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Bse.neHHe 

3KcnepHM9HT8nbHbl9 peaynbT8Tbl no H3Y'I9HHIO BnHHHHSI ynbTp83BYKOBOJ'O 

nonS! H8 cpopMHpOB8HHe Tp9KOB 38pS1)!(9HHbJX '18CTHU B ny3blpbKOBbiX K8Mepax, 

rronyqeHHbJe s OITbJTax c )!(H.llKHM renHeM/ 1 I H )!(H.llKHM so.noponoM/2,3/, 

no3BOnHJOT 38KnJO'IIiTb0 'ITO B03MO)!(H0 C03.ll8HHe ynbTp83ByKOBbJX ny3blpbKO

BblX KaMep ( Y3nK ). Vfx rrpeHMymecTsa rrepe.n o6bJ'IHbJMH rryabJpbKOBbJMH 

K8Mep8MH CBSI3bJB8JOT C B03MO)!(HOCTbiO ysenH'I9HHH 6bJCTpO.ll91tCTBHH H rro

ny'leHHH yrrpasnHeMoro pe)!(HMa. 

Vfccne.noBaHHe OC069HHOCTeft .llHHaMHKH 118pOBbJX ny3blpbKOB B ynbTpa-

3ByKOBOM none s rry3blpbKOBbJX KaMepax HBnHeTcH HHTepecHolt 3a.na'lelt. B 

H8CT0Silll91t pa6oTe T90p9TH'I9CKH paCCMOTpeHO BniiSIHHe ynbTp83ByKa Ha ;:l!!HB

MHKy 118pOBbiX ITy3blpbKOB B )!(H.llKOM BO.llOpo.ne, npe.ncTaBnHJOUieM H8H60nb

WHit HHTepec 11pH H3Y'I9HHH B3aHMO.ll91tCTBHSI aneM9HT8pHbiX qaCTHU. 

npe)!(,ll9 scero .na.llHM K8'19CTB9HHyJO cpH3H'I€CKyJO KapTHHy 110B9.ll€HHSI 

OJlHHO'IHOJ'O naposoro 11Y3blpbK8 B )!(li.llKOCTH, 

EcnH aMnllHTy.na YllbTp83BYKOBoro nonH p m pasHa HynJO, .nasneHHe 

P 0 6onbwe .nasneHHH HacbillleHHbiX rrapos P ~ rrpH uaHHolt TeMrrepaType 

)!(HLlKOCTH T 00 ' TO ny3bip9K 3axnOI1biBB:eTCH. npH 9TOM T€MIIepaTypa napa 

T' 6onbwe T • CKopOCTb aaxnollbiBaHHH rry3bipbKa orrpe.nenHeTcH Tenno-

npOBO.llHOCTbiO )!(li.llKOCTii. 3TOT IIpouecc, KOTOpbllt 6y Ll€M H83b!B8Tb CT8Tii q

qeCKOit Tennosoa .lliicpcpy3Helt, no.npo6Ho paccMoTpeH s pa6oTax 14-6!, 

EcnH P m > 0 , TO MeHHJOUieecH B )!(li.llKOCTH nasneHI!e Bbi3biB8eT nynb

caUI!II 11Y3blpbK8, COIIpOBO)!(.llBIOlllHeCH KOH.lleHC8UHelt H liCilapeHHeM Ha ero 

nosepxHOCTH, B cpaae noHH)!(eHHH .nasneHHH ynbTpa3ByKosoro nonH rraposolt 

Hy3hipeK pacTeT H IlpOHCXO.llHT HCrrapeHHe )!(liLlKOCTH, a B cp83e Il0Bh!W9HHSI 

;IBBneHHSI IlY3bipeK yMeHbW8eTCH H 11pOHCXO.LlHT KOHJleHC8UHH rrapa H8 ero 
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II058pXHOCTH. npH STOM H3MeHeHHe MaCChi napa 5 nya&IpbKe 5 Ka>K,llbllt MQ

M8HT 5peMeHH onpe.nensreTcsr nnowa.n&IO no5epxHOCTH nya&IpbKa, a TaK>Ke rpa

.llH8HTOM T8MIIepaTyphl 5 c<fJepH~8CKOM Cnoe >KH.llKOCTH, IIpHneraiOWeA K ny-

3blpbKy. TaK KaK T011lllHHa STOrO C1IOSI 6011bW9 IIpH yMeHbW9HHH nya&IpbKa, 

~eM II pH ero pOCTe, TO HCIIapeHHe >KH,llKOCTH 5 IIy3bipeK IIpOHCXO.llHT C 6011&

WeA no5epxHOCTH npH 6on&weM rpa.nHeHTe TeMnepaTyphl, a KOH.neHcauHsr napa 

- Ha MeH&weA no5epxHOCTH npH MeH&WeM rpa.nHeHTe TeMnepaTyp&I. TaKHM 

o6paaoM, aa Ka>K.n&IA nepHO.ll yn&Tpaa5yKo5oro nonsr HcnapsreTCSl >KH.llKOCTH 

6on&we, ~eM KoH.neHcHpyeTCSl napa, H cpe.nHee 3Ha~eHHe Macc&I napa ~ ny-

3bip&Ke H ero cpe,llHHA paaMep BOapacTaiOT. 3TO SIB118HHe Ha30BeM Bb!IIpSIM11eH

HOI TennosoA .llH<fJ<PyaHeA no aHanorHH c BbiiipsrMneHHoA raaosoA .llH<fJ<jlysHeA, 

HCC119.llOBaHHOI B pa6oTax /7-8/. 

no Mepe pOCTa Cpe.nHero pa.nHyca ny3b!pbKa a<fJ<fJeKT BbliipSIM11eHHOA ,llH<fJ

<fJy3HH0 o6ycnosneHHhlA KpHBHsHoA nosepxHOCTH pas.nena <Pas, yMeH&waeTCSI H 

npH P 0 > P, ypasHosewHsaeTCSl a<P<fleKTOM CTaTH~ecKoA .nH<P<tJyaHH. HacTy

rraeT COCTOSIHHe ,llHHaMH~eCKOrO paBHOB9CHS10 npH KOTOpOM Cpe,llHHA pa.nHyC 

nyn&cHpyiOwero nys&Ip&Ka .nocTHraeT HeKoToporo acHMnTOTH~ecxoro sHa~eHHsr. 

~OpMynHpOBKa sa.na~H 

PaccMOTpHM c<tJepH~ecxHA naposoA nys&Ipex, cosepwaiOWHA pa.n~~:an&H&Ie 

nyn&cauHH IIO.ll .neACTBH8M Y11bTpassyKOBOrO II01ISI B >KH,llKOCTH, KOTOpasr npEm -

nonaraeTCH Hec>KHMaeMoA. Tor.na HsMeHeHHe pa.nHyca nys&Ip&Ka R onHcbl-

saeTcSl ypasHeHHeM Penesr /9/ . 
3 • I 

P. R + - R 
2 

+ _l [ p ( t ) ....: p R ( t) ] .. 0, 
2 p 00 ( 1 ) 

r.ne p -nnOTHOCTb >KH.llKOCTH 1 p R (t) -.nasneHHe B >KH,llKOCTH Ha IIOBepx-

HOCTH IIY3blpbKa, p 
00 

(t) -.oaaneHHe Ha 6eCKOHe~HOCTH B :>KH,llKOCTH
1 

P (t) = P
0 

- P sin (2 7T ft ), 
oo m (2) 
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r.ne f -~acToTa yn&Tpaasyxosoro nonSl. 

YpasHeHHe ( 1 ) .nonoswHM cne.nyiOIUHMH H~ 

R (U) .. R
0 R (O) Ro ' 

r.ne R 0 H R0 -cooTBeTCTBeHHO Ha~anbHhll pa, 

nyahlpbxa. 

npe.nnonaraeTCSI1 ~TO nap B IIY3hlpbKe Hax 

CKOM paBHOB6CHH C IIOBepxHOCTHb!M C110eM >KH,llK( 

PR(t) .. P'-~ 
R ' 

T (t)=T', 
R 

r.ne P ' H T ' -cooTseTCTBeHHO .nasneHHe H TeM 

T R -TeMnepaTypa >KH.llKOCTH Ha nosepxHOCTH ny. 

HaTSI>KeHHe >KH,llKOCTH. COOTHC?WeHHSI ( 4-5) BbliiOj 

HOM npouecce HcnapeHHSI (xoH.neHcauHH), KOTOJ: 

R <a ( BT' J-2 
) ' 

277 ,.,. 

r.ne a -xoa<P<fJHUH9HT 8KKOMO,llaUHH 1 8 -yHHB9pC 

P. -rpaM.¥0116KY11SlpHbiA sec. npH STOM nap B ny 

Hb!M, P' 11: T' cssrsaH&I aasHCHMOCTbiO, onpe.nen! 

HosecHSl P'= P '8 (T'). 

f.1s ypasHeHHA ( 1), ( 4) cne.nyeT, ~To .nnH c 

6hiTb H3B8CTHa saBHCHMOCTb p' OT Bp9M9HH, KO 

110BHSI COXpaHeHHSI SHeprHH npH HCIISpeHHH H KO 

nyahlpbxa. 
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H. npH 3TOM H3M9H9HH9 MaCChi napa B ny3hlpbK9 B Ka)l{,llblit MO

eHH onpe.oenHeTcH nnowa.obiO noaepxHOCTH ny3hlpbKa, a TaK*e rpa-

TeMnepaTyphl B ccpepH"'ecKOM cnoe )l{lf.llKOCTH, npHneraJOwelt K ny

aK KaK T011IUHHa 3TOrO C110H 6011blll9 npH YM9Hblll9HHH ny3hlpbKa, 

ro pOCTe, TO HcnapeHHe )l{lf,OKOCTH B ny3bip9K npOHCXO.OHT C 6onb

XHOCTH npH 601lblll9M rpa.OH9HT9 T9MnepaTyphl 1 a KOH.ll9HCaUHH napa 

welt rroaepxHocTH rrpH MeHbweM rpa.nHeHTe TeMrrepaTyphi. TaKHM 

3a Ka)I{,Ohilt nepHo.o ynbTpa3ByKoBoro nonSI HcnapSieTCH )I{H.llKOCTH 

9M KOH,09HCHpyeTCSJ napa, H cpe.nHee 3Ha"'9HH9 MaCChi napa ~ ny

cpe,OHHlt pa3Mep B03paCTaJOT. OTO SIBJ19HH9 Ha30B9M BbJJipHMJleH

BOit .OHcpcpy3H9it ITO aHanorHH C BbJJipHMJ19HHOit ra30BOit .llH<j:lqJy3Heit 1 

HHOit B pa6oTaX /7-8/. 

epe pocTa cpe.oHero pa.oHyca nyahipbKa acpcpeKT BhJJipSIMJleHHOlt .nHcp

ycnoaneHHhilt KpHBH3Holt rroaepxHOCTH pa3.nena cpa3 1 yMeHbwaeTcSI H 

P ~ ypasaoaewHaaeTCSI acp<j:leKTOM CTaTH"'ecKolt .nH<j:l<j:lyaHH. HacTy• 

OSIHHe .OHHSMH"'9CKOrO paBHOB9CHS11 npH KOTOpOM cpe.nHHit pa.oHyc 

wero ny3hlpbKa .llOCTHraeT HeKOTOpOrO SCHMJITOTH"'eCKOrO 3HS"'9HHSI. 

~OpMyJIHpOBKa 3S,lla"'H 

MOTpHM ccpepH"'eCKHit napOBOit ny3hlpeK, COBepwaJOIUHit pa,llHSJlbHble 

no.o .oeitCTBHeM Y11bTpaaayKOBOrO nonS! B )l{lf,llKOCTH, KOTOpaSI npeo -

HeC)I{HMaeMolt. Tor.na H3MeHeHHe pa.oHyca nyahipbKa R orrHchl-

PeneS! /9/ . 
+ ~ R. 2 

+ .l [ P < t > - P < t > 1.. o, 
2 p oo R ( 1 ) 

-nnoTHOCTb )l{lf,OKOCTH 0 p R (t) -.naaneHHe B )I{H,llKOCTH Ha JIOBepx-

3bipbKa, p 
00 

(t) -aaaneHHe Ha 6eCKOH9"1HOCTH B )KH.llKOCTH 1 

t) = P 0 - P m sin (217ft ), (2) 

4 

.,..: 

•, 

,S'. 

\(~ 

J 

' 

~ 
\ 

! 

\.I 

H 
;'. :, 

1
"'": 

I 

,· 

l .. 

.I 

• 
'· 

r.oe f -qacToTa ynbTpa3BYKOBoro nonS!. 

YpasHeHHe ( 1 ) .nonOJliiHM cne.nyJOIUHMH HaqanbHhiMH ycnoBHSIMH: 

R (U) .. R
0 R (O) Ro ' (3) 

r.ne R 0 H R
0 

-cooTBeTCTBeHHo aaqaJibHhllt pa.oHyC H aaqanbHaSI cKopocTb 

ny3hlpbKa. 

npe.nnonaraeTCH1 "'TO nap B ny3hlpbK9 HaxO.llHTCSI B T9pMO.llHHaMH"'9 -

CKOM paBHOBeCHH C noaepxHOCTHhJM CJlOeM )I{H,llKOCTH 1 T.e. 

I. 

PR(t)-P'-..k, 
R 

T (t)=T', 
R 

(4) 

(5) 

r.ne P ' H T ' -cooTaeTCTBeHHo .oaaneHHe H TeMnepaTypa napa B nyahipbKe 1 

T R -TeMnepaTypa )l{lf.llKOCTH Ha. noaepxHOCTH ny3hlpbKS1 a -noaepxHocTHoe 

HaTSI)I{eHHe *H.llKOCTH. CooTHC?WeHHSI ( 4-5) BhiiTOJlHSIJOTCSI npH KBa3HpaaHosec

HOM npouecce HCnapeHHSI ( KOH,lleHCaUHH) 1 KOTOphlit HMeeT M9CT01 9C11H /9/ 

R <a ( ~ ) ' (6) 
217 p. 

r.ne a -Ko3qxpHUH9HT aKKOMO,llaUHH1 8 -yHHBepcaJibHaSI ra30BSSI ITOCTOSIHHaSI 1 

P. -rpaMMOJ19KY11SipHbiit Bee. npH 3TOM nap B ny3hlpbK9 SIBJ1SI9TCSI HaCbiiUeH

HhiM1 P' H T' CBSI3aHhi aaaHCHMOCTbJ01 orrpe.nengeMolt KpHaoA cpaaoaoro pas

HoaecHSI P'= P '8 (T'). 

Via ypaaaeHHlt ( 1 ) 1 ( 4) cne.oyeT1 "'TO .nnSI onpe.neneHHSI R (t) .non*Ha 

6hiTb H3BeCTHa 3aBHCHMOCTb p ' OT Bp9M9HH 1 KOTOpaSI onpe,ll9JlSI9TCSI H3 yc-

110BHSI COXpaHeHHSI aHeprHH npH HcnapeHHH H KOH.ll9HCaUHH H8 liOB9pXHOCTH 

ny3hlp&Ka. 
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.. 

k ( aT ) dt = p ' L d R + .!!_ C p' d T ' + .!!. ( p' L -1) d P' 
ar R 3 8 3 P"' 

( 7) 

3.!19Cb p -nnOTHOCTb napa, C 8 -y.!lenbHSSI TennoeMKOCTb napa BLlOnb KpH

BOft d:Jasosoro pasHosecHSI I 101, k -Koad:JdmuHeHT Tennonposo.!lHOCTH B )!{HLl

KOCTH, L -TennoTa napoo6pasosaHHSI, ( aaT ) -rpa.!1H9HT TeMnepaTypbl B )!{HLl-
r R 

KOCTH y nosepXHOCTH nysblpbKa, npH BbiBOLl9 ypaBHeHHSI ( 7) npe.!lnonaranOCb0 

'ITO nap SIBnSI9TCSI HLleanbHbiM rasoM, 

f'paLlH9HT T9MnepaTypbi B )!{HLlKOCTH y nosepXHOCTH ny3blpbK8 onpe.!leng-

9TCSI ypaBH9HH9M TennonpOBOLlHOCTH 

aT +raT =!!__a_ (r2 dT ), 
at ar r 2 ar dr 

(8) 

rne D -Koa!l:>cpHuHeHT TeMnepaTyponpoBOJJ:HOCTH *HJJ:KOCTH, r -cKopocTb 

)KHJlKOCTH B TO'tK9 C KOOpLlHHaTOft r 0 onpe.!lenSieMaSI H3 yp8BH9HHSI Henpe

pb!BHOCTH B H9C)!{HMaeMOft )KHLlKOCTH 

• R2 
r .. R 

r 2 

.LlononHHM ypasHeHHe ( 8) HaqanbHbiM ycnoaHeM 

T ( r , 0 ) = T 
0 

( r) , R0 ::;, r < "" 

H rpaHH'tHb!MH ycnOBH.I'IMH 

I 
T(oo,t)=T ,T(R,t)= T (t). 

"" R 

(9) 

( 10) 

(11) 

COBM9CTH09 peweHHe ypaaHeHHA ( 1) 0 ( 7) 0 (8) C COOTB9TCTBYIOWHMH Ha

'!8nbHbiMH H rpaHH'tHbiMH ycnOBHSIMH onpe.!lenSieT LlHHaMHKY naposoro ny3blpb

Ka B ynbTp83BYKOBOM none, B TaKOA noCT8HOBK9 salla'ta M0)!{9T 6biTb pewe

Ha TOnbKO 'tHCneHHO C npHMeHeHHeM cospeMeHHbiX 38M, 

6 

·.~ '' 

{ 

'.'1 

::\f 

' t 

\ ' 

; I\ I , . 

I 

·) 

06cy*Jl9HHe peaynbT 

B HacTOSIWeA pa6oTe, so-nepsblx, npe.!lc'rasn' 

peweHHA yKaaaHHOA CHCT9Mbl ypasHeHHA, nonyqeJ 

nyab!pbKOB B )KHLlKOM BOJlOPOLle, H 0 BO-BTOpbiX, 

peweHHA, nonyqeHHbiX npH PS!Lle aonyweHHA H n 

HH)Ke, 

B cnyqae npH6nH*eHHbiX Bbi'tHcneHHA orp 

TaKHX qaOTOT H aMnnHTYLl ynbTp838yKOBOrO IIOnSI, 

HHepUHOHHbiMH 'tneHaMH B ypaBH9HHH ( 1 ), npeHE 

H3 ypasHeHHA ( 1-2) 0 ( 4) 0 nony'tHM 

P (t) = P '(t) = P0 - P sin (277ft ) , 
R m 

T,e, onpe.!lenHM saKOH H3M9H9HHSI LlaBneHHSI napa 

KOBOM none, 

Bocnonb30B8BWHCb COOTHOW9HH9M p '= p 
8 

(' 

paTypy T R (t) , T,e, nonHOCTbiO onpeaenHTio 

Ha pHc, 1 npe.!lcTasneHa KpHBSSI t~:>asosoro 

B LlHanasoHe TeMnepaTyp, xapaKTepHbiX JlnSI pal 

3.!19Cb )K9 cnnOWHOA KpHBOft 1 noKasaHO H3M9HE 

PR. npH npH6nH)K9HHbiX Bbl'tHCneHHSIX 6y.!leM C't~ 

H3M9H9HHSI LlaBneHHSI npOHCXOLlSIT TaK, KaK noKa 

T,e, LlaBneHHe CKa'tKOM H3M9HS19TCSI 't9p93 HHTepE 

eT 3Ha'tSHHe nH6o Pt=Po- p 
m nH6o 

3TOM nepHOLl H3M9H9HHSI JJ:8Bn9HHSI paseH 2r 0 T 

CM8TpHB8SI napOBbl9 ny3b!pbKH 0 LlnSI KOTOpb!X Bbii 

l-2 R > ( 11 Dr ) , MO)KHO oueHHTb rpanHeHTbl Te: 

nysblpbKa K8K 141 

(aT )R 

ar 
_;;;.·· 

_,. 

T 0-T; 
- (17 D t) \4 -, O<t<r, 
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dt = p ' L d R +!!. C p' d T ' + 1!. ( p' L -1) d P' 
3 s 3 P"' (7) 

' -nnoTHOCTb napa, C 8 -yaenbHaSI TennoeMKOCTb napa aaonb KpH

soro paBHOBSCHSI I 101, k -Koad:>d:>HuHeHT TerrnorrposoAHOCTH B .)I(HA

ar 
-TerrnoTa rrapoo6paaosaHHS!, (-a ) -rpaaHeHT TeMrrepaTypbi a .)I(HJl-

r R 

rrosepxHocTH nyabipbKa. npH BbiBoae ypasHeHHS! ( 7) rrpearronaranocb, 

S!BnSISTCSI HA88nbHblM raaoM. 

AH8HT TSMrrepaTypbl B .)I(HAKOCTH y ITOB8pXHOCTH rry3blpbK8 orrpeaeng

TerrnorrpOBOAHOCTH 

=~ 
2 

r 

_a_ (r 2 dT ), 
a r d r 

( 8) 

K03cptPHUH8HT TSMnepaTyponpOBOAHOCTH :>KH,llKOCTH, r -cKOpOCTb 

H B TO'IK8 C KOOpAHHaTOJI: r , onp8,ll8nS18M8SI H3 yp8BH8HHS! Herrpe

B H8C.)I(HMa8MOJI: .)I(HJlKOCTH 

2 

2 (9) 

M ypaBH8HH8 ( 8) HaqaJibHbiM ycnOBH8M 

= T 0 ( r) , R
0 

::;: r < oo 
( 10) 

Hb!MH ycnOBH51MH 

t)=T , T(R,t),., T ( t). 
R ( 11 ) 

oe peweHHe ypasHeHHll: ( 1), ( 7), ( 8) c COOTB8TCTBYIOWHMH Ha-

H rpaHH'IHbiMH ycnoBHSIMH onpeaenS!eT AHHaMHKy rraposoro rryabipb

paasyKOBOM none. 8 T8KOJI: nOCT8HOBK8 38A8'18 M0.)1(8T 6b!Tb pewe

'IHCnSHHO C npHM8H8HH8M COBp8M8HHb!X 38M. 

6 

- .,.. 

.. 
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06cy:>K,ll8HH8 pesynbT8TOB 

8 HaCTOSIWSJI: pa6oTe, BO-rrepBbiX, npe,llCTasneHbl peaynbTaTbl 'IHcneHHblX 

p8lll8HHJI: yKaaaHHOJI: CHCT8Mbl ypaBH8HHJI:, rronyqeHHbiX AnSI cnyqag napOBbiX 

ny3blpbKOB B :>KHJlKOM BO.llOpO,lle, H, BO-BTOpbiX, peaynbTaTbl npH6nH.)I(8HHb!X 

peweHHll:, rrony'leHHbix npH pH.lle .llOnyweHHll: H npe.llnono:>KeHHll:, yKaaaHHbiX 

HH:>Ke. 

B cnyqae npH6nH:>KeHHbiX Bbi'IHCJieHHll: orpaHH'IHMC51 paccMoTpeHHeM 

T8KHX '!aCTOT H aMnnHTY.ll YJibTpaaByKOBOI'O nOnS!, KOI'Aa MO:>KHO npeHe6p8'1b 

HH8pUHOHHb!MH 'IJI8H8MH B ypaBH8HHH ( 1 ). npeHe6perag T8K:>Ke 'IJ18HOM ~a 

H3 ypaBH8HHJI: ( 1-2), (4), noJiy'IHM 

P (t)= P'(t)=P
0

-P sin(277ft), 
R m (12) 

T.e. onpeaenHM 3aKOH H3M8H8HHSI AaBJI8HHSI napa B nyablpbK8 B YJibTpaasy-

KOBOM none. 

8ocnOJib30BaBWHCb COOTHOlli8HH8M p, = p (T'), 
s MO:>KHO HaJI:TH T8Mne-

paTypy T R (t) , T.e. nonHOCTbiO onpe,llenHTb rpaHH'IHbie ycnoaHSI ( 11 ). 

Ha pHc. 1 npeacTasneHa KpHB851 cpaaosoro pasHosecHH .llJIH BO.llOpoaa 

B JlHanasoHe TeMnepaTyp, xapaKTepHbiX .llJI51 pa6oTbl nysblpbKOBbiX KaMep. 

3Jl8Cb :>Ke cnnOWHOJI: KpHBOJl 1 nOK838HO H3M8H8HH8 BO Bp8M8HH Jl8BJ18HH51 

PR. npH npH6JIH:>K8HHblX Bbl'IHCJ18HH51X 6y.lleM C'IHTaTb, 'ITO nepHOJlH'18CKHe 

H3M8H8HHS1 JlaBJ18HHSI npOHCXO.llSIT TBK, KaK noKaaaHo lliTpHXOBOlt KpHBOJI: 2, 

T.e. AaBJI8HH8 CKa'IKOM H3M8HS18TCSI '18p83 _HHT8pBaJI Bp8M8HH T H npHHHMa-

8T 3HaqeHHe JIH6o PI = p 0 - pm • JIH6o p2 = p 0 + p m • flpH 

aToM nepHO.ll H3MeHeHH51 aasneHHH paseH 2r , TaK 'ITO f = l/2 r • Pac-

CMaTpHBaH rrapOBbl8 ITy3b!pbKH 1 AJISI KOTOpb!X BbiiTOJ1HS18TCSI YCJIOBHe 

~ 
R > ( "D r ) , MO:>KHo oueHHTb rpa.llHSHTbi TeMrrepaTypbi Ha nosepxHOCTH 

rrysbipbKa KaK 14! 

(aT )R 

ar 

·' L 

T 0 -T; 
- (" D t)% 

O<t<r, ( 13) 
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'I 
II 

i. i 

1:·1 

l _,. 
•·. 

( aT 
-) 
a r R 

rne T{ 

T2' -To 

(rrDt)ll:! 
r<t< 2r, 

(T' ) -
2 

TeMnepaTypa 

.( 14) 

napa, pSEIHOBeCHSSI Jl8BJieHHIO 

P' (P, ) . nonCTSEIJISISI ( 13) H ( 14) El ypaBHeHHe ( 7), MO:>KHO llOJIY"iHTb1 1 
2 

'ITO poeT napoBoro nyshlpbKa B HHTepBane ( 0, T ) H SSXJIOilbiEISHHe El 

HHTepBSJie ( T , 2 T onpeneJISIIOTCSI cnenyJOll.lHMH COOTHOWeHHSIMH: 

R .. R 
0 

R,R 
m 

rne 

l1! 
(l +F) +K/ D 

1 
t) , 

{l-F )-K (D t )
72 

2 2 • 

72 
Rm ""R 0(l +F)+ K 1(01 T ), 

O<t<r, 

r < t<2r, 

4; T , ' ) P2' -P{ ( P 'L I ) F =-( -T +--- -- . 
3 L 2 1 3 Lp' P

0 

3necb 

2CP p 
l l 

K t"" -;;;--- (T
0 
-T; ), 

11 p'tLt 
K 

2 

2CP P 
2 2 

~ , L 
1T p 2 2 

( 15) 

( 16) 

(17) 

(18) 

(T' -T 
2 0 

), ( 19) 

rne HHJleKCbl 1 H 2 YK8Sb!B810T 0 'ITO SHS'ieHHSI napaMeTpOB :>KHJlKOI'O H napo

o6paSHOI'O aonopona 6epyTCSI npH TeMnepaType cooTaeTCTBeHHo T; H T; . 
B ¢opMyne (18) sHa'ieHHSI STHX napaMeTpoB 6epyTcR npH TeMnepaType 

T "" T • Vis ypaBHeHHA ( 15-17) cnenyeT, 'iTO npHpaweHHe panHyca cp. oo 
sa nepHon ynbTpassyKoBoro nonR paBHO 

8 

ll ,.,, 
; .. 
:1 

t 
l: 

1 
i 

,·'t 
I 
I, 
I 

J 

- 2 -1 72 
~R=-RF + K 1 0-F- K )(0

1 
r), 

rne 

K - K1 01 72 
- K<- >. 

2 D 2 

a R -cpenHee sHa'ieHHe panHyca nysbipbKa sa ne1 

'iTO c pocTOM R HacTynaeT TaKoA MOMeHT, Korn1 

npH 9TOM nysbipeK JlOCTHraeT acHMilTOTH'iecKoro I 

72 
R =<D r) 

K I-F-K-1 
I ---F2 -. 

<PopMyna ( 22) nosaonReT oueHHTb pasMepbi, nocTHra 

KaMH npH Hx pocTe s ynbTpassyKOBOM none. Heoe 

npH TeMnepaTypax, xapaKTepHbiX JlJISI nysbipbKOEibD 

ynbTpasayKosoro nonR, nocTSTO'iHbiX nnR pocTa na 

sennHBbi HepaseHCTBa F < I, K 
1 

> I , K > I . 

Ha pHc. 2 noKasaHbi sasHCHMOCTH R (t) np 

TeMnepaTypbi Too a :>KHJlKOCTH, nony'ieHHbie B pes 

llleHHH cHcTeMhl {1), (7) H (8). Ha'ianbHoe sHa'ieHH 

HHMSJIOCb pataHb!M IQ-4 - lQ-5 • npH onpeneJieHHH Ha1 

soaanHCb pesynbTSTbi pa6oTbi /6/. BHnHo, 'iTO no He 

BpeMeHH cpenHHJI: panHyC nySbipbKa JlOCTHraeT SCHM 

npH 9TOM BbiiipHMJieHHaH H CTSTH'ieCKaH JlHcpcpySHH 

npyra. 

Ha pHc. 3-5 rrpHBeneHbi sasHCHMOCTH R oo 01 

YJibTpSSEiyKOBOI'O llOJISI H OT BeJIH'iHHbi CTSTH'ieCKOrl 

JIHHHH COOTBeTCTEIYIOT TO'iHbiM peweHHHM 1 lllTpHl 

peweHHSIM. 3HS'i9HHe f 1 npH KOTOpOM HSMeHSIE 
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) 
R 

{ 

T2' -T 
-- 0 

( rr D t)% 
r<t< 2r, 

(T' ) - TeMnepaTypa 
2 

.( 14) 

napa, paeHoeecHaSI AaBneHHIO 

) • no.[lCTaBnHSI ( 13) H ( 14) B ypaeHeHHe (7) 1 MQ.>KHO IIony'IHTb
1 

napoeoro nyabipbKa B HHTepeane ( Q, T) 

ane ( r , 2 r ) onpeAenSIIOTc.SI cne.[lyiOLUHMH 

1~ 
0+F)+K/D

1
t>', 

0-F)- K (D t )~ 
2 2 • 

~ 
R 0(l +F)+ K

1
(D

1 
r ), 

O<t<r, 

r < t<2r, 

4; ( T , - T , ) + P2' -P ~ ( P 'L - I ) . 
L 2 I 3L ' p 

PI pi 
~-(T -T') 

p' L 0 I ' 
I 1 

p 0 

K 
2 

2CP P 
2 2 

~ , L 
1T p 2 2 

(T' -T 
2 0 

H aaxnOIIbiBaHHe B 

COOTHOWeHHSIMH! 

( 15) 

( 16) 

(17) 

(18) 

), (19) 

eKCbi 1 H 2 yKa3b!BaiOT1 'ITO 3H8'ieHHSI II8p8MeTpOB .>KH.[lKOr'O H IIapo

ro BO.l:lopo.[la 6epyTCSI rrpH TeMrrepaType cooTeeTCTBeHHo T; H T; . 
yne (18) 3HaqeHHS1 STHX IIapaMeTpOB 6epyTCSI IIpH TeMIIepaType 

• Ha ypaeHeHHA ( 15-17) cneAyeT, 'ITO IIpHparueHHe pa./:lHyca 

O.l:l ynbTpaaeyKoeoro rronSI paeHo 

8 

..-· 

'J I( 

1 
II 

t 
t 
' f 

} 
I 

- 2 -1 ~ 
dR=-RF + K 1 0-F- K )(0

1 
r), 

(20) 

rAe 

K 
K1 0 1 ~ 
i(<->. 

2 D 2 ( 21) 

a R -cpe.[lHee aHaqeHHe pa./:lHyca rryabipbKa aa rrepHo.[l, Ha ( 20) cne.[lyeT
1 

'ITO C pOCTOM R H8CTyrraeT T8KOA MOMeHT
1 

KOr'.[la IIpHparueHHe 

npH 8TOM IIY3b!peK .[lOCTHraeT acHMIITOTH'IecKoro paaMepa R 

~ 
R -.(0 r) 

00 

K I-F-K-1 
~--p2 -. 

dR = 0, 

00 

(22) 

<f>OpMyna ( 22) II03BOnSI9T OU9HHTb paaMepbi 1 .[lOCTHraeMbie II8pOBbiMH IIY3blpb

K8MH IIpH HX pOCTe B ynbTpaaeyKOBOM IIone, Heo6XO.[lHMO OTMeTHTb
1 

'ITO 

II pH TeMIIepaTypax, xapaKTepHbiX .[lnSI IIy3bipbKOBbiX KaMep
1 

H aMIInHTy .[lax 

ynbTpaasyKoeoro nonSI1 .l:lOCT8TO'IHhiX AnSI pocTa rrapoBhiX rryahipbKOB, crrpa

Be.[lnHBhi HepaeeHcTea F < I, K 1 > I , K > I . 

Ha pHc, 2 IIOKaaaHbi aaeHCHMOCTH R (t) IIpH paanH'IHhiX aHaqeHH.SIX 

TeMnepaTyphi Too B .>KHAKOCTH 1 rronyqeHHbie B peaynbTaTe 'IHcneHHoro pe

weHHSI CHCT9Mbl ( 1) 1 ( 7) H ( 8), H aqanbHoe 3HaqeHHe pa./:lHyca R ( 0) rrpH

HHManocb p8BHb!M IQ-4 - 10-5 , npH OIIJ'eaeneHHH H8'18nbHblX ycnOBHJi HCIIOnb-

30B8nHCb peaynbTaTbl pa60Tbl /6/, 8H.[lH0 1 'ITO IIO HCTe'leHHH OIIpe.[leneHHOr'O 

BpeMeHH cpe.[lHHJi pa.[lHyC IIy3bipbK8 llOCTHr'89T 8CHMIITOTH'IeCKOr'O 3HaqeHHS1, 

npH 8TOM BbiiipS1MneHH8S1 H CT8TH'IeCK8SI .[lHcpcpy3HH yp8BHOBeWHBaiOT ./:lpyr 

Apyra. 

Ha pHc, 3-5 IIpHBe.[leHbi aaeHcHMOCTH R 
00 

OT qacTOTbi H aMrrnHTY.l:lhi 

ynbTpaasyKoeoro rronSI H OT eenH'IHHbi CT8TH'IecKoro .[laeneHHSI, CrrnowHhie 

nHHHH COOTB9TCTByiOT TO'IHbiM peweHHSIM
1 

WTpHXOBhie - IIpH6nH.>KeHHbiM 

peweHHSIM, 3HaqeHHe f 1 IIpH KOTOpOM H3MeH.SieTCSI HaKnOH CIInOWHOA; 
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,I 
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' I 

I I 

i f 

'
1

,1 I 

KpHBOA R 00 (f) H8 pHCo 5, HBmiSTCSI rpaHHll9ft npHMSHHMOCTH npH61IH-

.lKSHHOrO M9TO.U8o npH 6on&WHX 3H8'19HHSIX '18CTOT yn&Tp83BYKOBOrO nonH 

CT8HOBSITCSI cylU9CTB9HHb!MH HH9pllHOHHbi9 'ln9Hbl B ypaBH9HHH ( 1 ) o 

l13 pHC. 3-5 cne.uyeT1 'ITO B .lKH,OKOM BO.UOPO.U9 B yn&Tp83BYKOBOM 

none 8CHMnTOTH'I9CKH9 pa3M9pb1 napOBbiX nyabipbKOB T9M 6on&W9 1 '19M HH)K9 

TeMnepaTypa T 
00 

, 'ISM MSH&we aenH'IHHa Po - Ps (Too) H '19M 6on&we 

aMnnHTy.aa Pm • l1a npe.acTaeneHHbiX pac'leTOB cne.ayeT, 'ITO npH aMnnHTy

.ae p m = 3,0 8TM H8 '18CTOT9 f "" 40,0 Krll H npH THDH'IHblX ,anSI nyabipbKOBbiX 

KaMep aenH'IHHax T.,. '" 26° K, P 0 - P8 = 0,5 aTM acHMnTOTH'ISCKHA pa-

.aHyc .aocTHraeT aenH'IHHbl R- 'iii. 4 • 10-3 eM. npH DOHH)K9HHH '18CTOTbl .ao 

.aecHTKOB Kru paaMepbl napoBbiX nyablp&KOB MoryT .aocTHrHyT& R ;;; 10-!2cM, 
00 

Heo6xo,aHMO OTM9THT&, 'ITO nony'leHHbie peayn&TaTbi H npHHHTbiS .aony-

weHHH MOryT 6b!Tb npOB9p9Hbl npH Cp8BH9HHH C 8KC09pHM9HTan&HbiMH ,aaH

HbiMH. K CO.>KaneHHI0
1 

B H8CTOSilU99 Bp9MSI OTCyTCTBYIOT KOnH'I9C:t'B9HHbl9 

8KCll9pHM9HTan&Hbl9 peayn&T8Tbl 0 ,QHH8MHK9 napOBbiX nya&IpbKOB B )KH,QKOM 

eo.aopo.ae a yn&TpaaeyKOBOM none. Ka'I9CTB9HHbiM peayn&T8TOM 1 nony'leH

HbiM B pa60T8X /1-3/ 1 BbiBO.Obl ,aaHHOft pa60Tbl He npOTHBOp9'18T, 

B aaKnJO'I9HH9 aBTOpbl 6naro.aapSIT A.~. nHcapeea, r.l1. CenHB8HOB8 

H A.l1. ct>HnHnnoea sa nno.aoTeopHble ,aHcKycCHH. 

flHTepaTypa 

1. R.C.A. Brown, H,J. Hilke, A.H. Rogers. Nature, 220, 1177 (1968), 

2. B.A. AKyJIH'leB, ll.P. rasj?HJIOB, B.r. rpe6HHHHK, B. A. )KyxoB, r. /IH6-

MBH, A.n. MaHbi'l, JO.U. Py,aHH, ll.Jl. Posen6epr, r.u. CeJIHBBHOB. 

JlAH CCCP, ~ 973 ( 1989). 

3. R. C.A. Brown, H.J. Hilke, A.H. Rogers. Prep. CERN, D,Ph. II, 

USBC 70-1, 1970. 

4. M.S. Plesset, S.A. Zwick. J..Appl.Phys., 25, 493 (1954). 

5. L.E. Scriven. Chem.Eng.Sci., 10, 11 (1959). 

8. n.r. Txarres. npenpHHT OYIRM, P13-3728, Jly6HB , 1988. 

7. E.N. Harvey, D.K. Barnes, W.D. Me Erloy, A.H. ltVhiteley, D.C. Pease, 

K.W. Cooper. J. Cellular Camp. Physiol., 24, 1 (1944). 

10 

,, 

I 

8. A, Eller, H.G. Flynn. J.Aconst,Soc.An 

9. H.G. Flynn. In,Physical Aconst. (eg. W.P, J 

10. n.,ll. flaH.aay, E.M. flHcj:JUIHU. CTBTHCT.E 

A,oT/f 

10 

B 

6 

4 

2 

5 

PHc. 1. 

10 

PyKonHCb nocTynHna B H3Jl&1 

18 asrycTa 19' 

15 20 

KpRBaH ¢aaoeoro paeHoee 

11 



f) Ha pHC, 5, SIBnSI6TCSI rpaHHUeA npHM6HHMOCTH npH6nH-

npH 6onbwHx sHaqeHHsrx qacTOT ynbTpassyKosoro nons 

yLU6CTB6HHb!MH HH6pUHOHHbi6 qneHbl B yp8BH6HHH ( 1 ) , 

• 3-5 cnenyeT, qTo B :>KH.llKOM sonopone B ynbTpasayKOBOM 

TH'I6CKH6 pasMepbl napOBblX nysbipbKOB T6M 6onbW6, _qeM HH:>Ke 

Too , qeM M6Hbwe aenHqHHa Po - Ps (Too) H qeM 6onbwe 

• VIs npencTaaneHHbiX pacqeTOB cnenyeT, 'ITO npH aMnnHTy

aTM Ha '18CTOT6 f = 40,0 KrU H npH THllH'IHbiX .llnH nySb!pbKOBbiX 

T
00 

= 26° K, P 
0

- P
8 

= 0,5 aTM acHMllTOTHqecKHA pa-

aeT aenH'IHHbi R _'E. 4 • 10-3 eM, npH noHH:>KeHHH qacTOTbl no 

pasMepbi napoBbiX nysbipbKOB MoryT noCTHrHyTb R ;; 10-2cM, 
00 

l.llHMO OTM6THTb, qTO nony'leHHbi6 pesynbT8Tbl H llpHHSITbl6 nony-

6biTb nposepeHbl npH Cp8BH6HHH C 9KCllepHM6HT8nbHbiMH naH

:>KaneHHIO, B H8CTOHIU66 speMg OTCYTCTByiOT KOnHqecTBeHHble 

nbHb!6 pesynbT8Tbl 0 .llHH8MHK6 napOBbiX nysb!pbKOB B :>KH.llKOM 

ynbTpasayKoaoM none, KaqecTaeHHbiM pesynbTBTOM, nonyqeH

ax I 1-3/, BbiBO.llbl naHHOA pa6oTbi He npoTHaopet~aT, 

qeHHe 8BTOpb1 6naronapsT A.<P. nHcapeaa, f'.VI. CenHBaHoaa 

llllOB8 sa nnO.llOTBOpHb!6 .llHCKyCCHH, 

flHTepaTypa 

H,J, Hilke, A,H, Rogers. Nature, 220, 1.1.77 (1.968), 

n.P. raapHnoB, B.r. rpe6HHHHK, B. A. )KyKOB, r. flH6-

• MBHblq, 10.1-1. Py.aHH, n.JJ.. Po3eH6epr, r.u. CenHBBHOB. 

AH CCCP, 189. 973 (1989). 

lrown, H,J, Hilke, A,H. Rogers, Prep. CERN, D,Ph, II, 

70-1., 1.970. 

esset, S.A. Zwick. J..Appl.Phys., 25, 493 (1.954). 

riven. Chem,Eng,Sci., 1.0, 1.1. (1.959). 

aqes. npenpHHT OMRM, Pl3-3728, Jly6Ha , 1988. 

y, D.K.Barnes, W.D.McErloy, A.H. ltVhiteley, D.C. Pease, 

oper. J. Cellular Comp. Physiol., 24, 1. (1.944). 
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8. A. Eller, H.G. F'lynn, J.Aconst,Soc.Am., 37, 493 (1.965). 

9, H,G, F'Jynn. In,Physical Aconst. (eg, W,P, Mason), v. 18, N,Y,, 1964, 

IO. n.,ll. nan.aay, E.M. flHcpUIHU. CTBTHCTHqecKBH cpH3HKB, 1984. 

A,oTif 

10 

8 

6 
Po 

4 

2 

5 

PHc. 1. 

10 

PyKORHCb noccynHna B Ha)laTenbCKHI OTJlen 

18 asrycTa 1970 roJla, 

7i , !Too 
15 20 25 T,"K. 

KpHaas cj:Jasoaoro paaHoaecHs sonopona P 
8 

(T ). 

11 
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PHc. 2. 

~ 

I 

2 

1,0 180 120 160 n 

3asacHMOCTb cpeAHero paAHyca ny3blpbK8 R OT speMeHH 
( n -'Uicno nepHOAOB ynbTp83ByKosoro nom! I npH R 0 •10-4 

Po - Ps - 0,5 STM, r - 40,0 Kru, 

1: T • 26° K, Pm• 3,0 STM, 

2 : T • 28° K, 

12 

p • 4,0 STM, 
m 

CM, 

., I 
I 

R •• ,(O~ 

PHc. 3. 

I 

\ 
8 H 

6 

" 
2 

\ 
\ 

0 

\ 
\ 
\ 
\ 

""'' ........ ........ .............. 

q5 (0 ff 

BenHqHHa acHMIITOTHqecKoro paAHyca R~ 
T~ .. 26° K, p m"' 3,0 STM, r - 40, 

CnnowHa!l KpHBa!l - qHcneHHble peweHH!I, 

Hble peweHH!I, 

13 



I 

2 

1,0 80 120 160 n 

3asHCHMOCTb cpeaHero paaHyca ny3blpbxa R OT speMeHH 
( n -'IHcno nepHoaos ynbTpa3syxosoro nonll 1 npH R 

0 
·10-4 eM, 

Po - Ps - 0,5 STM, r - 40,0 xru, 

I: T • 26° K, Pm• 3,0 STM, PHc. 3. 

2 : T - 28° K p - 4,0 STM. 
' m 

12 

-- -·- ··---- _..,. .. \ ) 

R..,IO't,. 
I 

8 

6 

" 
2 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

0 

"'--- ' ....... ....... -
.............. 

45 10 (.A, -P,),arH 

BenH'IHHa acHMllTOTH'Iecxoro paaHyca Roo Jtax ¢yHKUHll ( P 
0
- P ) • 

Too - 26° K, p m ... 3,0 STM, f - 40,0 xru. • 
CnnOWHSll KpHBSll - 'IHCneHHb!e peweHHll, WTpHXOBSll - npH6nH)f{eH
Hb!e peweHHll. 

13 
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2,0 P,,IITif 

'He. 4. BenH'IHHa aci'HMllTOTH'iecKoro pa.aHyca R 00 KBK cpyHKUHH P m 

T = 26 K, P0 -P8 = 0,5 aTM. 
CnnowHaSI KpHeaH - 'iHCneHHbie peweHHH, wTpHxoeaH - npH6nH)I(eH

Hbie peweHHH. 

14 

' 

10-le, 
~,-~·~ ~·~~~~~--~--~ fO I ...... 

I I 

101 

PHc. 5. 3asHCHMOCTb acHMllTOTH'iecKoro pa.aHyca it, 
p83BYKOBOI'O nonH. 

Too • 26° K, Po - P8 • 0,5 aTM, 
CnnowHaH KpHeaH - 'iHcneHHble peweHHSI, wT 
Hble peweHHSI. 

15 



0 (0 2,0 P,,tl'Tif 

Benii'U!Ha 8cfHMIITOTH'i9CKOro pa.nllyca R 00 K8K tPYHKUHH p m 

T = 26 K, P0 -P
8 

= 0,5 aTM. 
CrrnowHaH KpHeas - 'iHcneHHbie peweHHH, WTpHxoeas - rrpH6l!H)f{eH
Hbie peweHHH. 

14 

.. 

Puc. 5. 

fQ-J 

I I I I '" I I I I 
~--~·---L~~-L~·· r I I lei!!! 

f02 f,Kat.C 

3aeHcHMOCTb acHMIITOTH'iecKoro pa.n11yca R 
paaeyKoeoro nons. 

OT 'i8CTOTbi ylibT-

Too = 26° K, Po -Ps = 0,5 8TM, P m = 3,0 8TM. 
CnnowHas KpHeas - 'iHcneHHbie peweHHH, WTpHxoeas - npu6nH)f{eH
Hble peweHHs. 
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