElIHel cpenoii. PaboTa [4] mocssieHa aHaATUTUYECKOMY U YUCJICH-
HOMY MCCJIEIOBAaHUSIM CBOOOMHBIX KOJIEOaHUIT IUIMHAPUYECKUX 000JI0YEK C aKyCTUUECKOM
cpenoii. CpaBHUTENbHBINM aHATIU3 PE3YJIbTATOB PACUETOB, MOJTYYEHHBIX 1JIs1 MOZIe/Ieii CXXrumMa-
€MOI 1 HEeCXKMMaeMOM cpelibl, TIOKa3bIBAET, YTO MPHY PEIICHUU 3a/1a4M OTpeIesIeHUs Tapa-
METPOB CBOOOIHBIX KOJIEOaHUIT 000I0YKY CXXMMAEMOCTBIO Cpeabl MOXKHO MpeHeopeub. B To
K€ BpeMms JUISI PELICHUST TIPaKTUYECKUX 3aaa4, TPeOYIOIIMX ydyeTa IOJHOTO CIIeKTpa Cco0-
CTBEHHBIX YaCTOT CUCTEMBbI 000JI0UKa—Cpeia, J0JKHA UCTIOIb30BaThCsl MOIETb CXKUMMaeMOit
cpenbl, B paMKax KOTOPOil MOJy4eHbl pe3yabTaThl O BIUSIHUU KECTKOCTU OOOJIOUKM Ha
CcreKkTp 4yactoT obbema cpenbl. HekoTopbie pe3yabTarsl pelieHuit sl HUWIMHIPUYECKUX
000JI09€K, B TOM YHCJIe B3aUMOIEHCTBYIOIINX CO CPEIOii, IIpeaCcTaBIeHBI B CTaThsIx [5—7].

Cpeny MHOTOYMCJIEHHBIX BUIOB MPUMEHEHUsI MUKPO- M HAHOIUIEHOK, HAaHOIMPOBOJIOK,
HaHOTPYOOK MOXKET OBITh YKa3aHO TaKXKe MCIOJIb30BaHUE UX B KAUYECTBE IETEKTOPOB U CEH-
COpPOB B XUMMU, O1ogoruu u T.4. [§—10].

B [11] mpencTaBieH MeTOn, TTO3BOJISIONINIA OIPEeIsITh YaCTOTHI KOJIeOaHWI IVIMHIPY -
YeCKMX 000JI0YeK OECKOHEYHOW ITMHBI B aKyCTUYeCcKOi cpene. [TonydeHHbIe pe3yabTaThl
MMOKAa3bIBAIOT, YTO CYIIECTBYET HM3Kasl 4acTOTa, KOTIa U3TyYeHUe He TIPOUCXOIUT, U BhICO-
Kasl yacToTa, KOTja BHEIIHUI MCTOYHUK oOecreyrBaeT repeaadyy SHepruu, Kotopasi usiy-
yaeTcsi. Pe3oHaHC BO3HUKAET TOJIBKO B IMara3oHe HU3KUX 4acToT. MeTon TpedyeT TOJbKO
Moauduxkauuu 1ist yueta adeKra cTaTuueckoro 1aBjieHus B OKpyXKalollieit cpene.



156 XAKMMOB

Monenupyss MUKPOTPYOKM TOHKMMMU YOPYTUMM LJIMHAPUYECKUMU oOojioukamMu [12],
MOJIy4eHbl COOCTBEHHBIE YaCTOThl U COOCTBEHHBIE MOJIbI OTPAaHWYEHHBIX YIIPYrUX Kojieba-
HU B ccTeMe 000104Ka—KUIKOCTb.

B [13] paccmaTpuBaeTcs paguaabHas ITMHAMUKA OOTHOCIOMHON YIIIepOaIHOM HAaHOTPYOKU
MpPY ITMHAMUWYECKOM CXAaTUU B JIMHEHOU noctaHoBke. [IpuMeHsieTcs ypaBHeHHUE U3TMOHOM
nedopMalii TOHKOCTEHHOMN LIMJIMHAPUUYECKON 000JIOUKM (KPYroBOro KOJIblia), OCHOBAH-
Hoe Ha runore3ax Kupxrodda.

OnHako BO BCeX 9TUX paboTax B3aMMOACHCTBUE CPEIHEro AABJICHUSI CPeld UM Pa3HOCTHU
TUIOIIANEI BBITYKJIOM X BOITHYTOI ITOBEPXHOCTEI 000JOYKM HE YIUTHIBACTCS. DTO B3aMO-
NeliCTBUE MPUHMMAETCsI BO BHUMaHUe B cTaThsx [14, 15] B caydae Jerkux ra3oB, Koraa mpu-
coeMHEHHas1 Macca cpen Majia. B MoHorpadusix [1—3] Takke He yYUThIBAaeTCsl yKa3aHHbIM
addexT cpenHero nasieHus. B [16] onmpeaensieTcst CrieKTp YaCcTOT ABYXOIMOPHOTO PE30HATO-
pa ¢ y4eToM B3aMMOJICCTBUSI CPETHETO N30BITOYHOTO AABJICHUSI HA TOBEPXHOCTU PE30HATO-
pa ¥ KpMBU3HBI, a TAKXKE NEMCTBUS OCEBOI HArpy3KU.

B nanHoii paboTte onpenesnsitoTcsi COOCTBEHHbIE YaCTOThI KoJiebaHU OMHOCIOMHO yriie-
ponHoit HaHOTpyOKU (YHT) ¢ yyeToM B3aMMOJEUCTBUSI CPEIHETO0 U30BITOYHOTO JaBJICHUS
Ha ee TMOBEPXHOCTU U KPUBU3HBI CPEIMHHON MOBEPXHOCTH, a TaKXKe NeCTBUS TPUCOEIM-
HEHHOM MacChl ra30BOI Cpelbl C yIaIEHHBIMU TPAaHULIAMU.

IIpencraBasieT MHTEpEC BOMPOC O B3aMMHOM BIMSHMU 3ddeKTa cpeanHero gaBiaeHUsT 1
M3BECTHOTO M3 JIUTepatyphl 3 PeKTa MPUCOSIMHEHHOI MacChl XKUAKOCTU Ha AedopMalunio
YHT. 910 1npoiiie BBIICHUTH B CIy4ae HECKUMaeMOl XKUAKOCTH. Jlanee, ¢ yueToM ToJTydeH-
HOTO pe3yJibTaTa pacCMaTpUBAaETCs Cydyail CXKMMaeMoll XKMIKOCTU B 6oJiee TIPOCTOit rmocTa-
HOBKE (B YaCTHOCTH, HE MTPOU3BOAUTCS pasyioXeHue B psj Teisiopa ycI1oBUil KOHTAKTa).

BBuny onuHakoBoro nasjieHus 1o Beeit moBepxHocTu YHT 00bekTOM MccienoBaHUsI MO-
3KET OBITh IMPUHSITO KOJBLO ¢ 3(P(PEeKTUBHBIMU 3HAYCHUSIMU paauyca R, TOIIIUHBI /1, IIUPU-
HBI b, MJIOTHOCTU MO IJIOIIAnU ph, Monyns ynpyroctu E u xoaddunmenra IlyaccoHa v.
Kombiio obpasyercst 3ursaroodbpasHbeIM psimoM aToMoB ymiepona [17, 18]. Ecim ochk x Ha-
MpaBjieHa BIOJIb TPYOKH, OCh ¥ = RO 110 OKpY>KHOCTU (0 — IIEHTPaIbHBIN YTOJI), TO PACCTOS -

HUe 1Mo y paBHO a = Icos30° = 0.123 um. I1pu riomamu S = 3\/512/4, OpUXOASIIIEIcS Ha

-1
onuH atoMm, 3ddeKTUBHAas IIMPUHA Kosiblia paBHa b = Sa = 0.213 um. Tak kak Macca aTo-
Ma yriiepona paBHa m = 1.99 x 1020 kr, To 3¢ dheKTUBHAsI IOTHOCTB 10 TUIOLIAIH

ph=mS™" =0.76x107° xr- v (1.1)

Bo MHorux pa6orax (B ToOM uuciie B 0030pHBIX cTaThsX [19—21]) npuBoasiTcs 3Ha4eHUST MO-
ILyJIsl YIIPYTOCTU Y MIPUBEIEHHbBIE TOIIIMHBI OAHOCIOMHBIX YIIEPOAHBIX HAHOTPYOOK, KOTO-

pble HaxomsiTes B ararasonax: £ = (1—5) x 10 MITa, A = 0.07—0.34 HM. DT1 TaHHBIE TIOJTY-
YeHbI SKCIEPUMEHTAIbHO, a TakKXKe C TPUBJIICUCHUEM TEOPETUYECKOTO MOIETUPOBAHMUSI.
Pa36poc 3nauenuii £ 1 h 00bsICHsIETCS pa3HbIMU 00pa3liaMu IJIsl ICTIBITAHUM, allIiapaTypoii,
METOJaMU oIipeneaeHus U T.4. DpheKTUBHBIN paauyc R onpenensieTcs yepes3 Yucjio aToOMOB
N, 00pa3ylolux Koabllo, HapuMep, AJsl XMpaJlbHOCTHU 3Ur3ar

2nR = aN (1.2)

Ha BHyTpeHHIOI0 1 BHeLIHIOW nosepxHoctu YHT neiicTBytoT nasnenus py + py u py + p;,

KMIKOCTEM € MJIOTHOCTSIMU Py U P, (puc. 1). 3nech py — naBiaeHue cOOPKHU, B YACTHOCTH, aT-

MocdepHOe IaBJIeHUE, NEUCTBYIOIIEE Ha BCE TIOBEPXHOCTH, Py, Py — U3OBITOYHBIE TABICHUS.

[1pu onpeneneHNN HArpy3KW g UCXOOUM U3 MPEIITONIOXKEHHUS, UTO Py, Py U Py, P, OCTAIOTCS
MOCTOSIHHBbIMU nipu u3rubde YHT.

2. Hecxumaemas cpeaa. BosHukaroniue B pesynbrare nsrkeHust Y HT nasnenus o6o3Ha-

YUM 4epe3 p; U p,. YpaBHEHUs TUHAMUKU HECKUMAaeMOU KUIKOCTH OTHOCUTEIHHO TTOTEH-
Lyaza ckopoctu @(r, 0, f) B UMIMHAPUYECKMX KoOpauHarax r, 0 mmetot Buza [1-3]
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(Po T p1 +P1)dx

(po + p2 + Pr)dx,

Puc. 1. DnemeHT dx Moaenu norepeyHoro ceueHust YHT.

9’p op ’p _ 0P
12 10002 L EB2 _ 0, By = —pyp o2 @1
or r or r 00 ot
YcnoBus Ha TOBEPXHOCTSIX Tt YHKIIMKU TTpornoda w(0, f)
99y _ _ow (r:R—@—w), 99, _ _ow (r=R+@—w 2.2)
or ot 2 or ot 2

Pazmaanble MNEPEMEIICHUA CUUTACM ITOJOXKUTECJIbHBIMU, €CJIM OHW HAIlIpaBJICHBI K LICHTPY
ITOIICPCYHOI0 CEYCHU .

Ha Gonbitom ynanexnnu ot noBepxHoctu Y HT Bo3amyIieHus ncuesamor

99, =0 (r=-o0) 2.3)
or
I[Mpumem
w = W cos n0 sinwt 2.4)
Torna B pyHKLMSX
@, = @, (r)cosnbcoswt, @, = D, (r)cosndcos wt 2.5)

o (2.1) umeeM @, (r) = Ar", ®,(r) = Ayr™". Tlpu 3TOM yIOBIETBOPSIIOTCS YCIOBUE Orpa-
HUYEHHOCTHU pelieHus npu » = 0 u yciaosue (2.3).

Paznarasi pyukuuu 0Q,/dr, 09,/or B psia Teiinopa B okpecTtHocTU 7 = R, ycnoBus (2.2)
MpUBEIEM K BUAY

Y SN L LS PRy

or 2 o2 ot o \2 ol ot

B nuHeitHOI 3agaye 4iieH ¢ w B JaHHBIX YCJIOBUSIX JOJDKEH OBITh onyieH. [loncraBisis
clona BbeipaxeHus (2.4), (2.5) c yuetom @, O,, noayyaem

_ __ 2WeR" 4 = 2WoR™?
" n@R-nh+h) 7 n(2R-nh—h)
BripaxeHus (2.5) yepe3 aMIIuTyay Iporu6a W npuoOpeTaioT BUL
2-n_n n+2 —-n
O = —Mcos ncoswt, @, = Mcos n6 cos wt (2.6)
n(2R — nh+ h) n(2R — nh — h)

[Tpu BBIUMCIIEHNM aKyCTUYECKOTO aBjieHusl Ha rnmoBepxHocTssx YHT r = R— h/2 +w, r =
= R + h/2 + wBbIpaxkeHue (2.1) Takke cBelleM K TOBEPXHOCTHU ¥ = R
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i = p{a"’l (’—’+w)@} =R

ot 2 dtor @.7)
- 99, _ (h 9’9, '
= — _— = R
P2 02 { ot (2 " W) oror r )

IMoncraBum B (2.7) BeipaxkeHus (2.6), mpeaBapuUTEILHO OIMYCTUB HEJIMHEHBIC YWICHBI C W.
Torma momygaem

D= —plu)zWRbl cosnBsinwt, p, = pzu)zWsz cos 19 sin w?

b= 2R—hn ___2R—in
n(2R—hn+h) > n(2R-hn—h)
C Y4E€TOM COOTHOILUCHUA OJId HpOFHGa OTU BBIPpAXKCHUA MOT'YT OBITH IIpeaCcTaBJI€HbI B BUIC
_ Pw 9w
P =0Ry—, Py =-0Rb (2.8)
or’ or’

PacnipeneneHHas cuna g onpenensiercst mo dhopmyie [17, 18]

(2po+ i+ p)h + (o +p)h
2R 2R

g=pn-p+tpr-p+
uiu ¢ yuetom (2.8)

(2py + pi + o) A ROW 7o w

g=p-n+—————(0b + b)) R P +(p1b — Dzb2)2 32 (2.9)

2R

YpaBHeHUE paguabHON TMHAMUKM TOHKOTO KOJIblia OTHOCUTEIBLHO (DYHKIIMU ITPOrnbda B
MPENNOJIOXEHUN O HYJIEBOU nechopMaliuyi CpeIMHHOI IMTOBEPXHOCTU uMeeT Bus [22]

2 4/, 2

8_6+ 8Y+aw TR [aw+awj+—th (a—“;—w) Roq (2.10)
d0 d0 00’ D \90* 096’ D \06 D 00’

r1e ¢ — BHEllIHee naBjieHue, neiictytoniee Ha YHT, Touka Hag OykBoii 03HaYaeT MPOU3BOI -

HYIO 110 BpeMeHH ?, T() — KOJIbLIEBOE PACTITUBAIOLLEe YCWINE MIPU p; > Py, KOTOPOE HAXOAUT-
cs 110 popMyJie

L)

/2
(R—g)cosede—(po +p) _[ (R+§)cosed6 =
0

Ty =(po+ m)

c—pd

(2.11)

=(p-p)R-Q2py+p + Pz)g

Jluneitnoe ypaBHeHue (2.10) mosydyeHo npeobpazoBaHreM nuddepeHInaTIbHbIX YpaBHEHU I
NBVKEHUS DJIEMEHTA KOJIblla B MPOEKIIMSIX Ha KacaTeJIbHYI0 U HOpMaJjb C YYETOM U3MEHE-
HYSI KPUBU3HBI JIMHUU nioriepeyHoro ceueHust YHT [23].

VpaBHenue konedanuilt YHT (2.10) ¢ yuerom (2.11), (2.9) nns py, py, P, HE 3aBUCSIILUX, A
D1» D, 3aBUCSIINX OT 0, 3anuceIBaeTcs

6 4 2
a_w+ a_w+aw [(Pl—Pz)R (2P0+P|+P2)} (aw+a j"'

6
o 1?9 a 26’ . N 26" ze o1
P W) ) w
+ T(ﬁ - Wj = [ (o1h + szz)Rae +(o1h — pzbz)zg}

IMoncrasmss (2.4) B ypaBHeHue (2.12), TOJIy9um
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2,2 2¢2
W, o+ oW, =0, o =Q>_1 (1+ Jo _ do j 93,:% 2.13)
I+ n-1 n-1 (n” + 1R

o= PP Qrtptp) R §=\/§= £
D 2 D’ ph \12p(1 = v?)
W= Pib+ P2y R n _ P& —paby n’
P kD (P +)

rae {2, — COOCTBEHHBIE YaCTOTHI TIPY HYJIEBOM TABJICHUU P U P,.
IIpu p; = p,, p; = p, umeem oL = 0

21—(X1

wZ:Q,,
1+

n
IIpu o, = 1 npoucxoouTt notepst ycroitunBoctr Kpyroboii dopmbl YHT B BUzne annurca (n =2),
MpUYeM, KpUTUIECKOE AaBJIeHUE TTOTePU YCTOMUYMBOCTHA PABHO

_ 3D
Dier -5
Rh

otkyna cieayet, uto YHT MoxeT morepsiTh yCTOMYMBOCTh Jaxe TPU HYJIEBOM TMepernajie
NaBJIEHUs BCJIENCTBUE NeiicTBUS cpeaHero nasieHus. Hanpumep, nis onHocteHHoit YHT ¢
xupaibHOCThIO Kpecio (10, 10), panguycom R = 0.678 um [24] nias monpynst ynpyroctu E =
=0.972 x 10° MIla, koaddunmenta [yaccona v = 0.278 [21] u TonmuuHe 4, IPUHSTOI paB-
Hoii 0.052 HM, TIpu HYJIEBOM Iepenane IaBieHUsI KpUTUYECKOe AaBJIeHre TOTepU YCTORYM -
BOCTH P, paBHO 1.55 I'Tla [24], 4TO COOTBETCTBYET AABJIECHUIO Mepexoaa KpyroBoil hopmMsl
MOTIEPEYHOTO CEUYEeHMST K DIUIMIITUYECKON WM TOTepe YCTOMUYMBOCTHA KPYyroBOTO TOMepey-
Horo ceyeHust omHocTeHHo#t YHT [25].

[TapaMeTpsl O, O ¥ |l ONPEAESIOT BIUsSHUE U30BITOYHOTO JaBIEeHUs], CPEIHETo AaBJie-
HUS U IJIOTHOCTU OKpyXaloleil cpenbl. Takum o6pa3oM, n30siTouHoe nasieHue B YHT mo-
BBIIIIAET, CPeIHEe NaBJIeHMe 1 TUIOTHOCTDb MOHKaIoT coocTBeHHYIo yactoty YHT. Ilpn o0 <« 1,
0 < 1, L < 1 ux BIMSIHME UCUYE3aET.

CoOcTBeHHEIE YaCTOTHI M3rMOHBIX Koebanuiit YHT mpu ee KoHTaKTe ¢ XXUIKOCThIO CHU -
XKaTCsI. DTO OOBSICHSICTCS BIUSHUEM IIPUCOSINHESHHOM MAaCChHl XXUIKOCTU. YUeT pa3HOCTU
IUIoIIaneil BHyTpeHHel n BHelrHell moBepxHocTelt YHT oka3piBaeT IMOHIMCKAIOIIEe BIUSTHIE
Ha COOCTBEHHbIC YACTOTHI.

ITo Mopenn Hec:KMMaeMOM KMIKOCTU MMeEETCS MOBBIIIEHE COOCTBEHHOI 4YacTOTHI 3a
cUeT Iepernana JaBJICHUI, YMEHBIIIEHNE YaCTOTHI 3a CUeT ACMCTBUSI CPEOHEro AABJICHUS U
MPUCOENMHEHHOI MacCChl.

3. Cxkumaemas cpeaa. [1o Mmonenu cxxnmaeMoii cpesibl BMecTo ypaBHeHui (2.1) numeem [1—3]

2 2 2
0 P> n la(Pl,z n d P 1 0 O
2 2202 2 a2

or roor 0" ¢, ot

— 00, 2 4%
0, DP2=-Pia—==, €2=Kyp—= (3.1
ot P12

IJIE ¢|, — CKOPOCTb 3BYKa, ¥, — KO3(dULMeHT annadathl. B oTimuume ot ciiydas Hecknumae-
MO XXMIKOCTHU 31¢Ch NaBJIeHNE U TUIOTHOCTD HE SIBJISIIOTCSI HE3aBUCUMBIMU, A CBSI3aHBI N30~
TEPMUYCCKUM 3aKOHOM.

IIpu pyskamsax (2.7), (2.8)
w =W cos nsinwt, @, = D, (r)cosndcos wt 3.2)

W3 BOJTHOBOTO ypaBHeHUsI (3.1) ciiemyer
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CDIZ—AIZJ[ j+B,2Y[ J (3.3)
1,2 1,2

rae J,, ¥, — dynkuuu beccenst nepBoro u BToporo pozaa.

[Monoxus B =0, A, = 0 B COOTBETCTBUMU C YCIOBUIMHU (2.3), IOTy4aeM YACTHOE PELLICHUE

o = AJ, (gj cosnbcoswt, ¢, = BY, ( jcos nocos ot 3.4)
a &}

Kak 1mokasaHo BblllIe, ITPU ONpeAeSIeHUN paciipeie;IeHHOM Harpy3Ky ¢ HEOOXOIUMO Y91 -
TBIBaTh YCJIOBUS TIpU # = R * h/2, a ipu onpeneneHuu p;,p, Ha nosepxHoctsix YHT u yno-
BJIETBOPEHUU YCI0BUi (2.2) B IMHEWHOI 3agaye BMecTo ¥ = R = h/2 + w MOXHO MPUHSTH
r= R. Torma u3 ycioBusi KOHEUYHOCTH penteHus npu » = 0 u ycioBus (2.3) ciemyer

Al :_W(DRa BZ :W(DRs tl :E’ t2 ZE
nfi nf q 9]
(2R + h) n’*h | hn | @’hR
= T (0n) + T, (o) | n =22 A0
Ji e, a (o) +J,( 1)( AT
2R-h 2 2
hHh= MYM (01y) + Y, (0n) —"—MJFMJFCO—}IZR
2nc, 2R 2R 25

IToncraBum B (2.7) BeIpaxkeHwus (3.4), IpeaBapUTEILHO OITYCTUB HEJIMHEWHBIC YWICHEI C W.
Torma momygaem

D= —plszRf” cosnBsinwt, p, = —p2(1)2WRf22 cos nBsin wt

Jio wh ( nh)
===, =—Jyu(on)+J,(0f)|1 ——
Jin I Jio 2, +1( 1) ( 1) 2R
S oh ( nh)
=248 ==Y, . (o)=Y (0of)|1+—=
I 7 S 20, w1 (00) =Y, (o) 2R

C Y4E€TOM COOTHOILUCHUS OJIsd nporM6a OTHU BBIPpAXKCHUA MOT'YyT OBIThb IIpeacTaBJICHBI B BUIC

_ iw  — 9*w
D= lenR?, Dy = szzzky (3.5)

Haxonum pacripeneaeHHYIO TTONepedHyIo Harpy3Ky

2py + p+ po)h 2 2
M +(-o1fi1 + P2/22) R a (plf1+92fzz) %tz

3.6
2R orr 2 (-0

q=p—pt

YpaBuenue konebanuii YHT (2.10) ¢ yuerom (2.11), (3.6) mist py, py, p, HE 3aBUCSLINX, A P,
D> 3aBUCSIIUX OT 0, 3aIMChIBAaeTCs

6 2, 4 2
w2 8_w+8 [(Pl—Pz)R (2P0+P1+P2)} [8_w+8 )JF

00°  20* 090’ 00" 00? 37)
phR’ (aw ) 3 R4[ L a'}
+t—| 5 —W|= oLfi1 + 02/ oufi1 + 02/
D 502 D (—oifir + 02/02) R 302 ( i+ 02fn)h 302

YacrHoe peuieHune npuHumaercs B Buae (3.2). [Moacrapnss (3.2) B ypaBHeHue (3.7), momy-
YUM
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3o 2
mf,—sz(lJr 23(1 - lj+")frphnR (Pufit = Pafar) —
n

-1 n*-1 n* +1)
2
- ®i+(P1f11 +Pafn) =0, (3.8)
2p(n* +1)
@2 =0E  _(n-p)R  _(2ptpt ) R
n* + DR 3p ! 2 3D

B ciyyae HecxxumaeMoit xuakoctu 1 — 0, 1, = 0 u u3 (3.8) cnenyer

3 3o
0)3, =Qi(1+ 2(1 —2—]j/(1+}l)

n-1 n -1

! ) (3.9)
_Pufin—P2foon R n~ Pl tPafoan n
M= 2 2
p h n +1 2p n +1
firy = 2R — hn Foyy = 2R + hn
M w@QR—=hn+h) " (2R + hn—h)

Jlns pertenus ypaBHeHUs (3.8) B ciaydae CXMMaeMOM XXUIKOCTU IIPUMEHSICTCSI METOJ, I10-

. 0
cienoBaTelbHbIX TpuoOavkeHuit. [IpyHUMaeTcst, 4To HyJeBoe NMPUOIVKEHUE fl(l) = fiin

0 .
fz(z) = f52,, 1 13 ypaBHeHUd (3.9) HaxoguTCsl KPyroBasl 4acToTa KosiebaHUil NepBoro npu-

2(1 . 21
OJIMKEHUST 0),,( ). Tlo MOJIy4EHHOM 4acTOTe MEPBOTO MPUOJIMKEHUS 0),,() HaXoOgUTCsl MepBOe

1 1 o
(1), 2(2) " Taxk gajec. Hpouecc IIOCJIEA0BATCIIbHBIX HpI/I6J'II/I)K€HI/II/I IIpoaoa-

2(k-1
2KaeTCA 00 TEX IMOp, IMMOKAa HE YAOBJICTBOPUTCA YCJIOBUEC |(‘On( )

JaHHasd Majiad BEJIMYMUHaA.

NpUOIXEHUE f|

-] < &, e & Hanepen 3a-

Ha puc. 2, a npuBoasATCs 3aBUCUMOCTHU MEPBOI 4acTOThl M3rHOHbIX Konebanuit YHT f
(I'Tu) ot naBnenwmsi p; = p, (I'la) nns mogyns ynpyroctu £ = 0.972 x 10 MITa, koaddurm-
eHrta Ilyaccona v = 0.278 [21], paguyca R = 0.678 uM, ToamuHbl 2 = 0.052 HM U TIpU HyJIe-
BOM Tieperiazie aasjieHus1. VI3 puc. 2, a BUIHO, YTO C pOCTOM JaBJICHUsI COOCTBEHHAasl 4acToTa
KoJieOaHWI yMEHbIIIaeTCsl, NpUYeM BJIMSIHME CPEIHEro NaBjieHUsl 3HAYMTEIbHO. Momyib
ynpyroctu E, koadduiiment I[lyaccona v B3sTel u3 padotsl [21] miist onHocnoitHoit YHT xu-
panbHocTHU Kpecio (10, 10), a tonmHa npuHsita 2 = 0.052 HM, comtacHO pe3yJbTaTaM MOJIe-
JIMPOBAHUS MTOTEPH YCTOMYMBOCTH MOJ NEMCTBUEM CPEIHETO naBiieHus [24, 25], 4To He co-
OTBETCTBYET IMAaNa3oHy M3MeHEeHUsT mpuBeaeHHBIX ToamuH 2 = 0.07—0.34 um. Ha puc. 2, b
MPUBOIUTCS 3aBUCUMOCTD TIE€PBOM YAaCTOThI U3TMOHBIX KOJIEOAHUN IUJINHIPUYIECKONH 000-
JIOUKHU OT JaBJIeHUs 1O (popMyiaM JUIsl CKMMaeMOM XXUIKOCTH JUIsl pa3HbIX ra3oB. PaccMor-
pPEHBI ra3bl Tefuii, BO3MyX, IByOKUCH YIJIepO/a C 1IeJIbI0 MT0Ka3aTh, YTO COOCTBEHHBIE YaCTO-
1ol Kostebanuii YHT 3aBucsT OT I10THOCTH Ta30Boii cpenbl. M3 puc. 2, b BUmHO, 4TO C yBe-
JIMYEHUEM TUIOTHOCTU Ta3a MPOUCXOIUT YMEHBIIEHUE COOCTBEHHOI YacTOThI M3TMOHBIX
konebaHuii. Ha puc. 3 npuBeaeHbl 3aBUCMMOCTHU TIEPBOM YaCTOThI U3TMOHBIX KOJeOaHUit
VHT f; (I'Tu) ot nasnenus p, (I'Mla) ans renus p, = 0.1785 kr/m>: o hopmynam mnst Hecxu-
maemoit (2.14) u cxumaemoii (3.7) XuaKocTeit (CIIolIHas, IITPUXOBasi JUHUU COOTBET-

CTBEHHO). BUIHO, 4TO y4eT CXXMMaeMOCTH XKUAKOCTU MPUBOAUT K YMEHBIIICHUIO YaCTOThI
Koie0aHUI.

4. 3akmouyenne. CoOCTBEeHHBIE YaCTOThI M3rMOHBIX Konebanuiit YHT mpu ee KkoHTakTe C
KNOKOCTbhIO CHUXKAKTCA. 3TO O6’bﬂCHﬂeTCH BJIUSAHUEM ﬂpMCOCﬂMHCHHOﬁ MAacCChI 2KUOKOCTHU.
VYuer pa3HocTU njollaneil BHyTpeHHel U BHelnHel noBepxHocTeit YHT oka3biBaeT MoHU-
Xarolllee BIUSIHNAE Ha COOCTBEHHBIE YaCTOTHI.
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Puc. 2. 3aBucuMocThb nepBoit 4acToThl M3rMOHbIX Konebanuit YHT f] (I'Tu) ot nasnenus p; = p, (I'Tla): (a) nna

IBYOKHCH yriaepona p| = 1.9768 Kr/M3 C YYeTOM JEMCTBUSI CPENHETO AaBieHUsI 1Mo dhopMyIaM Ajsl HeCXKUMaeMoit
(2.13), cxumaemoii (3.8) xkxuakocteit n 6e3 yuera AeiicTBUS cpeqHero napieHus (3.8) (MyHKTUpHasi, IITPUXOBas,
CIUIOUIHAS JIMHUM COOTBETCTBEHHO); (b) Mo gopmynam s cxxuMaeMoit (3.8) XUIKOCTH JUIS Pa3HBIX Ta3oB: P =
=0.1785 (renmii), 1.2928 (Bo3myx), 1.9768 (1ByoKHChH yriepoja) KF/M3 (TTyHKTHpPHasI, IITPUXOBAsI, CIUIOIIHAS JIN-

HUU COOTBETCTBEHHO).

S
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50

25

0 0.5 1.0 i

Puc. 3. 3aBucumocTb nepBoit yacToThl M3rM6HBIX Konebanuit YHT f] (I'Tu) ot nasnenus py (I'Tla) nns remus py =

=0.1785 KF/M3: o dopmynam i HeckuMaemoit (2.14) u cxkumaemoii (3.7) skuakocTeit (CrIoNIHasi, ITpUxoBast

JIMHUY COOTBETCTBEHHO).

ITo Momenn HeckMMaeMOM XXUIKOCTA MMEETCsI ITOBBHIIIEHUE COOCTBEHHOII YacTOTHI 3a
CUCT nepemnaiga I[aBI[eHPIﬁ, YMCHBIHICHHUE YAaCTOThI 3a CUCT NEeNCTBUS CpC€AHETO JaBJICHUA U
HpHCOCHHHCHHOﬁ MacCChI.

YHT MoXeT moTepsATh YCTOMYMBOCTD AaXke MPpU HYJIEBOM Tepernae naBieHUs BCIeNCTBUE
NIeICTBYUS CPEIHETro JaBJICHUSI.
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JInst c;kuMaeMoM XXUAKOCTU BJIMSIHUE HOCUT 00Jiee CIOKHBINM XapaKTep, TaK KaK MPUCO-

eAMHEeHHAas Macca 3aBUCUT OT CKOPOCTH 3ByKa U OT caMOU 4yacToThl Kosiebanuii. Kpome To-

ro,

NaBJE€HUE U IIJIOTHOCTb ra30BOM Cp€abl HE ABJIAIOTCA HE3aBUCUMbIMU.
Bmustane KOHTaKTI/IpyIOH_[Cﬁ Cp€abl HA 4aCTOTY KoJIeOaHUI SIBISIETCS 3HAUNTEIbHBIM IJIsT

BeCbMa TOHKHMX 000J104eK M3 MaTepuajia ¢ HU3KMM MOIYJIEM YIPYTrOCTU. YUYeT ero Heooxo-
IMM OCOOEHHO B CJIydyae 3JIeMEHTOB MUKPO- U HAHOPa3MEPHBIX TOJIIIIHH.

/1 pE3yJIbTaTbhl MOTYT OBITh TaKXXe HCHOJb30BaHbBI IIpru MOICIMPOBAHUN KoJieOaHU

O6OJ'[O‘~ICK, KOHTAaKTHUPYIOIIHNX C XKUIKOCTBIO U Ta30M.

4.

11.

12.

14.

15.

HccnenoBaHue BBIMOTHEHO 3a cueT rpaHTa Poccuiickoro HayuHoro poxma Ne 22-21-00578.
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