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BaeaeHne 

B npouecce pa6oTbi HMnynhcHoro peaKTopa Ha 6biCTpbiX HefhpoHax 

(HEP) TonnHBO nepHO.QHqeCKH HarpeaaeTCH 38 OTHOCHTenhHO KOpbTKH~ 
npoMe)f(yTOK BpeMeHH T , Cp8BHHMbl~ C BpeMeHeM npo6era 3ByKOBO~ 

L 
EbiCTpbi~ Harpea HBnHeTCH npu-

BOnHbl B.QOnb TonnHBHOI'O CT9p)f(HH 
c 

quHo~ aayx cymecTBeHHbiX MeKToa: 

I. llHH8MHqecKHe HanpH)f(eHHH B TB3. 

2. 00HBneHHe 6biCTpO~ OTpHU8T9nhHO~ 06p8THO~ CBH3H llO 

p98KTHBHOCTH. 

OepBbilt 3<P¢eKT Bbi3BaH TeM, qTo npu 6biCTpoM HarpeaaHHH MaTepna

na TeMnepaTypHoMy p8ClllHpeHHIO 6y.QyT llpOTHBO.QeltcTBOB8Tb CHnbi HH9pUHH. 

Bo3HHKmHe TaKHM o6pa30M HanpH)f(eHHH npHaeayT K Kone6aHHHM cTep)f(HH 

( ecnH OH uenbiJf), KOTOpbie 6y.QyT nepe.QaB8ThCH OllOpHbiM KOHCTpyKUHHM. 

3aKOH .QBH)f(eHHH TOllnHBa B OCHOBHOM 38BHCHT OT llpOCTpaHCTB9HHO-Bpe-

-+ 
MeHHoif !flopMbi TeMnepaTypHoro HMnynhca T (r, t) , OT cnoco6a Kpenne-

HHH cTep)f(HH H ero MexaHHqecKoif CTpyKTyphi ( cepaeqHHK TB3 MO)f(eT 

COCTOHTh H3 Ta6neToK). 
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BTopofi a~~eKT o5ycnoBneH cMemeHHeM TorrnHBa B o5nacTH 5onee 

HH3KOrO 3HaqeHHH llnOTHOCTH peaKTHBHOCTH £(;) (H3MeHeHHe peaKTHBHOC-

TH llpH yaaneHHH eaHHHqHoro o5~eMa TOITnHB8 H3 TOqKH 

y5b!B8eT K nepH~epHH 8KTHBHOfi 30Hblo 

... 
) , KOTOp8H 

B CBH3H C 8THM B03HHK8IDT1 COOTBeTCTBeHH0 1 aBa Tpe5oB8HHH K 

KDHCTpyKUHH TennoBhiaenHIDmHx aneMeHTOB! aocTaToqHaH rrpoqHoCTb TB3 

H CT85HnbHOCTb HMrrynbCOB MOmHOCTH peaKTOpa (KOTOpaH HBpylliHTCH, ecnH 

K MoMeHTY rrpHxoaa cneayiDmero HMrrynbca peaKTHBHOCTb o5paTHofi cBH3H 

5yaeT 3HaqHTenbHofi), 

B HacToHmefi pa5oTe paccMaTpHBaeTCH Bonpoc o aHHaMHqecKHX 
- T C 

y H e =Harpy3K8X B HX 38BHCHMOCTH OT rrapaMeTpOB k z L 

KOTOpble xap8KTepH3YIDT HepaBHOMepHOCTb TerrnOBbiaeneHHH, CllOC05 Kpen

neHHH CTepMHH H BpeMeHHYID ~OpMy TeMrrepaTypHOrO HMllynbC8 COOTBeTCT-

BeHHO, 

DoKa3aao, B qacTHOCTH, qTo aepaBHOMepaocTb TennOBbmeneHHH cy-

rueCTBeHH8 TOnbKO llpH MBnbiX BpeMeHaX HapaCT8HHH TeMnepaTypbl T 

• ( 0 < e :;_. 2 ) , a o5nacTb pe3Koro crraaa aarrpHMeHHfi HaqHHaeTcH c Toq-

KH e = I (Koraa BpeMH HapacTaHHH paBHO BpeMeHH llpOXO)K)leHHH 
L 

3ByKa BaOnb CTepMHH), 
c 

1, DOCT8HOBK8 38Ll8qH 

ToHKHfi ynpyrHfi cTepMeHb anHHhi L H ceqeaHH S noKDHTCH aa 

HeBeCOMOM LlOHhllliKe o5onoqKH C anHHOfi L 
s 

H ceqeaHeM S s ( pHc, 1). 

B MOMeHT t = 0 cTepMeHb aaqHaaeT aarpeBaTbCH rro 38KOHY T(x,t~ 

Tpe5yeTcH onpenenHTb xapaKTep Kone5aHHfi cTepMHH H o5onoqKH H B03HHKaiD-

mHe B HHX H8llpHMeHHH, 

EcnH U (X, t) H U 
8

( X, t) -CMemeHHH KOOpaHH8Tbl X B MOMeHT 

B CTepMHe H o5onoqKe COOTBeTCTBeHHO, TO 3aaaqa 0 KOne5aHHH T8KOfi CHCTe-

Mbl npHMeT BHa: 

4 

i ·" -~ 

I 

II 

'I 

\\ 

-:{_,, ___ _ 

.,,·~ 

~ ~m K~2oc 

0 1,6·105 

1,2 1,3·105 

2,29 0,7·JQS 

-~ -f-

Ta5nHua 1 

J Uj 
Krc(IK 

c%Kt Mi•c 

~,28 t,OZ 

3,49 0,83 
Ols3 , . 0,29 

0 

X =c 

J 
17,6~ 

14,38 
5,08 

-J 

' 

c.: 
-l 

PHc, l, CTepMeHb B o5onoqKe, 
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a B o6nacTH 6onee 

MeHeHHe peaKTHBHOC-
... 

KH r ) , KOTOpaSI 

Ba Tpe6oBaHHSI K 

aSI npo'IHocTb TB3 

pasr HapylliHTCSI, ecnH 

CTb o6paTHOH CBSI3H 

!1HH8MH'IeCKHX 
T C 

H () =
L 

eHHSI, cnoco6 Kpen-

MllynbCa COOTBeTCT-

ennoBbi!leneHHSI cy-

eMnepaTypbi r 

H HB'IHHaeTCSI C TO'I-

S llOKOHTCSI Ha 

HeM Ss (pHc. I). 

bCSI no aaKoHy T ( x, t ). 

o6onO'IKH H B03HHKaro-

bl X B MOMeHT t 

ne6aHHH T8KOH CHCTe-

1 

~ 
0 

1,2 
2,29 

Ta6nmw I 

~m J Uj ~=oo 

K.Y,:;'2oc KrC(JK 
c?{e~et J Uj -Ma•c 

1,6·105 ~,28 t,OZ 17,64 ~,20. 
1,3·105 3,49 0,83 14,38 3,~1 
0,7·105 0,~3 0,29 S,OB 1,21 

0 

PHc. I. CTep)l{eHb B o6ono'IKe. 
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a 2u a 2 u a r 
- -- = ---- a--
c 2 at 2 ax 2 ax 

a 2 us a 2us 

2 ~= ax 
2 

c 
s 

HaqanbHhie ycnoBHH (cMeweHHH H cKopocTH paBHhi aymo npH t 

I. u (x,O) = u(x,O) = u (x,O) = ~ (x,O) = 0. 
s • 

fpaHH'IHbie ycnOBHH: 

au 
S£1-- aTI\ a X x= 0 

= -S s Es 
au. 
ax x=o 

-6anaHC CHn rrpH X 0 6e3 yqeTa BnH51HH51 nOHbllliK8 o6onO'IKH. 

~I a T(L,t) 
a X x= L 

- BepXHHit KOHeU CTeplKH51 cao6onea. 

u ( o, t) us ( 0, t) 

( 1) 

( 2) 

0): 

( 3) 

(4) 

(5) 

( 6) 

-p8CCM8TpHB8IOTC51 BpeMeHa t < t j t . -MOMeHT rronCKOK8 CTeplKH51) o 
1 

u (L ,t) = 0 
s s 

( 7) 

-BepXHHit KOHeU o6onO'IKH JKeCTKO 38KpenneH. 

B aTHX BbipaJKeHHSIX c , a E -cKopocTb 3ByKa B cTepJKHe, Ko91!>-

~HUHeHT nHHeftHoro p8ClliHpeHH51 H Monynb ynpyrocTH MaTepHana CTeplKH51 

COOTBeTCTBeHHOo BenH'IHHbl C HHneKCOM " s " OTHOC51TC51 K o6ono'1Ke. 

6 

w/1• 

,_I 
'· 

!, 

l 

l 
t 

I 

t .,, 

l 

~ 

PellleHHe ypaBE 

TeMnepaTypHyiO ~yHKUHIO 

T(x,t) 
rrx 

(8 
0 

sin L + 

EcnH non T(t) nonpa3yMeBaTb 

8 + 8 = k 
a o z 

-K091j>~HUHeHT uepaBHOMepHOCTH 

Ko9~~HuHeHTbl 80 H 8a MOJKHC 

38BHCHMOCTb B ( 8) anrrpOKCHMH] 

80 
4rr rr(J-y 

---[---
172_ R 2 y(2-

8 
2 

1 - -8 
1T 0 a 

2h 
3nech y ' a A -: 

L + 2A 
T8KHM o6pa30M 8 H 

0 
8a cpena 

1T (X + f'..) 
T ( t) coanana1 sm 

L + 2A 

oT x xapaKTepua nnSI peaKTOf 

. rrx 
CT 38/lB'Iy, TaK K8K sm L OT 

C06CTBeHHhlX ~yHKUHit orrepaTop 

HCK8Tb B BHile 

u(x,t) = [(ct- x) + g(ct +' 



(I) 

( 2) 

hi Hymo IIpM t 0): 

( 3) 

(4) 

bllliK8 o5onO'IKHo 

( 5) 

( 6) 

( 7) 

3ByKa B CTep~He, Koa<IJ-

TH MaTe pH ana CTep ~HR 

HOCRTCg K o5ono'IKe, 

--{ 

,.'f 

i 

PewenHe ypaanenHfi 

TeMnepaTypHyiO c!JyHKUHIO T ( x, t) npeJlcTaBHM a BMJle 

T(x,t) 
17X 

( o 
0 

sin L + 8 a ) T (t) . 
( 8) 

EcnH noJl T(t) noJlpaayMeBaTb cpeJlHHfi no JlnHHe cTep~ng rroJlorpea, To 

0 + 0 = k 
a 0 z ( 9) 

-Koa<!Jc!JHUH€HT HepaBHOMepHOCTH TeiinOBbiJleneHHR BJlOnb X ( 1 < k z < TT ) o 

2 

K oac!Jc!JHUH€HTbi o0 H o a MO~HO H8HTH 0 ecnH Bhi5paHHyiO IIpOCTpaHCTBeHHyJO 

X + ~ 
38BHCHMOCTb B ( 8) 8IIIIpOKCHMHpOB8Tb c!JyHKUH€H sin 17 

L + 21\ 

417 17(1-y) 17 
--- [ - tg .,.-2 y - 1 ], 
172_ 8 2 y(2-y) 

( 10) 

2 
1 --0 

a 17 0 

( 11) 

2,~ 
3JleCb y 

L + 2t1 
, a ~ -3ciJ!j1eKTHBHaH tl05aaKao OpH onpeJleneHHhiX 

T8KHM o6paaoM 0 H 
0 

oa cpeJlHlle no L 3H8'1€HHR c!JyHKUHH (8) H 

sin 
17(X + t1) 

T ( t) 
L + 2t1 

coanaJlaiOTo Bbi6pannag aaBHCHMOCTb TeMnepaTypbi 

OT X xapaKTepHa JlnR peaKTOpOB H 0 BMeCTe C T€M 0 cyweCTBeHHO ynpoma-
. 17X 

eT aaJla'ly, TaK KaK s1n T OTHOCHTCR K Knaccy opToronanbHhiX na [ 0, L] 

C06CTB€HHbiX c!JyHKUHll onepaTopa o B 3TOM cnyqae pewenHe Mo~no 

HCK8Tb B BHJle 

17X 
u r x. t J = r r c t - x J + g r c t + x J + cos 7 e r t J; 

( 12) 
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u (x, t) <IJ(c t- x)+ 'l'(e t + x); 
• s 

( 13) 
s 

(6e3 rrocneAHero qneHa ¢yHKUHH u(x,t) OTnHqaeTCH OT perneHHH DAHOpDA

noli 3aAaqu, nonyqeaaoro B pa6oTe ill numb TeM, qTo BMecTo ycnoBH5! ( 6) 

6yAeT 
u

5

(0,t) = u(O,t}+ l;(t)) 

YcnoBH5! oAHD3HaqaocTH 3arrurnyTC5! cneay~lliHM o6pa3oM: 

HaqanbHbre ycnoBH5!: 

( 14) . 
1;(0) 1;(0) 0 

( 15) 
[(z) O; (-L<z<O); 

( 16) 
g{z) = 0 (0 < z < L ) ; 

( 17) 
<ll ( z) 0 (-L, < z <0); 

( 18) 
'l' ( z) O; (0< z < L_), 

Kpa~Bbie ycnoBH5!: 

z z'-L 
T(-Jdz' 

c 

( 19) 

g( z) = [( z - 2 L) + a 88 
L 

1 z , 
f ( z) = -- l ( 1 - y) g ( z) - 2 y <ll ( >. z - 2 L ) -a 8 f T ( .:_ ) d z' - y I; ( _:_) I; ( 20) 

1 +y s a c c 
0 

z , 
1 l z , t: z I 

¢(z) = -- 2g(z)+{1-y)<ll{Az-2L )-a8 f T(-)dz + s(-) ;. (21) 
J+y s a 0 c c 

( 22) 
'l'(,\z) = -~(J.z- 2L ), 

S E c 
s s c. -)1{9CTI<OCTb o6onoqKH. <l>yHKUHH /;(t) 

3aecb ,\ = - , a y = 
c S E C 8 

HBnH9TC5! pelli9HH9M ypaBH9HHH 

8 

(~ 
l~~ 

. ' .,. 
' . 

~~ 

1'~1 

1 

' 
''l ( ( 

i 
·~ 

I 
'1 

821; 
-- + 

c2 a t2 

H HM99T BHA: 

7T 2 
(-} I; (t) 

L 
-a8 

0 
!!_ T (t} 
L 

rrc 
-a8

0 
c f sin -y-t'·T(t- t')dt'. I; ( t) 

0 

3aaaqa CBenacb K perneHH~ CHCT9Mbl ( 19) - ( 22). TaK K 

HCK0Mb!9 cpyHKUHH orrpeAeneHbl B HCXOAHblX HHTepBanax H3 

aaqanbHbre ycnoBHH ( 15) - ( 18), TO ae rrpeacTaBmreT Tp; 

aaii:TH Bbrpa)l{eHHH anH f , g , <ll u 'l' B n~6oM nocne~ 

ne. B qacTHOCTH, H3 ypaBaeauA (17), (18) H (22) cneay 

'l'(J.z) = -;-<ll(Az- 2L 5 } = 0 (O<>.z<2 

3aaqHT, K8K nerKO BHA9Tb H3 (19) H (20), B TQqKE 

BOnHa B CT9p)I{H9 g(z) H rrpHM8H { ( Z) rronyqaT HH¢OpM8 
2L 2L-x ; 

o6onoqKH TOnbKO B MOMeHTbl t = -• + ; ( z = -· c c 

2L. X 2L. 
t=--+-;(z =--) 

c.
8 

c A 

A8Tenb, H8XOAHlliHii:CH B TOqKe 

2L. X 
aan B MOMeHT -- + 

c.s c 

• 
COOTB9TCTB9HHD. HHblll 

x , caaqana saperHcTpH 

KOTOphlft B9pH9TCH K He~ 

2 ( L - x) 
0 

OTp83HBlliHCb OT Bepxaero KOHU8 CT9p)I{H 
c 

TO, K8K BHAHO H3 npeAbiAylliero, BOnHa g ( Z) He Meaee 

4 L ) , a f ( z) He Meaee qeM B ABYX (2L) 

HHH Z He 38BHCHT OT o6paTHOil: BOnHbl 'l' B o6onoqK 

( 19) - ( 22) 0 nonyqHM Bbip8)1{eHHH: 

9 
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( 13) 

CR DT pellieHHH DAHDpDA

qTo BMeCTD YCJIDBHH (6) 

M o6paaoM: 

( 14) 

( 15) 

( 16) 

( 17) 

( 18) 

( 19) 

~) d z'- y.; ( ....:_) l; ( 20) 
c c 

( 22) 

6onoqK1f. <f>yHKIIHH .; (t) 

-· 

.I 

! 

1 

c2 

H HMeeT BHA: 

~ (t) 

TT 2 
(-) ~ (t) 

L 

-a 8 c r 
0 

0 

sin 

TT. 
-a8 -T(t) 

o L 

TTC 
- t '. T ( t - t ') d t ' . 
L 

(23) 

( 24) 

3aJla'la csenacb K perneHHJO cncTeMhi ( 19) - ( 22). TaK KaK see qeTbipe 

HCKOMb!e <f>yHKUHH onpeJleneHbl B HCXO/lHhiX HHTepBanax H3MeHeHH.H Z qepe3 

HaqaJihHbie YCJIOBHSI ( 15) - ( 18) 1 TO He npe/lCTaBJIReT Tpy/la mar 3a lli8f'DM 

HaifTH Bb!pa:lKeHHSI JlJISI f 1 g 1 cfl H 1JI B JIJ060M TIOCJieJlyJOll!eM HHTepBa

ne. B qacTHDCTH, H3 ypaBHeHHI (17), (18) H (22) cneayeT, qTo 

1JI(>..z) = -<t>(Az- 2L
5

} = 0 (O<Az<2L
5

). ( 25) 

3Ha'IHT, KaK Jief'KO BHJleTb H3 ( 19) H ( 20) 
1 

B TQqKe X 06paTHa.H 

BDJIH8 B CTep:lKHe g(z) H TipHMa.H { ( Z) nonyqaT HH<f>opMaiiHIO 0 llJIHHe 

2Ls 2L-x 2L 
o6onoqKH TOJihKo B MOMeHTbi t = - + ; ( z = --5 + 2 L) 

cs c A H 

2L 5 X 2L
5 t=-+-;(z=-) 

c. 8 c A 

JlaTeJih 1 HaXOil.Hll!HifC.H B TQqKe 

2Ls X Han B MOMeHT -- + 
c 

2 ( L - x) 

CODTBeTCTBeHHO. HHb!MH CJIOBaMH
1 

Ha6n10-

x , CHaqana aaperncTpHpyeT np.HMoii cnr

KDTDphiii BepHeTC.H K HeMy CTiyCT.H BpeM.H 

c OTp83HBlliHCh OT BepxHero KDH1!8 CTep:lKH.H. EcnH 
L L s 

>-
c c s 

T0 1 KBK BHilHO H3 npeAhlllYll!ero, BOJIHa g ( z) He MeHee qeM B qeTbipex 

4 L ), a f(z) He MeHee qeM B .ll.Byx (2L) HHTepsanax H3MeHe-

HH.H z He 38BHCHT OT o6paTHoii BOJIHbi 1JI B o6onoqxe. PelliHB CHCTeMy 

( 19) - ( 22) 1 nonyqJIM Bbipa:lKeHH.H: 
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..... 

% (L<z<2L) 
' z ' 

aD ( T(-)dz; 
a c 

L z-2 L 
z z'd' 1 I T z'·d' z-2L\ 

aD ( T(--) z. -- aD ( (-} z +y~(-J; 
a c 1+y a c c 

L 0 

(2L <z<3L) 

( 26) 
g(z)= z , z- 2L , 

zd' 11 Tz aD ( T(-) z -- aD ( (-)dz'-
a L c 1 + y. a 0 c 

z- 2 L 'L z-2L 
- u D ( 1 - y) f T ( .3....::--) d z' + ·Y t(-) \ ; 

a L c c 

(3L<z<4L) 

-o6paTH851 BOnH8 B CTep)I(He ( z = c t + X ) • 

(O<z <L) z ' 
T z d ' z -aD ( (-) z -yU--); 

a 
0 

c c 

1 
f(z)=J+Y 

z ' 

(1-y )j!.(z)-u<"> r rr.....:....)dz'-y.~(_:_); 
2L 

I t < = < :! [, ) . ( 2 T < z < T) 
a r c 

0 

% ' 

(1-y)g(z)- aD ( T(~)dz'-.yt{~)+ 2y'l
1
(,\z); 

a c c 

0 

-np51M851 BOnH8 B CTep)I(He ( Z = C t - X ) • 

z z, ... 
T(-)dz'+ t;(_:_); 

c c -a Da 
0 

( 27) 

2 /, s < z < .~ L ) (-
,\ 

(O<z<L) 

2L • 
.z .,· .,. 

2g(z)- aD ( T(.:::_) dz' + [.(.:::_}; 
(L<z<2L), (2L <z<-,\-) 

a 0 c . c 2L • 
1 

<fJ (,\z)= 1 +y 
z , z--

2g(z}-aD ( T(1-Jdz'+ ~(.3.-J+ .l::LI,;( ,\ )-
a 

0 
c c 1 + y c 

:z-2 L j,\ , 
s z 

-aD ( T(--)dz'\; 
a 0 c 

-np51M851 aonHa B o6onoqKe (,\z 
C t - X ). 

10 

( 28) 

2L 
(--"<z<3L) 

,\ 

·i. \~ 

.,;.., 
:\1 ., 

I 
'! 

~!,· 

1 

z-2L.f,\ , z-2L /,\ 
T 

z d , s 
aD r (-) z -~( ); 

a c c 
0 

1 { z-2L
5

/,\ , z-2L,/,\ 
'l'(,\z)=

1
- aD ( T(..:E...)dz'-~( )-
+y a 

0 
c c 

Z-2L /,\ , L 
- 2aDa f 5 

T (_!_.::_-) dz'; 
c 

L 

21. 
(-'+ 

,\ 

-o6paTH851 aonHa B o6onoqKe ( ,\ z = c • t + x ) • 

B ~opMynax (26) - (29) nnSJ KOHKpeTHOCTH nono)l(eHo 

non ~yHKUHSIM11 g (z) 11 'l'(,\z) B (27) 11 (28) nonp 

)l(eH1151 nnSJ g (z) 11 IJI( ,\z) B COOTBeTCTBYJOlli11X 11HTel 

3Ha51 ~yHKU1111 cMerneH11i1 u(x, t) 11 u, (x, t) 

>KelllHI a (X, t) , a
5
(x,t) 11 11MnynbCbl f j I I 

s 

HeM 11 o6onoqKoii. HanpSJ)I(eH11SJ H:l.ia;o-r sm.: 

au 1 , , a(x,t)~ E(--aT}= E g(z)-f (z)-aD T(t)-ax a 

. rrx TT I 
- s1n T-•[aD

0 
T(t) + T ,;(t)] ; 

au 
a (x,t) ~ E --• = E l'l''(z) • • a x • 

<fJ'(z) I. 

Cor nacHO ycnOB1110 ( 4) 1 11MnynbCbl f 11 f 5 CBSI38Hbl 

JS=-JS; npHqeM 
• s 

'i E 2L 

J - r a(O,t)dt = --• <fJ(c t. ); (t. <-
• C s I I C 

0 • • 

Ba11ny Toro, qTo sanaqa orpaH11qeHa no apeMeHH MC 

cTep)I(HSI t. 
I 

, 6onbrnoro q11cna HHTepaanoB 
z He I 

11 
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(L<z<2L) 

z- 2L 
y U--)l; (2L <z<3L) 

c 

( 26) 

(3L<z<4L) 

(O<z <L) 

2L 
t<~<::r;. r21 <z <TJ 

( 27) 
21. 

(>..z); (-'<z<JL) 
>.. 

(O<z<L) 

2L 
<z<2LJ,(2L<z<TJ 

2 L, ( 28) 
z-T 

(--)-
c 

2L 
(--• <z<3L) 

>.. 

J 

.i z-2L ./>.. 
T(~)dz'-~( 

z-2 L />.. • 
ao r ) ; a c c 

2L 21, 
(-'<z<--•+t) 

A >.. 
0 

1 z-2L,/>.. 
T ( 2') d z' - ~ ( 

z-2L,/>.. 
'P(>..z) =- ao r )-l+y a c c 

0 

( 29) 
Z-2L />.. , L 

s z- d , - 2a8a ( T (---) z ; 
2L 2L 

(-'+1.<: <-'+2L) 
A >.. L 

c 

-o6paTHaSI BOnHa B o6onO'!Ke ( )\ Z = C 
5 

t + X ) • 

B ~opMynax (26) - (29) ansr KOHKpeTHocTn rrono~eHo 2L 2L, -<-- / 
c c c s 

noa ~YHKUHSIMH g(z) H 'JI(,\z) B (27) H (28) ITOApa3yMeBaiOTCSI Bb!pa-

' ~eHnsr anH g (z) H 'P( >..z) B COOTBeTCTBYIOillHX HHTepaanax 113MeHeHIHI Z • 

3HaH ~yHKUllll CMellleHlli1 u(x, t) ll U
5 

(x, t) , HeTpyAHO HaHTll HaiTpH-

~eiHJ51 a ( x, t) , a (x,t) 
• • I • , rronyqaeMbie cTep~-

ueM n o6ono'!KoH. HarrpH~GHl!H HVJ3ioT am: 

au I , f' a(x,t)=o. E(--aT)= E g(z)- (z)-ao T(t)-a X a (30) 

• TTX 11 ] I 
- Sln -L•[aoo T(t) + r UtJ ; 

au 
a (x,t) = E --• = E I'P'(z)- ¢'(z)l .. • • ax • 

( 31) 

Cor nacHo ycnoBl!JO ( 4), HMrrynbCbi I ll I. CBH3aHbi cooTHomeHHeM: 

IS -IS ; •• rrpH'IeM ( 32) 

t. 
E 2L I 

I r a(O,t)dt • ¢(c t. ); (ti <--'). (33) -
s • c s I 

c 0 • s 

BBHAY TOro, 'ITO 38Aaqa orpaHH'IeHa ITO BpeMeHH MOMeHTOM ITOJ]CKOKa 

CTep~HSI t. 
I , 6onbrnoro 'IHcna HHTepaanoa Z He ITOH8A06HTCSI. npll 
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( 0 < z < 2 L s ) <PopMyna ( 31) )laeT cneuyJOmee Bhipa:>KeHHe nm1 aanpSI:>KeHHH 

B o6onoqKe ( W' -oTcyTcTByeT): 

E. 
a (z)=J0 

s 

a8a z c' z 
- T (-} - "' (-}; 

A c z c s s 

(O<z=c t-x<AL) 
s 

a8 z z 2a8a z-AL 
TT(-}-((-)--A-T( ); (AL<z<2AL) 

cs % c s c s 

a8a z z 2a8 z-AL 
- T(-)- C (-)---aT(--}+ 

A c z c A c 
s 's s 

2a8a z-2AL 2y , z-2AL 
+ T (--)+ -- ~ ( ); 

A( 1 + y) c. 1 + y % 
c 

s 

( 34) 

(2AL <z<2Ls) 

0TAeneHHe CTep:>KHSI OT o6onoqKH llpOHSOHJleT B MOMeHT nepeMeHhl 3H8K8 

aanpSI:>K9HHH (34) llpH X = 0, T.e. ti SIBnSieTCSI H8HM9HblliHM nonO:>KH-

T9nbHhiM KOpHeM ypaBH9HHSI 

a (c t) = 0. 
s 5 

(35) 

<l>opMyna (34) llOK83hiBaeT, qTO B MOMeHT OTph!B8 ti He 38BHCHT OT 

2L 
B 

:>KeCTKOCTH o6onoqKH y , ecnH OH ae npeBhilliaeT BenHqHHhi c 

3TOM cnyqae HMnynbChl f H f s SIBnSIIOTCSI nHHeHHhiMH tPYHKUHSIMH apry-

y 
M9HTOB 

1 + y 
H 

6onblli9 HnH M9Hblli9 

1 + y 
2L 
c 

COOTB9TCTBeHHO. Bonpoc 0 TOM, 6yneT nH ti 

1 
38BHCHT OT A9T8nbHOrO llOB9Jl9HHSI TeMnepaTy-

phi BO BpeMeHH H BenHqHHhl T 

3. HaKnOHHo-cTyneHqaTaSI ¢opMa TeMnepaTypaoro HMnynbca 

3.1. HanpSI:>KeHHSI B o6onoqKe 

EcnH TeMnepaTypa HSMeHSieTCSI no saKoHy 

i 

12 

~r 

T (t) T0 { 
1 ; 

TO tPYHKUHSI ~(t) npHMe 

{ I;( t) T 2 T 0 w 
0 

a8
0 

c 

rrc 
rne w = o L 

YpaBHeHHe (35) B aTOM 

{ 

L T • -+ -, 
= c 2 

2L 
-c-; 

MaKcHManbHoro saaqeHH 

{ 

1 L 
-(-
2 c 

L 
-; 
c 

m 

0oJlCT8BHB (39) B BhiP8I 

tPOpMynaMH (36) H (37) 

a 
s max 

aT 
0 

3necb u B nanhaeH:rueM 

paTyphl no cpeaaero n 

HeHHSI 3ByKa BJlOnb C 

nHqHH8 HallpSI:>KeHHH OK 



HHe JlJIR HaiipR>KeH.HH 

(O<z=c
5

t-x<>..L) 

(>..L<z<2AL) 

( 34) 

(2AL<z<2L,) 

nepeMeHbi 3HaKa 

H8HMeHbillHM IIOnO>KH-

(35) 

ti He 38BHCHT OT 

BenH'!HHbl 
2L 

B c 

I!JyHKUHRMH apry-

0 IIOBeJJ:eHHR TeMrrepaTy-

/ 

T(t) 

TO I!JyHKU.HR 

~ ( t) - T 
0 

rJJ:e w
0 

= L 

r,{ {O<t<r) 

1 ; (t > T)' 

~ ( t) npHMeT B.HJJ:· 

aoo c 

W 2 T 
0 

{ 

ww

00 

t - sin w 0 t ; 

- sin w t 
0 

(O<t<r) 

+ sin w ( t - r) ; 
0 

(t>r), 

YpaBHeH.He (35) B aToM cnyqae JJ:aeT cneJJ:yJOmee Bbipa>KeHae JJ:nR t. 
I 

t 
i 

MaKC.HManbHoro 3Ha'!eH.HR 

t 
m 

{ 

1 L 
-(-+ 
2 c 

L 
-; 
c 

2L 
(O<r<-) 

c 

(r > .2!:; 
c 

a 
5 

( 0, t) JJ:OCT.HrHeT B MOMeHT 

L 
r); (0 < r < -;:-J 

(r> !:._). 
c 

(36) 

( 37) 

( 38) 

(39) 

f10JJ:CT8B.HB ( 39) B Bbip8)KeH.He JJ:nR 

I!JopMynaM.H (36) H (37), rrony'IHM: 

a 
s 1 B KOTOpOM T (t) 11 l;(t) JJ:8Hbl 

• TT 
stn 2 (} 

r+ 0 (0 < (} < 1) 
aT E 0 ...!!..() 

0 s 
2 (40) a 

>..(I + y) s max 
((}> 1) 

(} ' 

TC 
3JJ:eCb H B JJ:8nhHeii:rneM (} = 

L 
-OTHOWeH.He BpeMeHH H8p8CT8H.HR TeMrre-

paTyphi JJ:O cpeJ~Hero no JJ:nHHe L 3Ha'IeHHR T
0 

K BpeMeHH pacnpocTpa-

HeH.HR 3ByKa BJJ:Onh cTep)KHR. KaK H cnenoBano O)KHJJ:aTh, Ha.H6onhrneH: Be-

nH'i.HHa H8IIpR>KeHHH OK83biB8eTCR II pH MrHOBeHHOM Harpe Be ( (} = 0); 
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, 

...... 

11 

a (8 0) k 
a T0 E. 

(41) 
s mtZx % A( 1 + y) 

CnellyeT OTMeTHTh, 'ITo npH paBliOMepaoM TennOBbillenemm no x ( 80 = 0, 

8a = 1) HanpR*eHHR a 
s m tlx He OTJ1H'I8IDTCR OT aanpR*eliH~ npH 

MrHoBeHHOM HarpeBe, eCJlH 8 H3MeHHeTCH B npelleJlaX (0, 1] 

3.2. HMnynhChi, nonyqeaabre cTep*aeM H o6ono'IKoti 

HcnOJ1b3YR Bhipa*eHHe llJlR MOMeHT8 0Tpb!B8 (38) H «flopMyJlbl llJlR 

l;(t) H T (t), H3 (32) H (33) nony'IHM HMnynbCbi I H I <-%- CeK). 
M 

nonyqaeMWe CTep*HeM H 060J10'IKO~ npH BW6p8HHOM 38KOHe HarpeBaHHRo 

HMnynbc cTep*HR oKa*eTcst paBHhiM 

{ ' ' 
sin .!'__ 0 

a 0 2 
1 -0[-+ -(1 - )] 

4 rrO !!....o 
1 = J 2 

0 1 

0 

1 
y E.!:_ 3llecb =--aT 

1 + y 0 ,C 

HMnyJlbC CTep*HSI npH MrHOBeHHOM HarpeBe. 

AaanorH'IIIoe Bwpa*eHHe nony'IHTCR H llJlR 

CK06KOti 6ylleT CTORTb 

J 
so 

1 
---aTE 

+ y 0 • 

L 

c 

HMnyJlbC, nony'IeHHbifi o60J10'IKOH npH 0 = 0. 

(0<8<2) 

1 
s , TOJlhKO nepen 

CpellHRR no llJlHHe CKOpOCTb nOllCKOKa CTep*HSI paBHa: 

v 
i 

J 
pL 

( p -nnoTHOCTb MaTepHana ceplle'IIIHKa). 

14 

(42) 

(43) 

(44) 

(45) 

J 

H3 ~opMyn (40) H (42) cnellyeT, 'ITO aanpR*eHH 

3 aBHCRT OT KOs«fJ~HUHeHTa Hep8BHOMepHOCTH k % TO, 

OE[0,1)H 8E (0,2) cooTBeTCTBeHao. 

4. KocHHYCOHLUVIbHO-cTynenqaTaH <bopMa HMny 

4.1. <PopMa HMnynbca MO~HOCTH B HBP xopowo 

faycca, T.e. TeMnepaTypa (nollorpeB) BelleT ce6g KaK 

T8KYID 38BHCHMOCTb annpOKCHMHpOB8Tb ~YHKUHefi 

{ .I (I - '"' w ') ; (0 < t < T 

T (t} = T 2 
0 

1 ; (t > r}, 

TO BpeMSI HapaCT8HHSI T 6ylleT CBSI38HO C ITOJlYlliHpHI 

TH 0 ~ COOTHOllieHHeM 

T = 1,790 
~ 

HaTerpan (24) c yqeTOM 38BHCHMOCTH (46) 38ITHllieTc 

f, ( t) -T 
0 

a c 8
0 

2w 
0 

1 + 

2 + 

w 2 cos w t - w 
2 

cos w t 

w2 

0 0 

w2- w 2 
0 

-- [ cos w t + cos w 
w2- w2 o 

0 

4.2. HanpR*eHHR. HMnynhCbi 

MoMeHT m OCTaHeTCR npe*HHM, eCJlH T < 

B03p8CTaeT, 8CHMITTOTHqeCKH ITpH6JlH*8HCb K 3Ha'IeHH 
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( 41) 

meneHHH no x ( 8
0 

= 0, 

OT HaiipSI~9HHA IIpH 

penenax [0, 1] 

(38) H ljlopMynhi AnSI 

I H I KI' ( --::T" CeK) 1 M 

M 38KOH9 HarpeBBHHSI. 

(0<8<2) 
( 42) 

(43) 

, TonbKO rrepe/l 

(44) 

SI paBHa: 

(45) 

' 

Haj'ljlopMyn (40) H (42) cnel{yeT, qTo HaiiplVK9HHSI H HMIIynhCbi 

38BHCSIT OT Ko9¢ljJHUH9HTa HepaBHOM9pHOCTH k z TOnbKO B o6naCTSIX 

fJ E ( 0, 1 ) H () E ( 0, 2) COOTB9TCTB9HHO. 

4. KocHHycoHnanhHO-cTyrreaqaTaSI popMa HMrrynhca 

4.1. <l>opMa HMrrynhca MO~HOCTH B HoP XOpOliiO OIIHCbiBaeTCSI ¢yHKUHeA 

faycca, T.e. TeMrrepaTypa ( rronorpeB) Be/leT ce6SI KaK erf ( t) 

TaKyiD 38BHCHMOCTb 8IIIIpOKCHMHpOB8Tb ¢yHKUHeA 

• EcnH 

[ ; (1 
- cos w t); (0 < t < T - ..!!..; 

(46) T (t) T w 
0 

1 ; ( t > T)' 

TO Bp9MSI HapaCTBHHSI T 6yneT CBSI38HO C IIOnyliiHpHHOH HMIIynbca MOliiHOC-

TH () ~ COOTHOlii9HH9M 

T"' 1,79(} 
~ ( 4 7) 

HHTerpan (24) c yqeToM aaBHCHMOCTH (46) aarrHmeTcSI B BHAe 

w 2 cos w t - w 
2 

cos w t 
0 0 1 + 

~ ( t) -T 
a cl)

0 w2- w 2 
0 0 2w w2 

0 2 + [cos w t + cos w (t 
w2-w2 o 0 

0 

4.2. HarrpSI1K9HHSI. HMrrynhCbi 

MoMeHT m OCT8H9TCSI IIp91KHHM 1 ecnH r .< L 
c 

B03p8CTaeT, 8CHMIITOTHqeCKH IIpH6nH1K8SICb K 3HaqeHHID 
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(O<t<r) (48) 

- T}); (t >r). 

(eM. (39)) H 

2L L 
IIpH T > C c 



II-

-... 

i ... 

CooTBeTCTBeHHD AnH 
L 

0 < , < 
c 

6yAeM RMeTb 

lT 

~To £. 
A(1 + J(o +o y a 0 s max 

L 

1T 
cos 2 () 

I-?); (0<()<1), (49) 

aCRMITTOTRqeCKOe 3HaqeHRe; a AnH T >> c 

ass 
a 

s max 

a T0 E • 

>.. ( 1 + y) 

J_ (!!..)2 0 

2 () ' 
(()» 1)· (50) 

H3 cpaBHeHRH ~OpMyn (49) R (50) C (40) HCHO BRAHO BnRHHRe AeTanh

HOH ~opMbl RMITynbca: Bb!p8)!(eHRe ( 49) aaBbilUaeT Harrpg)!(eHRe, TaK KaK 

rrpR M8nbiX () KpyTR3Ha TeMrrepaTypbl ( 46) 6onhiiJe 0 qeM y nRHeHHOH 

saBRCRMOCTR (36) R, uao6opoT, rrpR 6onhlllRX e aarrpH)!(eHRe crraAaeT 

Kpyqe (cp. (50) R (40)), TaK KaK MaKCRMYM a 5 AOCTRraeTCH cpaBHR-

2L TenbHO paHO ( - << T ) R KpyTR3Ha ~yHKURR eme Mana ITO cpaBHeHRlO 
T c 

0 
c -

L 
DpR 0 < () < 2 MOMeHT ITOACKOKa t i TO)!(e AaeTCH rrpe)!(HRM Bbipa

)!(eHReM (38), a RMrrynhc - ~opMynofi: 
1T 

1T- 2 0 cos 2 () 
-2 o ()- _o [1 + 2 ]l; 

1T a 1T ()-1 
(51) (0<()<2)· 

J J 11 -
0 

2L 
0 

T,e, 3AeCb MOMeHT ITOA-
DpR () > 2 aHaqeHRH ne)!(aT Bbillle c 

CKOKa aaBRCRT OT )!(eCTKOCTR y R j y)!(e He 6yAeT nRHeii:HOH ~yHKURel!: 

y • OTMeTRM, qTo rrpR MrHoBeHHOM HarpeBe HepaBHoMepuocTh 

1 + y 
TeiTnOBbiAeneHRH He BnRHeT Ha BenRqRHY RMITynbca, B Ta6nRue (1) rrpRBe-

AeHbi ABHHbie pacqeTa as max 
f R V. 

1 

CTanhHOl!: o6onoqKR R CTep)!(HH R3 U02 

E. = 2·10 10 ~. s = 10,68 MM
2

, 
M s 

16 

B TpeX TOqKaX () AnH cnyqag 

c rrapaMeTpaMR L. 

c 
• 

= 5•105 CM 
ceK 

= 80 CM 0 

H L = 40cM, 

10 Kr 2 5 c 
E = 0 945 • 10 --z- o S = 43,00 MM 1 C = 3 • 10 -

' M C 

1 4. 10-5 -1- COOTBeTCTBeHHO. BpeMeHHaH qaCTb ~YHK 
' rpaA 

TYPhl HCITDnh30BanaCh B BRAe ( 46) 1 a k z =o +o =05 
a 0 ' 

Cnyqafi () = 1,2 cooTBeTCTByeT BapRaHTy TB3 HEP-2 rrpF 

HMITynbCa MOlllHOCTR () ~ = 90 MK CeK, 3HaqeHRe () = 2, 

BeTCTBOBaTh 9TOl!: )!(e ITOnylllRpRHe ITpR AnRHe CTep)!(HH 

Hs ~opMynhi AnH a smax R I ( (40) R (42)) BRAf 

MepHOCTb TeiTnOBbiAeneHRH ITO Bb!COTe aKTRBHOl!: 30Hbl Ae~O 

KpHBbie TOnhKO B o6naCTHX ( 0 < () < 1 ) R ( 0 < (J < 

BeHHO (eM. pRe. 2). DpR aTOM xapaKTep Ae~opMaURH TaKa 

B BenHqRHY a smax 3a cqeT HepaBHOMepHOCTR TeiTnOBbiAeJ 

C pOCTOM () OT MaKCRManbHOrO 3HaqeHRH ITpR () = 0 

() = 1, a BKnaA B BenHqHHY RMITynbCa f B03paCTaeT 0 

() = 0 AD MaKCRManbllOrO 3HaqeHHH B6nR3R () = 1 R crrar 

HynH ITpR () = 2, 

TaKHM o6paaoM, MO)!(HO yTBep*AaTb, qTo rrpR () = 

uocTb TerrnoBhiAeneHHH cymecTBeuaa rrpH aepxuel!: rroaBeCK 

o6onoqKe) H aecymecTBeHHa rrpH HR*HeM aaKperrneHHR TB 

rrepBOM cnyqae Ba*Ha BenRqRaa aarrpg)!(eHHii: B o6onoqKe 

poM - BenHqHI;Ia cyMMapaoro RMrrynbca oT Bcex cTep*Het! 

qHT orropuag pellleTKa. DpH oqeHh 6biCTpoM HarpeBe ( () 

poT: HeOAHOpOAHOCTb TerrnOBbiAeneHHH yBenHqHBaeT B03MO 

o6onoqKR (rrpH Bepxaeii: rroaBecKe), ao ae 6yaeT BnHHTb f 

rpyaoK B orropaoH: pellleTKe rrpH HR*HeM KperrneHHH TB3. 
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< e < 1 J, ( 49) 

(50) 

0 BHilHO BJIHHHHe )leTaJib-

e, qeM y JIHHeifHOH 

JlOCTMraeTCH CpaBHH-

e Mana no cpaBHeHH~ 

eTCH rrpe*HHM Bb!pa-

(0<0<2). (51) 

e, aaecb MOMeHT ITOJl-

ese HepaBHOMepHOCTb 

Ta6nnue (1) npHBe-

paMH L s 

105QL. 
ceK 

= 80 CM, 

n L = 40cM, 

E = o 945· {o 10~. 
' M 

5 = 43,00 MM2, 5 CM 
c =3·10-

CeK ' 
a = 

1,4. w-5 -1 -
rpaa 

COOTBeTCTBeHHO, BpeMeHHaH qacTb ~YHKUHll TeMrrepa-

Typb! llCITOJih30BaJiaCb B Bll)le ( 46), a k z = 0 + 0 = 0,519 +0,754=1,273. a Q 

Cnyqaif e = 1, 2 COOTBeTCTByeT BapnaHTy TB3 HBP-2 rrpH rronyumpHHe 

HMITYJihCa MOIIIHOCTH (} ~ = 90 MK CeK, 3HaqeHHe (} = 2,29 6yaeT COOT-

BeTCTBOBaTb 9TOH *e ITOJIYIDHpHHe L = 14 CM. 

Ha ~OPMY.Ilhl Jl.IIH a smax H J ((40) H (42)) BHJlHO,qTo HepaBHO-

MepHOCTh TeiTJIOBb!JleJieHHH ITO Bb!COTe aKTHBHOH 30Hhl Ae~OpMHpyeT 9TH 

KpllBb!e TO.IlhKO B 06JiaCTHX ( 0 < (} < ] ) H ( 0 < (} < 2 ) COOTBeTCT

BeHHO ( CM. pH c. 2) • fipH aTOM xapaKTep Jle~opMaUHH TaKOB, qTo BKJiaJ] 

a 
smax 3a cqeT HepaBHOMepHOCTH TeiTJIOBbiJ]eJieHMH y6hiBaeT 

C pOCTOM (} 
OT MaKCHMaJihHOro 3HaqeHHH ilpll 0 = 0 JlO HYJIH ilpll 

0 = 1, a BKJiaJ] B BeJIHqHHy HMITyJihCa f B03paCTaeT OT Hyml ilpll 

(} = Q JlO MaKCHMaJibl!Oro 3HaqeHHH B6JIH3H (} = 1 H CITaJJaeT OITHTb J]O 

HYJIH rrpH e = 2. 

TaKHM o6pa30M, MO*HO YTBep*JlaTb, qTo rrpH e "' 1 HepaBHOMep

HOCTb TeiTJIOBb!JleJieHHH CyiDeCTBeHHa rrpH BepXHeif ITOJJBeCKe (cTep*eHb B 

o6onoqKe) H HecyrnecTBeHHa rrpH HH*HeM aaKpenneHHH TB3, TaK KaK B 

rrepBOM cnyqae Ba*Ha BenHqHHa HanpH*eHHif B o6onoqKe asmax, aBo BTO

poM - BeJIHqH.(ia CYMMapHoro HMITYJihCa OT BCex CTep*Heif, KOTOpb!H nony-

qnT onopHaH perneTKa, Opu oqeHb 6b!CTpoM HarpeBe ( e << 1) Hao6o-

poT: HeOJ]HOpOJlHOCTb TeiTJIOBbiJ]eJieHHH yBeJIHqllBaeT B03MO*HOCTb aBapllH 

o6onoqKH (npH BepXHeif ITOJ]BeCKe), HO He 6yaeT BJIHHTb Ha BenHqHHy Ha-

rpyaoK B onopHoif perneTKe npH HH*HeM KpenneHHH TB3, 
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(,~1 
.;{/ 
Ff_ • 

6;~/G; 
2,0 
f 

J., 0 I s ::::::a,.. 

l/:lo i 

0,5 

0 1 

2 

2 

PH c. 2. noseneHHe KpHBblX a·-£ e) ( MaKCHMSnbHbie ).; 

nO 'iKe) H I (e) ( HMrrynbC CTep>KHg) npH pa3nH'iHblX : 

UHeHT8 HepaBHOMepHOCTH TerrnOBbiUeneHHg k z B cny' 

rreH'iaTofi 4JopMbi TeMnepaTypHoro HMnynbca, 

T C e = -L~· 

L 
- OTHOWeHHe BpeMeHH T H8p8CT8HHg TE 

npoxo>KAeHHg 3ByKa snonb CTep>KHg nnH MeHH 
-3HS'ieHHg I (e) H a (e) npH MrHOl 

s"'"" 
I 

0 
H k zc. a

0 
< e = o). 
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orne Problems of Stress 
e Study of Pulsed Fast 

H3naTenbCKH~ oTnen 
72 rona. 

J 
~~/G; 

2,0 
f 

l/:lo i 2 3 B 

0,5 

0 2 3 e 
PHc, 2. noaeneHHe KpHBbiX us-! (J) ( M8KCHManbllbie HanpsnKeliHH B o6o

no'IKe) H I (fJ) (HMnynbc cTep>KHH) npH pa3nH'IllbiX 3Ha'leHHHX xoacfJcpH
UHeliT8 HepaBHOMepliOCTH TennOBbineneHHH 

neH'IaToft cpopMbi TeMnepaTypHoro HMnynbca. 

k 
z B cnyqae HaKnOHHO-CTy-

T C 
fJ = -L-

L 
- OTliOilleHHe BpeMeHH T HapaCT8HHH TeMrrepaTypbi K Bpe-

MeHH 
10 H kc·u 

( (J 0)~ 0 

npoxo>KaeHHH 3ByKa snonb cTep>KHH nnHHbi L 
-3Ha'leHHH I (fJ) H a ( (J) npH MI"HoBeHHOM Harpeae 

·smax 
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