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Pa3pa6oTaHa MeTOAIAKa IAH>KeHepHoro pacYeTa rapaHnipoeaHHblX ycnoe1.-1i1 BBOAa ynbTpa3eyKa e pacnnaeneHHbliil MeTann 
paCXOAyeMblM BOJlHOBOAOM IA nony4eH1.<1R MaTep1AaflOB Ha MeTaflfll.<!4eCKOiil OCHOBe c B03MO>KHOCTblO perym1posaH1AR IAX COCTaBa IA 

ceolicre. npeAnO)t(eHo aHan1AT1A4ecKoe Bb1pa>KeH1Ae AflR onpeAeneHIAR IAHrepeana cKopocTei4 noAaYIA pacxoAyeMoro np111ca.Q04Horo 
BO!lHOBOAa, B o6nacrn KOTOpblX MO>KHO nerKO npOIA3BOAIATb T04HYIO 3Kcnep1.-1MeHT8JlbHylO AOBOAKY IA Cyl.J..leCTBeHHO 06ner41ATb H3XO>KAeHIAe 
ycnoe11ii rapaHrnpoeaHHoro BBOAa ynbTpa3eyKa s pacnnas, 06ecne411ea101.J..11.<1X Ka4ecTBeHHble TexHonorn4ecK11e pe>KIAMbl noArOTOBKIA 
Marep111a110B K 3aTBepAeB3Hl1IO. nonyYeHbl aHaflITTIA4eCKl1e Bblpa>KeHl.<IR AflR Bbl41.<!C!leHIAR CKOPOCTl1 nO,Q3411 pacxo.11yeMoro np11CBA04HOro 
BOilHOBOAa. 

The technique of engineering calculation of the guaranteed conditions of input of ultrasound in the fused metal by a spent wave 
guide and receptions of materials on a metal basis with an opportunity of regulation of their structure and properties is developed. 
Analytical expression for definition of an interval of speeds of submission spent npucaKa a wave guide in the field of which it is possible 
to make easily exact experimental operational development is offered and essentially facilitates a finding of conditions of the guaranteed 
input of ultrasound in the fused material, providing qualitative technological modes of preparation of materials to hardening. Analytical 
expressions for calculation of speed of submission of a wave guide spent an additive are received. 

Bee.QeH11e 
OAHOH 143 1..1eHTpanbHblX npo6neM B pa3pa60TKe TeX

HOilOrl.414 HaHeceHl4fl noKpbirnrli 143 KOMn03141..1140HHblX VI Cl4H
rern1.1eCKlllX MaTeplAallOB flBJlfleTCfl npo6neMa CTOillKOCTIA 
ynbTpa3BYKOBbJX eonHoBoAOB-L-13nyYaTenetli npVI o6pa6oTKe 
pacnnaeoe np1-1caAOYHb1x MaTepV1anoe. Aeno e TOM, YTO 
ecneACTBLole 3cpcpeKTOB BTOporo nopflAKa, 14MeJOU,\14X MeCTO 
e pacnnaeneHHOM np111caAO'lHOM MaTep111ane e ynbTpaJey
KOBOM none, BblCOKOill TeMnepaTypbl, CTOillKOCTb BOJlHOBO
Aa-IA3Ily4aTeml, HaXOAs:iu.ierocs:i e KOHTaKTe c pacnnaeneH
HbJM np1t1CaAO'lHblM nopOWKOBblM MaTepVlaJlOM, 
4pe3Bbl'laL°1HO Mana. noA B03AeillCTBVleM KaBltlTal.lllllll, M911-
KOMaCWTa6HblX aKycrnYeCKltlX nOTOKOB, TeMnepaTYpbt, BOJl
HOBOA-IA3nyYaTellb pa3pywaeTCfl VI BblXOAVIT 1113 pe30HaHC
Horo pe>Kl'1Ma pa6oTbl, 111 3¢¢eKrnettocTb ynbTpaJeyKoeorli 
06pa60TK11 pacnnaea naAaeT. no3ToMy, ec11111 He 6YAYT np111-
HRTb1 cne1..11AanbHb1e Mepbl no coxpaHeH111t0 AnLllHbl, a cne
AoearenbHO, IA MaCCbl BOJlHOBOAa-H311Y'l8Tem1, TO npo1..1ecc 
ynbTpa3syKoeorli o6pa6oTKlll Yepe3 HeCKOJlbKO MVIHYT npe
KpaU,\aercs:i. KoHeYHO, rnKorli cnoco6 BBOAa y11bTpa3eyKa He 
MO>KeT lllM€Tb nepcneKTltlBbl. 

l-13 aHa111113a COCTOflHltlfl sonpoca BblTeKallO, 'lTO Ja
Aa'la BBOAa YllbTpa3eyKa B pacnnaBbl MeTannoe BO MHOrOM 
et1.1e He peweHa. 3TO 06bflCHfleTCR CJlO)f{HOCTblO npo6ne
Mbl. OTCYTCTBl!le a¢¢eKTlllBHbtX, HaAe)f{HblX 111 AonroeeYHblX 
cnoco5oe BBOAa y11bTpa3eyKa e pacnnaeb1 Mern11noe CAep
>K11eano np111MeHeH111e ynbTpa3ByKa e o6pa6oTKe pacnnas
neHHbJX MeTannos. no3TOMy MHOroKpaTHO Ha npOTfl>K€HLllH 
MHOrlllX neT B JllllTepaTYpe Ill peweHHflX KOHcpepeHL(VIH, no
CBRU,\eHHblX rnopL11111 Lil npaKTlllKe npV1MeHeHV1R ynbrpa3eyKo
BbtX MeTOAOB Allfl 06pa6orK111 pacnnaeoe MeTa11noe Lil cnna
eoe, HeOAHOKpaTHO yKaJbteanocb Ha aKTyanbHOCTb 
pa3pa60TKLll CTa61!1JlbHblX cnoco6oe BBOAa ynbTpa3BYKOBblX 
Kone6aH1Atli e pacnnaebt. 

OcHoeHaSI YaCTb 
B nnaHe ttacTos:iu.ieill pa50Tbl eonpocb1 cnoco6oe eeo

Aa ynbrpa3BYKOBbtX Ko11e6aHL11L°1 e reTeporeHHble pacnnaeb1 
11MenL11 KfllOYesoe 3Ha4eH111e. Cyu.iecTBYJOT pa3n111YHb1e noA
XOAbt K pewett111JO npo6neMbl BBOAa y11bTpa3eyKa e pacn11a
Bb1: cnoco6b1, ocHoeaHHble Ha 111cnonb30BaHVllll TYronnaeKHX 
11 oxna>K,QaeMblX BOJlHOBOAOB (1, 2], 6eCKOHTaKTHbJe cnoco-
6bi [3], cnoco6bt c pacxoAyeMblM eonHOBoAOM [4, 5, 6]. Ka>K-

,D,aR Vl3 nepeYLllCJleHHblX pa3pa60TOK L!IMeeT CBOlll AOCTOlllH
CTBa Lil oco6eHHOCrn. 0AH8KO 06U,\lllM HeAOCTaTKOM ecex flB
JlfleTCR TO, 'lTO npoeeAeHHble AO Cl/IX nap 1-1ccneAOB8HlllR 
npeLllMyU,\eCTBeHHO HOCflT xapaKTep 1'1CnbtT8Hl'1H pa3Jllll'lHO
ro po,Qa KOHCTPYKl..(1-1111 LllJny'laTeneH 6e3 TeOpern'leCKOro VIX 

o6ocHOB8HHfl. 0TCYTCTBl!le Teop1-11-1 KOJllll'leCTB9HHOH Ill Ka
l{eCTBeHHOill 04eHKL11 111 pacYeTa cnoco6oe BBOAa ynbrpa30y
Ka s pacnnasi:.1 MeTan1100 CAep>K1110aeT pa3pa60TKY pa1..1L110-
tta11bHblX KOHCTPYKl..ll'1L°1 Kone6aTenbHblX c111creM VI ycTpoi1cTB 
aBTOM8TVl'leCKOro ynpasneHl!lfl onrnMaJlbHblMH pe>Kl!IMaMlll 
y11bTpa3eyKoeorli o6pa6oTKlll pacnnaeos. 

YYLllTbteas:i o6ttapy>KeHHYIO noTpe6HoCTb, ttaM111 6b111111 
npeAnPlllHflTbt no111cK1-1 pa1..11-1ottallbHblX MeTOAOB BBOAa y11b
Tpa3syKa e pacnnaeb1 np111MeH111TellbHO K npo1..1eccy 06pa-
60TK1t1 pacnnaeoa np111 HannaeKe n0Kpb1T1t1L°1, ceapKe, narliKe, 
yp,oeneTeops:ilOU,\eMy ycno0111s:iM 3¢cpeKTVIBHOCTlll, HaAe>KHO
crn, AOnroee'lHOCTVl 111 3KOHOMH'lHOCTVI Tpe6yeMblX yCTporliCTB. 

PaccMoTpl!IM TeopernYeCKVle 06ocHoeaH111fl HOBbtX 
cxeMHblX peweHlllH, npeAnaraeMblX HaM111 cnoco6os BBOAa 
ynbTpa3eyKOBbtX Kone6aH111!1 e pacn11aeb1. 

1. Cnoco6 eeooa ynbmpa3eyKa 6 pacnnaeb/, He pac
xooyeMble 60flH06000M-U3flY48meneM, pa6oma/OU{UM 6 

cmaL{uoHapHoM mennoeoM pe>KuMe 
AHa111131-1pys:i yc1100111s:i pa6oTbt ynbrpa3eyKoeoro so11-

HOBop,a-V13nyYaTe11s:i, Mbl npLllWillll K BblBOAY 0 pa1..11110HaJlb
HOCrn pa3pa60TKLll cnoco6a 1-1 ycTpoL1crna BBOAa ynbTpa-
3ByKa B pacnnaBbl Ha OCHOBax np111tt1..1111na BOCCTaHOBJleHlllfl 
CT84LllOHapttoro pe>Kf/IMa pa60Tbl ynbTpa3BYKOBOrli KOne6a
TenbHOL°1 CLllCTeMbt e npol(ecce o6pa6oTKVI pacnnaea [7]. 

Bnepeb1e l!IAefl 1-1 pea111113a1..1111R pery11111poeatt111s:i cTa
l.ILllOHapHoro pe>KVIMa pa60Tbl ynbrpa3BYKOBOH KOJle6aTeJlb
HOrli cLllcTeMbt on111caHa e 111cTOYHHKax [8, 9]. CyTb JTOro cno
co6a COCTOIAT B CJleAytOU,\eM. BOAOOxna>K,QaeMblill Li13nyYaTenb 
np1-1 BKJllO'leHHblX KOne6aHVlflX AOBOAlllJlCfl AO conpl!IKOCHO
BeHltlfl c 3epKanoM pacnnaea, np111 3TOM cpa3y >Ke HaY111Ha-
11ocb era HeKOTopoe onnaenett111e. ltlJnyYaTenb c noMOU,\bJO 
tcyna'lKOBOro MeX8Hlll3Ma onycKancs:i B pacnnaa. np111YeM 
pa3Mepbl BOnHOBO,Qa-Vl311Y'laTenR nplll onnaeneHl1111 COOTBeT
CTBOBalllll pe3oHattcttoMy pe>KLllMy. nocne onnaeneHl!IR 1-13-
nyYaTens:i Ha 2 ... 3 MM, He Hapywas:i aKyCrn'leCKOro KOHTaKTa 
Me>K.Qy pacnnaeoM VI 111311yYaTeneM 1-1 He npepbteas:i npo1..1ec
ca ynbTpa3eyKoeorli o6pa6oTKlll, npo1-13BOA11111CR noAbeM 0011-
Hos0Aa-1-13ny4aTenR 111 soccTaHoe11eH111e ero pa3Mepoe 3a 
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c4eT HaMopa)K111BaH1M1. nocne 3Toro npo4ecc noeTOpRncsi 
4111KJ11/14eCKlll HeOAHOKpaTHO. 

He,QocraTKOM 3roro cnoco6a RBnReTcfl 1113MeHe
H111e aMnJ1111TYAbl KOne6aHl.111 B npo1..1ecce ynbTpa3BYKOBOYI 
06pa60TK1.1 pacnnaea 3a c4er yMeHbWeH111f! pa3Mepoe 
eonHOBOAa-1.13ny4arenf!. 

0AHl.1M 1113 nYTeYI cosepweHcreoeaHlllfl cnoco6a eao
Aa ynbrpa3eyKa e pacnnaeb1, e 4acr1.1 o6ecne4eHlllfl nocro
flHHoro aKycr1114ecKoro pe)K111Ma 06pa6orK111 pacnnaeoe Me
rannoe 1.1 cnnaeos, s:rsns:rercs:r pac4eT 1.1 C03,QaH1.1e 
cra1..11.10HapHoro rennosoro pe)K1.1Ma pa6oTbl ynbTpa3syKo
eoi.1 so,Qooxna)K,QaeMoi.1 Kone6arenbHol1 c1.1creMbl, 4T06br 
asroMarn4ecK111 KOHTpon111poaancs:r 111 coxpaHf!IlCfl pe3oHaH
CHblc.'1 pa3Mep BOilHOBO,Qa-1113Ily4aTenf!. 

C rnnnoq:>11131114ecKoi.1 T04Klll 3peH111f! npo1..1ecc o6ecne-
4eHl/lfl cTa1..11110HapHoro aKycrn4ecKoro pe)Kl/IMa pa6oTbl ynb
rpa3eyKoaol1 Kone6aTenbHoi.1 c111creMbl 3aKnl04aercR e co
xpaHeH111111 pe30H8HCHblX pa3Mepoa BOI1HOBO,Q8-lll3I1y4aTellfl. 
3TO peam1ayeTcfl nyTeM c03AaHl.1fl ycnos111c.1 6anaHca Tenno
o6MeHa Me)K,Qy pacnnaeoM. 

2. Cnoco6 eeoaa ynbmpa3eyKa 6 pacnnaeb/ pacxo
ayeMb/M 60flH060dOM-U3flY48meneM 

lllccne,QosaHlllfl 3neKrpo,Qyroaoi.1 HannaBKlll a ynbTpa-
3ByKoeoM none noKa3an111, 4TO Ka4ecrso Meranna 111 npo1113-
BOAlllTenbHOCTb npo1..1ecca 3aBlllCf!T OT ycnos111c.1 BBO,Qa ynbT
pa3ByKa B pacnnae, KOTOpble B CBOIO 04epe,Qb 
onpe,Qeilf!IOTCfl CKOpOCTblO no,Qa41/1 BOilHOBO,QHOi.1 np111ca
A04HOc.1 npoeonoKoi.1. 

AnR onpe,QeneH111f! rapaHr111poeaHHblX ycnoe111i.1 seo,Qa 
ynbTpaasyKa B pacnnaaneHHbri.1 Merann pacxo,QyeMblM np111-
ca,Q04HblM BOJ1HOBOAOM, o6ecne41/1B8IOl.l..ll.1X Ka4eCTBeHHble 
rexHonorw-1ecK111e pe)KlllMbl no,QroTOBKlll MaTep111anoa K 3aT
aep,QeaaHllllO, paccMOTPlllM Tennocp1.131.14ecK111e ycnoe111f! s 
c1.1creMe «np111ca,Q04Haf! sonHOBOAHaf! npoeonoKa - 06pa-
6aTb1eaeMb1!1 pacnnae Meranna» IA onpe,Qen1.1M cKopoCTb 
noAa4111 BOJlHOBO,QHOH npoBOJlOKlll B 30Hy pacnnasa, np111 KO
Topow 6y,QeT o6ecne4eH HenpepblBHbti.1 pe)KIAM 06pa6orK111. 
3ra cKopocTb 3ae1t1c111T OT TeMneparypb1 pacnnaaneHHOro Me
Tanna 8 TOi.1 o6nacrn, B KOTOPYIO BBOAlllTCfl np111ca,Q04Haf! npo
BOJlOKa, HaYanbHOiil TeMneparypb1111 y,QenbHOi.1 TennoTbl nnaa
neHlllfl Marep111ana npoaonoK111, ee Tennocp1113111yecK111x 
CBOYICTB, AlllaMeTpa npOBOJlOKlll, ycnoa111YI Tennoo6MeHa COK
py)KalOl.l..lei.1 cpe,Qol1 1.1 MO)KeT 6b1Tb HaYl,QeHa nYTeM peweHlllfl 
cooTBeTCTBYIOl.l..lel1 Tennoaoi.1 3a,QaY111. Hae lllHTepecyeT cKo
pocTb, npLol KOTOpoYi lllMeeT MeCTO ycTaHOBlllBWllll1Cfl pe)KLolM 
pa60Tb1 c111creMbi: e 3TOM cnyYae no ee ,Qn111He 6y,QeT CTa1..11110-
HapHoe pacnpe,QeneHvre TeMneparypb1. 3a Ha4ano KOOPAlll
HaT np111MeM TOpe1..1 npoeonOKlll, HaXOAfll.l..lllll1Cfl B KOHTaKTe c 
pacnnaeoM. ,QLo1cpcpepeH1..11.1anbHoe ypaaHeH111e CTal.\l.10HapHol1 
TennonpOBO,QHOCTl/I Anfl ,QBl.1>KYl.l..leillcs:r c nocTOf!HHOi.1 CKopo
CTblO npoeonoK111 111MeeT BIAA: 

a 
dx 2 

= V ~= f(x), 
dx 

(1} 

r,Qe a - TeMnepaTyponposo,QHOCTb Marep111ana npo
eonoK111; 

v- CKOpOCTb ee BBO,Qa B pacnnae; 
f(x)- cpyHKt1111s:r, yY111Tb1aaio1.1.1aR Bb1,QeneH111e Tenna 

a npoeonoKe 3a 01eT nornol.l..leH111fl eto ynbTpa3eyKa, a TaK>Ke 
YTeYKY Tenna e 0Kpy>1<ato1.1.1ee npoCTpaHCTeo Yepea ee noeep
XHOCTb. npvr 3TOM TeMneparypa no C94eHllllO npOBOJ10Klll C4Lol
Ta0TCfl nocTOf!HHOJ.1 scne,QCTBllle ,QOCTaT04HO BblCOKOl1 Ten
nonpoBOAHOCTl!I MaTepvrana nposonoK111. 

Ha Top1..1e nposonoKvr npo111cxoA111T ee nnaeneH111e, 
n03TOMY np111 x = 0 AOJ1)KH0 BblnOnHf!TbCfl ycnos111e 

To= TnJI· (2} 

KpoMe Toro, Ha rpaH1111..1e X = 0 ,Qon>KHO BbmonHRTbCfl 

ycnos111e 6anaHca Tenna (pa3HOCTb Me)K,Qy noTOKOM Tenna, 
no,QBO,QlllMblM 1113 pacnnaaa K TOPLIY npoaonoKlll, 111 nOTOKOM 
Tenna, OTBO,Ql!IMblM a npoeonoKy nyTeM rennonpoBOAHOCTlll, 
AOJl>KHa OblTb paaHa KOn1114eCTBY Tenna, e)KeceKyH,QHO pac
xo,QyeMoMy Ha nnasneH1.1e nposonoK111}: 

rAe '.!Ji - reMnepaTypa pacnnaea; 
1 'nn - TeMneparypa nnaaneHvrR npoeonOKL-1; 
a - Koa¢¢1111..1111eHT rennoo6MeHa Me)K,Qy pacnna

eoM 111 npoaonoKoi.1; 
A, X 111 Q - y,QenbHble TennonpoBOAHOCTlll, Ten

noTa nnaeneHvrfl 111 nnoTHOCTb Marep111ana npoeonoK111. 
Ha rpaHLo1L1e X = oo (npoeonoKa C41!1TaeTCR 6ecKoHeY

HO ,QJ1111HHOl1) np111MeM ycnos111e 

(4) 

rAe T 0 - Ha4anbHaR reMnepaTypa npoeonoK111. 
C1.1creMa ypaaHeHvrl1 (1 )-(4) RBnf!eTCfl aaMKHyro~. 

T.e. noJeonf!eT onpe,Qenl!ITb KaK cTa1..11110HapHoe reMnepa
TYPHOe none a ABl!l)f{Yl.l..lei1cfl, nnaBRL11ei.1cf! c rnp1..1a npoeo
noKe, TaK Ill CKOpOCTb ee ABl!l)KeHl!lfl. 3aAa4y MO>KHO pe
WlllTb pa3nlll4HblMl!I nyTRMlll. Mo)KHO, Hanp111Mep, 
TeMneparypHoe none 111cKaTb nyreM peweHvrfl c111creMbl 
(1 }-(3); CKOpOCTb B 3TOM cny4ae Hai.:iAeTCR nyTeM 111cnonb-
30BaHl/lfl ycn.oayis:r (4). Mo)KHO TeMnepaTypHoe none vrcKaTb 
nyreM peweHlllfl ClllCTeMbl (1). (2). (4), TOr,Qa CKOpOCTb v 
Hai.1,QeTCfl 1113 ypasHeHlllH (3). 0KOH4aTenbHbll1 pe3ynbTaT B 
060111x cny4af!X 6y,QeT O,QlllHaKOB. 

Pew111M cHa4ana c111cTeMy (1), (2), (4). YpasHeH111e (1) 
RBnfleTcf! o6blKHoseHHblM Heo,QHopo,QHblM Alll¢cpe-peH1..11<1-
anbHblM ypaeHeHvreM BTOporo nopR,QKa c nOCTORHHblMlll K0-
3cpcp1111..1111eHTaM111 (a 111 V). 061.1.1ee peweH111e ero, KaK 1113eecrno 
[10], npe,QcTaBnf!eT co6oi;1cyMMY061.1.1ero peweHlllfl cooraeT
CTBYIOl.l..lero O,QHOPOAHOfO ypaBHeHl!lfl 

ad2T =V~=O 
dx 2 dx ' 

(5) 

111 YaCTHoro peweHlllfl lllCXOAHoro ypaaHeHvrfl (1). Demo noKa
aaTb, YTO ypasHeH11110 (5} y,QosneTsopReT cpyHKl..llllfl (r.e. RBflR
eTCfl ero o61.l..1"1M peweH111eM) 

(6) 

r,Qe C1 Ill C2 - npOlll3BOJ1bHble nOCTOf!HHble. 
061.1.1ee peweHIAe ypaaHeHlllR (6) HaXO,QlllM MeTO

AOM sap111a1..1111111 npo111asonbHblX nocTORHHblX [11], AflR 
4ero nonaraeM 

-V --x 
T = C 1 (x ) + C 2 (x )f a 

ct>yHKL\111111 C1(x) 111 C2(x) 111 np111 3TOM HaXOARTcs:r nYTeM 
peweHvrfl cneAytol.l..lel1 c111cTeMb1: 



~if;Kj~§;fflepli6~;$ecTAlll~"f;·· 

d c l ( x ) + d c 2 ( x ) f -: x (7) 

dx dx 

dC2 (x)(- ~)e -: x = J(x2. 
dx a a 

V13 BTOporo ypaeHeHIMI ClilCTeMbl (7) no11y4aeM 

dC2(x) _ _!_J(x)R-: x 

dx V 

1 !':__ x <8> 
C2(x)= --f J(x}f 0 dx = k 2 • 

V dC 
no,qcTaBmUI nonyYeHHOe Bblpa>KeHlile Ami --2 B 

nepeoe ypaBHeH11e ClilCTeMbl (7), HaXOP,11M d.x 

(9) 

r,qe K1 11 K2 - nocrosiHHble, Koropb1e Heo6xop,11Mo 
Hailirn 113 rpaHl14HblX yc11oe11ill (2), (4). 

noACT8B11S'ISI (8) 11 (9) B cpopMyny (6), nony411M 06-
Ulee peweH11e 11cXOAHoro ypaeHeH11s:1 (1 ): 

T (x) = n ff (x )dx - e ~;x j 
V -V 
-x -x 

ff(x)ea dx]+ k 1 = k 2e a (10) 

no,qcrasm1si nocneAHee Bb1pa>t<eH11e s ycnoe11si (2) 
11 (4), no11yY11M c11cTeMy ame6pa114ecK11x ypasHeH111ill, 1113 
KoTOpbJX Haill,qeM K

1 
11 K

2
: 

KI= Ta 
A 

v' 
K 2 = T - T 0 + _:'!..._ n,, V , 

(11) 

(12) 

rAe A - 3Ha4eH111e V1HTerpa11a J f ( x )d x npi-i X = oo. 
TaK11M o6pa3oM, oKOHYarenbHOe peweH11e 38A8411 

I x x 

(1), (2), (4) 11Mee[T BlllA: -V v 

T(x)= V ff(x)dx-e a ff(x)ea dx]+ 

A -x A 
( ) 

-V 

+ Tnn - Ta + V e a + Ta - v· (13) 

Heo6XOA"1M8SI CKOPOCTb BBeAeHl1SI B011HOBOAHOl1 
npoeonoK11 Tenepb HaXOAl1TCS'I "13 ycnos11si rennosoro 6a
naHca (3), B KOTOPOM sem14111Ha 

dT 
~lx=a = K, 

j 1 (25)"20081 ''.'~t2tl 

onpeAem1ercsi 113 Bb1pa>t<eHlilS1 (13). HaillAeM npolil3BOA
dT 

Hyio-· 
dx' 

-v v dT I -x -x 
- = -e a J J(x )ea dx -
dx a 

V ( A) ~x - --;; Tm, - To + V e a . 

nplil X = 0 113 (14) nony411M 

(14) 

K = !!_ _ _i__ J:__(Tnn - To), (15) 
a a a 

-V 
rAe B - 3Ha4eH111e l1HTerpa11a J f (x )e a x dx 
np11X=0. 

nop,crasnsisi renepb nonyYeHHOe Bb1pa>t<eH11e A11SI K 
dT 

BMeCTO dx lx=O B ypasHeHlile (3) Iii pewasi ero OTHOCl1Te11bHO 

V, nony411M cpopMyny P,JlSI pac4eTa CKOpOCTlil BBOP,a B011HO
BOP,HOl1 npOBOJlOKlil B pacnnas: 

v (16) 
A 

Q X + -(Tnn - Ta) 
a 

Bb1pa>KeH111e (16) nonyYeHo s o6UleM s111,t:1e. B Hero 
sxop,sir nocTOSIHHble se1111Y11Hbl B Iii A, 3Ha4eH11S1 Koropb1X 
onpe,t:1e11si10TCS1 BlilAOM cpyHKLllillil f(x). KaK noKa3an11 3Kcne
p111MeHra11bHb1e 111ccne,t:10BaHl1SI, CKOpOCTb BBOAa BOilHOBOA
HOill nposo110K11 s pacnnas, 06ecne4111sa10U\aS1 cra61111bHY10 
pa60TY B yC110BlilSIX 3KCnep11MeHTa, COCT8BJ1Sl11a 10-30 MM/C. 
3TO AOCTaT04HO 60JlbWaSI CKOpOCTb, 11 B nepBOM np11611111-
>KeHVllil MO>KHO C411TaTb, 4TO YXOASIU\ee B npOBOilOKY ren110 
aa C4eT TennonpOBOAHOCTlil He ycnesaer CKOJlbKO-HVl6yp,b 
3aMeTHO OTBOAVITbCSI B OKpy>t<alOU\11111 B03AYX, a B OCHOBHOM 
lilAeT Ha Harpes nposo110K11. Y41i1Tb1sasi, KpoMe roro, 4TO 
Koa¢¢1i1L111eHT nornOU\eH111S1 ynbrpaaeyKa B Marep11a11e 0011-
HOBOP,Hoill nposo110Klil P,JlSI 111cnonb3yeMOi1 4aCTOTbl Man, 
MO>KHO npeHe6pe4b raK>Ke rennoM, sb1p,em1eMblM s 0011-
Hosop,Hoill nposo110Ke 3a C4eT nornoU\eH111S1 y11brpaasyKa. 
noaTOMY B nepsoM np1161111>KeHVllil MO>KHO nonO>KlilTb 

J(x)= 0, 

TOrAa 

A= B = 0, 

s 3TOM cnyYae 

v 
K = -(Tnn -T0 ), 

a 

11 113 ¢opMynb1 (16) nony4aeM 

v 
Q X + QC ( T nn - Ta ) ' 

(17) 

(18) 

(19) 

(20) 



A 
rAe Y4TeHo, 4TO ex.= QC; 

C - yAeJlbHaR TennoeMKOCTb MaTep111ana 3BYKOBBOAa. 
c:l>opMyna (20) nony4eHa 1113 peweHlll51 rennoeolll 

3aAa4VI s npeAnono>KeH111111, 4To onnasneH111e KOH4a ee 
npOlllCXOAlllT nocT051HHO Ha nosepXHOCTVI 3epKana pac
nnasa. TaKlllM o6pa3oM, Bbl4111cneHHaR no cpopMyne (20) 
CKOPOCTb 51BmleTC51 MlllHVIManbHOLll CKOPOCTblO, np111 KO
TOpoi1 6yAeT o6ecne4eH Henpepb1BHb1l1 pe>KviM pa6oTbl 
ClllCTeMbl. Ecn111 CKOpOCTb nOAa4111 nposonOKlll HeCKOilb
KO ysenvi4111Tb, TO KoHel.\ ee 6yAeT 3arny6nRTbC5! s pac
nnae, 4TO Bbl30BeT nnasneHvie He TOJlbKO c Top4a, HO 111 
c 6oKoeol1 nosepxHocrn 3amy6neHHOro y4acTKa nposo
JlOKVI. np111 Aa11bHei1weM ysen1114eHllllll CKOpOCTVI nOAa4111 
npoBOJ10Klll MO>KeT HacTynlllTb c111Tya411151, np111 KOTOpoi1 
npOBOJlOKa, He ycnee pacnnaBVITbC51, ynpeTC51 B AHO 06-
naCTlll pacnnasa, 111 Henpepb10Hb111i pe>1<11M pa60Tb1 Hapy
WVITC51. lt13 :noro aHan113a cneAyeT, 4TO Henpepb1BHb1i1 
pe>K111M pa6oT~ 06ecne411saeTC5! s HeKoropoM AVlana-
30He CKOpOCTeilt nOAa4VI B011HOBOAHOli1 npOBOJlOKVI, Ha-
4VIHa51 c M111H111ManbHoro ee 3Ha4eHVl51, onpeAenReMoro 
cpopMynolll (20), Ill AO HeKOToporo MaKCVIM811bHOro 3Ha-
4eHVl51, 3ae111C5lll.lero or rny6111Hb1 30Hbl pacnnaea. 

B cpopMyny (20) BXOAlllT, KpoMe 1113BeCTHblX (Ta6-
JlVl4HblX) BellVl4VIH Q' x' c Ill 3KCnep111MeHTaJlbHO onpe
AellReMblX T. 111 To. 3Ha4eHvie K03cpcp1114111eHTa Tennoo6-

P - B MeHaCX.Me>KAY pacnnaBOM Ill npOBOilOKOlll. enlll4VIHa ero 
3as111c111r OT ren119cp1113114ecK111x ceoi1cTe pacnnaea, OTHO
c111renbHOi1 CKOpOCTt.1 ABlll>KeHVl51 npOBOilOKt.1, ee reoMeT
p111111. B mnepaType npaKTlll4eCKlll OTCYTCTBYIOT AaHHble no 
4111cneHHbtM 3Ha4eHV151M a AllH c11y4a51 pacnnas- neH
HblX MeTannoB B006ll.le, VI AJ151 ycnOBVli1, 611Vl3KVIX K pac
CMaTpvisaeMblM, B 4aCTHOCTlll. npaBAa, 3Ha4eHVle CX. MO>K
HO onpeAeJlVITb Ha OCHOBaHVIVI COOTHOWeHVl51 (20), Hal1A51 
3KCnepviMeHTaJlbHO MVIHVIMaJlbHYIO CKOpOCTb, 06ecne4111-
Ba10ll.IYIO HenpepblBHbtilt pe>KlllM BBOAa nposonOKlll. 

0AHaKO A1151 VIH>KeHepHoi1 npaKTVIKVI >Kenarenb
HO pa3pewviTb 3TY 3aAa4y. no3TOMY socnonb3yeMc51 npvi-
6nvi>KeHHbtM Bbtpa>1<eHV1eM AI151 MOll.\HOCTlll rennoeoro no
TOKa, noABOAVIMoro OT 3epKa11a pacnnaeneHHoro 
MeTanna K TOP4Y eonHoBOAHOlll nposonoK111, np111BeAeH
HbtM s pa6oTax [11,12]: 

(21) 

rAe A. P - YAeilbHa51 Tenno~posop,HocTb pacnnasa; 
r - PaAVIYC sonHoBoAHOVI npoeo110KV1. 

AnR nnoTHOCTlll rennoeoro noTOKa BMecro (21) non;iy111M 

q = _Q_= 4A.r (r -To) 
n r 2 n r p (22) 

nop,cTaBJlHH 3TO Bbipa>KeHllle BMeCTO a(Tp-Tnn) B 
cpopMyny (20), nony4VIM 

v 4 A. P (r P - T 0 ) 
-----~ 

n rQ x + rr rQC (T n.1 - To )' 
(23) 

c 4eJlblO nony4eHVl51 4111CI1eHHblX 3Ha4eHvil1 CKO
pocreilt noAa4VI eonHOBOP,Holli np11caA04Holi1 npoeono
KVI, B 3aBt.1CVIMOCTVI OT pa3JlVl4Hb1X 3Ha4eH111ri1 Be11Vl4111H, 
BXOAHll.\VIX B cpopMyny (23), OHa 6bt11a nop,seprnyra 4111C
JlOBOli1 o6pa60TKe. 

11 (2sr2ooa k' .. · 2·a: 
CocraeneHa nporpaMMa, c noMOLl.lblO Koropolll Ha 

3BM nony4eHbl YVICJleHHble 3Ha4eHVl51 CKOPOCTlll nop,a4111 
v np111 pa3JlVIYHblX 3ap,aHHblX 3Ha4eHVIHX Ql1113VIKO-XlllMlll-
4eCKl.1X, rennocpvi31.14ecK1.1x csoillcTB TeMneparyp: pacnna
sa Meranna, nnasneHV15! eonHOBOAHOi1 np1.1cap,04HOH 
nposo110K11. Pac1..1eT npoeeAeH Al151 sonHoeoAHbtX np111-
caA04Hb1x npoeonoK, vi3roroeneHHblX 1113 cTa11111. 

PaccMoTpVIM cny4ailt, KOrAa ynbrpa3syKOBa51 06· 
pa6orKa pacnnasa, nerviposaHvie MeTanna, no11yYeH111e 
6111MerannV14eCKl.1X CVICTeM VI KOMn03Vl41.10HHblX MaTeplll· 
anos ocy1.4ecTBnReTC5! He c nosepxHocrn pacnnaeneH
Horo MeTanna, a np111 HeKOTOpOM 3arny611eHl.1f.1 BOJlHO· 
BOP,HOll! npOBOJlOKVI B pacnnaeneHHbllli MeTan11, 
npoxOARLl.lero pacnnasneHHbtlll cpnioc. lt1MeHHO raKOH 
pe>KVIM Ha1.1-6onee COOTBeTCTByeT npaKTlllKe, KaK yltCe 
noKa3a111.1 3KcnepHMeHTbl. 

CB513b cKopocrn Vh B cnY'1ae 3arny611eH1115! c een111-
1..11.1Hoi1 3arny6neHV15! np111CaA04HOl1 npOBOilOKl.1 h 1.1 CKopo
CTblO v ' paCC41.1TaHHOi1 no cpopMyne (23), MO>KHO Hallirn 
cneAYIOLl.IVIM o6pa3oM. KoHel.\ sonHoeop,a, norpy>KeHHbtH 
Ha my6111Hy, onnaenReTc51 no scei1 60KOBoli1 nosepxHocrn 
S

5 
, 6e3 3amy6neHlll51 - TOJlbKO B nilOLl.laP,1.1 Ce4eHlllH $0• 

no3TOMY np1.1 3amy6neHl.11.1 CKOpOCTb paBHa 

V - V Si; .. · 
h - . 

So 

(24) 

PaccMOTp1.1M p,sa B03MOJKHblX COCT051Hl.1H: 
- BOJlHOBOAHaH np111cap,04Ha51 npoBOJlOKa pac· 

nnaBJ151eTC51 paBHOMepHO c HVl>KHelli 4acT111, HO coxpaHH· 
eT 411111VIHAPl.1YeCKYIO cpopMy, TOrAa 

. v 2 n rh 
vh = 2 

Ilr 
v 2h. 

r 
(25) 

- TOI1l4V1Ha BOJ1HOBOAHOl1 np1.1cap,04HOi1 nposono
KVI no Mepe 3arny611eH1.1H yMeHbwaeTC51, vi e pe3y11brare 
on11asneH1115! eonHosop, npvio6perner cpopMy, 6n1113KYIO K 
KOHycy, Torp.a 

= v 

v n r/k = 

n r 2 

rp,e LK - o6pa3y10L11a5! KOHyca; 

(26) 

r 1.1 h - cooreeTCTBeHHO paA111yc npoeo110K111 111 
rny61.1Ha ee norpy>KeH1115! s pacnnae. 

nnaBHO pery111.1py51 CKOpOCTb nop,a4111 BOJlHOB0,!1· 
HOiii npOBOJlOKl.1, MO>KHO ycTaHOBl.1Tb pe>KlllM CKOPOCTlll 
esop,a, np1.1 Koropot.1 pacn11ae11eH1.1e nposo110K1.1 Hacry· 
naer Ha 3ap,aHHOi1 rny6~1He BaHHbl pacnnaea, snnOTb ,qo 
MaKCl.1MaflbHOi1 CKOpOCTlll nOA84111, KOrp,a npOBOilOKS 
pacnnasnHeTcH y caMoro p,Ha eaHHbl. Ecn1.1 rnyfo1Ha no· 
rpy>KeHlllH t.13BeCTHa, TO cpopMyna (23) AflH pac4eTa CKO· 
pOCTlll nop,a1..1111 BOJlHOBOP,HOlii np1.1CaAOYHOi1 npOBOJlOKl/I c 
y4eTOM (25) 111 (26) 6yp,er VIMeTb cnep,yt01.41111i1 s111p,: 

V 1i = A Il rQ X + Il rQC ( T n.
1 

- To ) ' 
(27) 



2h ~h)2 

rAe V = -r-
111 

A = ~l + l -;:-) 
K03cpcp1111..1111eHTb1 yse111114eH111fl cKopocrn np111 pac

nnaeneH111111 BOJlHOBOAa Ha 3aAaHHOill rny6111He COOTBeT
CTBeHHO B cny4ae l.\111IllllHAPlll4eCKOro Ill KOHlll48CKOro 
BO!lHOBOAa (ra6n. 1). 

Pacc4111raHHb1e 3Ha4eH111fl cKopocTei1 noga4i,, eon
HOBOAHOlll npi,,caA04HOill npoBOJlOKt-1 no cpopMyne (27) 

6m13K111 K 3Kcnepi,,MeHTanbHblM, nony4eHHblM s npo4ec
ce 3J18KTPOAYfOBOill HannaBKlll c 1-1cnOilb30BaH111eM CTailb
HOill npOBOJlOKlll CBOBrA AlllaMeTp 2,5 MM. npoee,QeH
H~ill pac4eT AOCTaT04HO nOJlHO OTpaJKaeT cyTb 
npOll1CX0Aflll.\111X flBileH111ill B Cli1CTeMe «BOJ1HOBOAHafl np111-
CaA04Hafl nposonoKa - pacnnaeneHHblili MeTann» 111 ,QaeT 
B03MOJKHOCTb, He np1116erafl K TPYAOeMKll1M 3Kcnep111MeH
TanbHblM 111ccnegoeaHlllflM, nony4111Tb 3Ha4eH111e CKopoc
Tlll noga41.1 BOJlHOBOAHOill np111caA04HOil! npOBOJlOKlll, 6111.13-
KOe K HOMl.1HailbHOMy. 

Ta6m11.-1a 1. Pacc'l111TaHHb1e 3Ha'lemu1 K03<f><f>1114111eHTOB yeen111'leH1o1S1 cKopocTH n0Aa'l111 eonHOBOAHOM np111caAO'-IHOM 
npOBOJ10Kl;t np111 33A3HHOM rny6111He Ill 33A3HHOM <f>opMe onnaenfleMoro BOllHOBOAa 

AHaMeTp BenH'IHHa 
aarny611eHHJ1, npoBOilOKH, MM 

MM 
1 
2 

1,2 3 
4 
5 
1 
2 

1,4 3 
4 
5 
1 
2 

1,6 3 
4 
5 
1 
2 

1,8 3 
4 
5 
1 
2 

2,0 3 
4 
5 
1 
2 

3,0 3 
4 
5 

3aKn10'-teH111e 
Pe3ynbTaTbt npoeegeHHOi1 pa6oTbt [13, 14, 15] no-

3eomuor C,QenaTb c11e.Qy10l.l.1111e BbtBOAbt: 
1. Pa3pa6oTaHa MeTOAl.1Ka 111HJKeHepHoro pac4era 

rapaHrnpoeaHHbtX ycnoei,,111 seoga ynbTpa3ByKa e pacnnae
neHHbtill Merann pacxogyeMblM eonHOBOAOM 111 nony4eH111fl 
Marep1anoe Ha MeTaJ1Jll.1'·l8CKOill OCHOBe c B03MO/KHOCTblO 
peryn111poBaHlllR lllX COCTBBa 1.1 CBOil!CTB. 

2. AHa111113 pe3ynbTaToe pac4era Ha 3BM CKopocrn 

Ko3cl>cl>H1"HeHTbl Ko3cl>cl>H '-'HeHTbl 
('-'HI1"1H,Qp) (KoHyc) 

2,33 1,94 
6,66 3,48 
10,0 5,09 
13,3 6,74 
16,6 8,39 
2,9 1,7 
5,7 4,3 
8,6 4,4 
11,4 5,8 
14,2 7,2 
2,? 1,6 
5 1,7 

7,5 3,9 
10 5,1 

12,5 6,3 
2,2 1,5 
4,4 2,4 
6,7 3,5 
8,9 4,6 
11, 1 5,6 

2 1,4 
4 2,24 
6 3,16 
8 4,12 
10 5,09 

1,33 1,2 
2,66 1,7 
4,0 2,2 
5,3 2,8 
6,7 3,5 

noga4111 sonHOBOAHOill np1.1caA04HOill npoeonoK111 111 conoc
TaeneH111e 111x c pe3ynbTaTaM111 3Kcnep111MeHTa noKaJbteaioT, 
4TO CKOpOCTb nnasneHl.1fl BOJlHOBO,Qa eeCbMa Kp1-1Tli14Ha K 
napaMerpaM, onpe.QenfllOl..l.llllM npo4ecc ynbrpaJeyKoeoill 
06pa60TK111 Marep111anoe nepeA JaTBep,QeBaH111eM. 

3. npe.QilO)f{eHHOe aHan1-1T1114eCKoe Bbtpa)f{eH1-1e no-
3eonfleT onpe,Qen1-1Tb "1HTepean cKopocTeill noAa4111 pacxo
AYeMoro np1.1CaA04HOro BOJlHOBOga, B o6nacrn KOTOpblX 



MOlKHO nerKO npOlll3BOAlllTb TOYHYIO 3KCnep111MeHTaflbHYIO 
AOBOAKY 111, TaKlllM o6paaoM, cy~ecTeeHHO o6nerYaeT Haxo>K
,QeH111e ycnOBlllH rapaHTlllpOBaHHOro BBOAa ynbTpaaByKa B pac
nnas, 06ecne4111sat0~111x KaYeCTB0HHbte TexHonor111YecK111e pe
>K111Mb1 nOAfOTOBKlll MaTeplllallOB K 38TBepAeBaHllllO. 

4. nonyYeHHble aHaill/ITlll49CKllle Bblpa>KeHl.4fl Allfl 

.;;;~ 1 (25)"2008 J>~"" 
Bbl4111CneHlllSI CKOPOCTlll no,Qa4111 pacXOAY0MOro np111C8A04HO
ro BOilHOBO,Qa MOryT SIBlllTbCfl 6a30BblMlll AflSI pac4eTa Tex
H0!10rlll49CKlllX npOL~eccoe nony4eHlllfl HOBblX MaTep111anoe: 
ynbTpa3ByKosoro ner111poeaH111fl, no11yYeH111fl 6111Mernn11111-
4ecK111x ClllCTeM Ill KOMn03111L\"10HHb1X MaTep111anoe c noMO
ll\b10 paCXOAY0MOro np111caA04HOrO BOflHOBO,Qa. 

cm1COK JU1TEPATYPbl 
1. W"1nfleB A.C., ,Upo6f!3KO r.A. "1 AP· A.c. 187601 CCCP. YcTpOlilCTBO Aflfl ny>KeHlllfl KepaMl.140CKlllX 1113A0!1"1lil. 
2. 3anecCKlll1'1 A.M., KyKeKOB r.A. TennOBble pacYeTbl aneKTp1114eCKlllX annapaTOB. - M.: 3Heprllll'I, 1967. - 430 c. 
3. W111nf!ee A.G., V10111HCKl.41'1 B.VI., CTYKl.4H C.A. 1.4 AP· Tennocp11131.44ecKl.4e ycnoe1.1f! rapaHrnposaHHoro BBOAa ynbTpaasyKa e 

pacnnaBJleHHble MeTannb11.1 cn11asb1 I 8 c6. «Al.4HaM111YecK111e acpcpeKTbl MOU\HOro ynbTpa3syKa». - Vl>KeecK, 1998. - C. 49-57. 
4. WMni:iee A.C., l-1Bl.4HCK1111'1 8.Vl., Wap111H fO.E. 1-1 ,Qp. A.c. N21016912 CCCP. Cnoco6 H3HococTo'1Korit HannaBKH. 
5. Wener 8.K., W1msies A.C., CTyKHH C.A., CTyKHH A.C. Cnoco6 cTa61-1n1113aL\llllll pe3oHaHcHoro pe:>K111Ma pa60Tb1 

ynbTpaasyKoeo'1 Kone6aTenbH0'°1 c111cTeMbl. nono>K111TenbHoe peweH111e OT 3 asrycw 1991 Ha Bb1,QaYy naTeHTa no 3asisKe 
N24922602/02/124832. 

6. AKy!lOBlll4 Jl.M., W111nfleB A.C. Ill AP· naT. Po 3906. Cnoco6 HannaBKlll. 
7. CTapK 6.8., M111pK111H vt.n., PoMaHcK111'1 A.H. C6.Tpy.r:ios MocKoBCKoro 111H-Ta crnn111. Bbm.7, 1935. 
8. W111nf!e0 A.C., Vls111HcK1111'1 8.111., Wap111H fO.E. 111 AP· A.c. N2290523 CCCP. YcTporitcTBo eso.r:ia ynbTpa3BYKOBblX Kone-

6aH111i1 B lKlllAKYIO cpeAy. 
9. oeprMaH n.n. YnbTpa3BYK Ill ero np111MeHeH111e B HayKe Ill T9XHlllKe I nep. c HeM. nOA 06ll\. peA. 8.C.rp111ropbeea. -

M.: Vin. -1957. - 725 c. 
10. W111nRee A.C., Ce,Qnoe Jl.M., Ynw111HcK111lil E.A. Yny4weH111e csolilcTB crnn111 nyTeM 06pa60TK111 pacnnaea ynbTpaaey

KOM. - npolll3BOACTB0HHO-TeXHlll4eCKlll'1 610nneTeHb: rKOT, N!! 11, 1964. - C.18-21. 
11. nblKOB A.B. Tennoo6MeH: CnpaB04HlllK. - M.: 3Heprlllfl, 1978. - 211 c. 
12. Ka3111HL\0B s.r., KapTaWOB 8.8. Ill AP· naT. 8117931 CCCP. Cnoco6 aBTOf10,QCTpo'1Klll ':!aCTOTbl lllCT04Hl/IKa n111Ta

Hllll'l pe30HaHCH0'°1 KOJle6aTe!lbH01'1 ClllCT0MbL 
13. W111nfleB A.C., Ce.Qnoe Jl .M., Ynw111Hc111lil E.A. Yny4weH111e cso'1cTB cTan11 nyrnM o6pa6oTKlll pacnnasa ynbTpaasy

KOM. - npm13BO,QCTBeHHO-TeXHl.14eCKl1lil 610nneTeHb: rKOT, N!! 11, 1964. - C.18-21. 
14. Cl>l131/1Ka Ill TeXHlllKa MO~Horo YllbTpaasyKa. V1CT04Hl.1Klll YllbTpaaeyKa I noA 06ll\. peA. npocp. Po3eH6epra. -

M.: HayKa, 1967. - T. 1. - 378 c. 
15. W111nf!eB A.C .• Ka>1<ypo n.M., JlyraKos H.CI>. 111 AP· CocToi:iH111e 111 nyrn co0epweHCTB00aH1.1l'l aneKTpoMarHHTHOi.1 

HannasK111: Marnp1.1anb1, TeXHonor1.1fl 111 lllHCTpyMeHT. T. 3, N2 2, 1998. - C. 72: 


