Mamemamuueckoe modenuposanue, KOMRbIOMEPHBLIL U HAMYPHBLIL 2018, Ne2

IKcnepumenm 6 ecmecmeennnlx Haykax http://mathmod.esrae.ru/ ISSN 2541-9269

DJIeKTPOHHBIN HaY4YHbIi sKypHaJ '"MaTemMaTn4yeckoe Mo1eJTUPOBAHNE, KOMIILIOTEPHBbIN U
HATYPHBIH 3KCIIEPUMEHT B ecTeCTBeHHBbIX Haykax'' http://mathmod.esrae.ru/

URL crareu: mathmod.esrae.ru/18-68

Ccebliika 1J11 HUTHPOBAHUSA 3TOM CTATHU

HNBanoB C.B., Moruiesuu JILLU., IlomoBa E.B. IIpomonbHble BOJHBI B HEJIMHEHHOU
OCECUMMETPHYHON  IHUIUHApPUYECKOW obOomouke // Maremaruueckoe MOJCIMPOBAHUE,
KOMIIbIOTEPHBII U HATYPHBIHA SKCIEPUMEHT B €CTECTBEHHBIX HayKax. 2018. Ne2

YK 539.3
MMPOJOJIBHBIE BOJIHBI B HEJIMHEHHOW OCECUMMETPUYHOM

III/IJIHHI[PI/IqECKOﬁ OBOJIOYKE
WBanos C.B.!, Mormiesnu JI.W.? [Tonosa E.B.2

1CapaToBckuit HAIIMOHANIBHBIN MCCIIEN0BATENLCKUM TOCY1APCTBEHHBIN YHUBEPCUTET
um. H.I'. YUepnsieBckoro, evilgraywolf@gmail.com
2CapaToBCKHI rOCYIapCTBEHHBINA TEXHMYECKHMI YHUBEpcUTeT uMenH [ arapuna FO.A.,
mogilevich@sgu.ru
3CapaTOBCKMI HALIMOHAIBHBIHA MCCIIEN0BATENLCKUM TOCYJAPCTBEHHBIN YHUBEPCHTET
um. H.I'. Yepnsimesckoro, elizavetapopova97@bk.ru

LONGITUDINAL WAVES IN A NONLINEAR AXISYMMETRIC
CYLINDRICAL SHELL

Ivanov S.V.1, Mogilevich L.1.2, Popova E.V.3
1Saratov State University, evilgraywolf@gmail.com

2Yuri Gagarin State Technical University of Saratov, mogilevich@sgu.ru
3Saratov State University, elizavetapopova97@bk.ru

Annotanus. [Ipobrema pacnpocTpaHeHUs] BOJH B Ta30BOM TUHAMHUKE U TEOPHH YIPYTUX
0000YeK W3y4yaeTcs TMPU TIOMOIM JIMHEPU30BAaHHBIX ypaBHeHHWH. Ilpu 3TOM CKOpOCTH
pacrpoCTpaHEHUsI BO3MYLIEHUNM CYMTAETCS IOCTOSHHOW M PAaBHOM CKOPOCTH PACHPOCTPAHEHUS
3ByKa B HEBO3MYIIIEHHOU cpeae. OHaKo, pAl SBJICHHI, HECMOTPSI Ha Majible 3HAYEHUS 3aBUCHUMBIX
MEPEMEHHBIX, LEIUKOM OIPEAEISAIOTCA 3aBUCUMOCTBI0 CKOPOCTH PAaCIPOCTPAHEHUSI BO3MYIICHUN
OT BEJIMYMHBI 3aBUCHMBIX TIEPEMEHHBIX M HCCIEAyeTCs] Ha 0a3e HETWHEWHBIX ypaBHEHUH. DTH
WCCIIETOBAHMS MTPOBOSTCS C MOMOIIBI0O METOJIOB BO3MYIleHUH. B HacTosmeit pabote pa3BuBaercs
METOJ BO3MYIIECHUH B YHNPYyrol IHIWHAPUYECKOW o0osouke. Meroa AByXMacmITaOHBIX
pa3noXKeHuil MpUBOIUT K MoaupUIMpoBaHHOMY ypaBHeHHIO KopteBera — ae Bpusa, nmeromemy
TOYHBIE PEIICHUS.

KiroueBble ¢ji0Ba: HEIMHEWHbBIE BOJTHBI, YIIPYTHe MUIUHAPUIECKIE 0OOTOUKH.

Abstract. The problem of waves propagation in gas dynamics and elastic shells theory is
studied by means of linearized equations. The disturbances propagation velocity is considered to be
constant and equaling sound propagation velocity in an undisturbed media. However, a number of
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cases in spite of small values of dependent variables are defined by disturbances propagation
velocity dependence on dependent variables values and are studied on the basis of non-linear
equations. These investigations are carried out by means of perturbation methods. The present
article deals with further developing of perturbation method for deformation non-linear waves in an
elastic cylinder shell. The method of two-scale expansions leads to the modified Korteweg — de
Vries equation having exact solutions.

Keywords: non-linear waves, elastic cylinder shell.

Hedopmanrionnas teopus miactudHocTH A. A. WMmrommnua [1,2] cBs3piBaeT
KOMITOHEHThI TEH30pa HANPSHKEHUU o, o, C KOMIOHEHTaMHU TEH30pa JAedopMaiuii

£,, €, W KBaJIpaTOM UHTCHCUBHOCTH Jehopmanuii ¢, [3,4].

X1

E _m ,). E —_m ).
O'X:—l_ §(5x+“°‘9®)(1+g‘%) 0@=m(8@ +/u0‘9x)(1+E‘9uj’ (1)
& :g(gf ved —eeo)

3neck E — monynp FOHra; m — koHcTaHTa mMatepuana, onpezensemMasl u3 ONbITOB Ha
pacTsHKEHHE WIN CKaTHE; L, - KodppuuueHT [lyaccona MaTepuana 000104KH.

PaccmarpuBaercss OCeCMMMETPUYHBIA Ciaydaid LUJIUHAPUYECKOH O0O00JOUYKH
TONMIMHOW Ny W ympyrumu mnepeMerieHussMu — mpoaosnbHbiM U u mporubom W,
HaIpaBJEHHBIM K IEHTPY KpUBU3HBL. CBS3b KOMIOHEHT Jedopmalii ¢ ynpyrumu
MEPEMEIICHUSIMH 3aTMCHIBACTCA B BUJIE [5]

L _u 1(8W)2_ o°W W

= AL D)
1“0

“ox o 2\ ox ox? R

31ech X — MPOI0JIbHAsE KOOPAWHATA BJIOJb CPEAMHHON MOBEPXHOCTH; Z — HOpMaJIbHAsI

h, h, .
KOOpJIMHATa B 00OJIOUKE Y <z SE . KBagpar unTeHcuBHOCTH nedhopmariuii

3aIIMChIBACTCA B BUAC

2
, 4llou 1/ow) oW | W2 wlau 1(aw) _aWw
5u:§ 8+_ —I— |ttt | "I (3)
X 2\ OX OX R Rl ox 2\ ox OX
NJIn
2
o _4)lau +1(awj2 +(vl)2+aw au+1(awj2 B
Y3l ox 2\ ox R OR | ox 2\ ox
) (4)
_zza_ug[aﬂf W oW o oA
ox 2\ ox R || ox? ox>

Ycumust B CPeIUHHON IMOBEPXHOCTH OOOJOYKM M MOMEHT ONPEACIUM IO
dbopmynam:


http://mathmod.esrae.ru/

Mamemamuueckoe modenuposanue, KOMRbIOMEPHBLIL U HAMYPHBLIL 2018, Ne2

IKcnepumenm 6 ecmecmeennnlx Haykax http://mathmod.esrae.ru/ ISSN 2541-9269
ho ho ho
2 2 2
N, = [o.dz, No = [oodz, M, = [ozdz (5)
ho ho ho
2 2 2
[Ipu sTOM

ho

2 27? 2
| {1$mg§}dz:ho 134m oV +1(8Wj +(Vlj +
hy E 3E| ox 2\ ox R
w [ au 1(awj2 h2 (oA )
+— +— +— -
R| ox 2\ ox 12 ox?
2 2_ 2 2
jz[limgf}dz:ho Fam) ol oU +1(5Wj G WHOW (6)
o E 3E| 12 ox 2\ ox R | ox
2 3 2P 2 2
2 L0._m, hy /,_4m|loU 1(oW W WioU 1(oW
[ 2?17 —gf [dz=22(1F - — += T N e s R
o E 12 3E || ox 2\ ox R Rl ox 2\ ox
h2 (o2 )
+3 2| —
20\ ox

[Toncrasinsst (6) B (5) HaxoquM

3

Eh, <au 1(6W)2 W _4m || au 1(awj2

N, = 5 += —fy—F=—3| —+=| — +
1—p5 \Ox 2\ Ox R 3E||l ox 2(ox

— 2 —_
) 8_U+1(5M)2 Woa s a_ug(aﬂjz (vxj
“1ox 2\ ox R “l'ax 2\ ox ) |\R

, )
WY’ h2(a*W oU 1(awj2 W

— ol = | +-2= I—+=| — | |[+0—p)—

ﬂO(R 12(8x2 o Fal o) [T )R



http://mathmod.esrae.ru/

Mamemamuueckoe modenuposanue, KOMRbIOMEPHBLIL U HAMYPHBLIL

2018, Ne2
ISSN 2541-9269

IKcnepumenm 6 ecmecmeennnlx Haykax http://mathmod.esrae.ru/
Eh, U 1(oW) | W _
Ng = > { to +— -—F
1— 4 oXx 2\ oX R
2
_4m ouU 1(8W)2 W | (oU 1(aw)2
Fo— o] —+=| —| [-= || =+ — +
3E oX 2\ oOX R oX 2\ OX
WY (ou 1(ow ) \W | h?2 U 1(ow) W
o= | | S | = Y B —+ = — (1= )=
R oX 2\ OX R| 12 oX 2\ OX R
3 2 272
- E M ygam) oy T,
12{1— 42 ) ox 3E|| | ox 2\ ox
2
o 1(oW ) |W
+2l— )| =+ —| | =+ 7
( ”O{ax 2(@x”R (7)
2
WY _h2 (oW
+@Q—p) — | +32
1) 20(5X2j}>

VYpaBHeHUs TMHAMUKHU I 000JIOUEK TaKhe ke Kak U B (PU3UUECKH JTMHEHHOM
TEOpUHU

N, _ U 82MX+£(%NJ 1 o°W
x P T T axlax

3neck t — Bpems; p,- IUNIOTHOCTh MaTepuana 000104ky; noactasisis (8) B (7)
HaXOJIUM YpaBHEHUS JUHAMUKHU B TIEPEMEIICHUSIX

3
Eh, 0 /60U 1(oW) W _4m|lou 1(ow) ouU
T | — | —U—=—F=— + = (=) —+
— Uy OX\ ox  2( oX R 3E|| ox 2\ 0ox OX
272 2 2
A Toen(2
2lox ) | R ) ax T2Uax ) R
wY r(ew\| (ou 1/ow
— ol = | | == |13 + — +
R 12 ox ox 2\ oX

+ (1 44 )VEVB = pohg oY

+EN® = pohy ot (8)

ot


http://mathmod.esrae.ru/

Mamemamuueckoe modenuposanue, KOMRbIOMEPHBLIL U HAMYPHBLIL 2018, Ne2

IKcnepumenm 6 ecmecmeennnlx Haykax http://mathmod.esrae.ru/ ISSN 2541-9269

2
ERd 0% /oW |, _4m| [oUu 1 (aw T

AP, >1F-—|3 +— +
12(1— 12 )ox® \ ox 3E| | ax 2\ ox

U 1(owW ) |W
+2(1- +—|— | =+
( ﬂO)[ax 2(8xj]R

WY _hi(ow ) En, o Jow[au 1fow W

(L) 5| 375 + 7 —Ho—

R 20( ox 1— g OX\ OX | OX 2 X R

3 2
_4m|lau 1(avv)2 au 1(5WT W
F-—— += - p) —+2| —| | =+
3E || ox 2\ ox ox 2\ oX R

+l

U 1(ow
RS e

OX OX

_ (\ﬂ:a_l_ﬁ aZW il a_U_l_l(aW) +(1_ )ﬂ +
ol R 12 ax ox 2\ ox Ho)p
L Eh 1 aug@j MWaam L %j W (&
1- ,ug ox 2\ ox R ox 2\ ox R |\ ox
2 h2 2 2
(awj (Wj ouU (awj h¢ (02 ouU 1(6Wj
+ = +| = + +— — |+ S| —+=| — | |-
2\ OX R oX 2\ OX R 12| ox? ox 2\ oXx

-1~ ﬂo)vl}}> = poh ow

N
7~ N\
| =
N——

N

|

w

(9)

R ot?

ACHUMIITOTUYECKHE OIICHKH, TMPOBOJMMBIE B O€3pa3MEpHBIX IEPEMEHHBIX,
XapaKTepu3yIoT paccMaTpuBaeMble 3a1a4n. [|Jig BOMHOBBIX 33124 000JOUYKY CUUTaEM
OeckoHe4YHOW. [[s1 mpomodpHBIX BOJH B 000JOYKE BBOJATCA Oe3pazMepHbIe
nepeMeHHbIe ¥ lapameTpsl. [IpuHuMaeM 3a XapakTepHyro JUIHMHY | — 1yIMHY BOJIHEI, a
Um, Wm — XapakTepHbIC 3HAUCHUS YIIPYTUX MEePEMEIICHUH

W =w,_u;, U=u_uy, x*:li,t =0t (10)

E
Co=.[—7——=- CKOpPOCTb pPacCIpOCTPaHCHUS NPOJOJBHBIX YIPYIHX BOJIH B

p@—#&
000J104KE.
[Homoxum


http://mathmod.esrae.ru/

Mamemamuueckoe modenuposanue, KOMRbIOMEPHBLIL U HAMYPHBLIL 2018, Ne2

IKcnepumenm 6 ecmecmeennnlx Haykax http://mathmod.esrae.ru/ ISSN 2541-9269
2
%:8«1’%:0(8) (11)
W, u, R he h; R* 4
m _o@), Im " —o@), ¥ -0@), =T " _,
hy ()Iho ()E ()|2 R I?

r7€ &- Majiblid mapaMeTp 3ajadd. B 3Tux nepemMeHHbIX ypaBHEHUs (9) MpUHUMAIOT
BH/I

2 L0 [Un %AR_Z[wT(@uzT_ Wy o 4m {u_mauu
0PN T\ T ax 212\R ) lax) MR TT3EN T o
-3
1R? (w, \(ou, )’ u_ou, 1R? 2Cou P lw, [(u,, au,
+EI— F 8 - +(1—/,lo — *+——2 U3 E— *+
X | ox 21 ox 5 ¢

2 2 2 3 2 o2 2
+£R_2 i 6ui +%U3 _ﬂ( mj U§+h R4 D2 ¢ u3 3(u_m8ui+
2 | R OX R R 12 1* R? | ox™ | ox

+ER_2 Win i Ous i Co/Oo o°u, .
212\ R ) (& o’
(12)
, hyh21 0% [Rw, 8%, |,_4m| (u, ou, 1R?(w, \(ou,)
BT Y AN 211t 2 ¢ “toz | R * +
| 121° ¢ | R ox 3E I ox 21 R OX

h2 R* (w, Yo%, ) 10 /Rw, dusfu, ou
+3- 0| Tm ) =8 + ¢ pohy = —5(——D f[—m—1+
20 I4(R2)£8x2 P o \T R ox" | | ox
w

2 2 2 2 2
+1R_(%j (8“3) Wy AM u_mﬁu“}R_z(W_m) (%j s
2 | R OX R SE|| I ox 21 R OX



http://mathmod.esrae.ru/

2018, Ne2
ISSN 2541-9269

Mamemamuueckoe modenuposanue, KOMRbIOMEPHBLIL U HAMYPHBLIL

IKcnepumenm 6 ecmecmeennnlx Haykax http://mathmod.esrae.ru/

2 2 2
~4m " u_maui+lR_2(wm) (aufj W, , (u_maui+
3E I ox 21 UR ) \ox R | ox

2
SR e (G e
212\ R ) \ox R) > |l 1o 212 R )\ ax") | R

BBeneM He3aBUCHMEBIE IEpEMEHHBIC B BUIC
E=X —ct ,r=¢t
rae ¢ — Oe3pa3MepHasi HEU3BECTHAsE CKOPOCTh BOJIHBI; 7 - ObIcTpoe Bpems. B atux

TepPEeMEHHbIX, OCTABJIsIA B ypaBHeHUsAX (12) wieHbl NOPSAKAa & M &> U OTOpachBas
YJIeHbI C 00JIe€ BBICOKMMH CTENEHIMU, MOJTYyUYUM ypaBHEHUs [6]

3
O [y ou ) Wy Ay O
0\ | 8¢ R ° 3E|l I &

U, O4 W, (U, ou W,
+(1—ﬂo)Ta—£?U3£Ta—g+Fusj— (14)

— H £%)3U3 = czﬁ—ztsc o |
'R ) ||~ o8& o&or |
2
U Oy Wy Am oy au ey YUy O +(%Tuz+
1o R ° 3EU 1 ac R LI o R)

4 Un O W, Us} _R? %{CZ 62u23 o 62u3}
o0& 0&o0t

3aBUCHMBIEC TIEPEMEHHBIC TTPEICTABUM B BUJIE ACUMIITOTHYECKOTO PA3IIOKCHHS

Uy = U+ &Up +..., Ug =Ugy + 8Ugy +... (15)

[ToncraBnsst (15) B (14) u ocTaBisisl 4jeHBI MOPSAJAKA & IMOJIYYUM CHUCTEMY

YpPaBHECHUI



http://mathmod.esrae.ru/

Mamemamuueckoe modenuposanue, KOMRbIOMEPHBLIL U HAMYPHBLIL 2018, Ne2

IKcnepumenm 6 ecmecmeennnlx Haykax http://mathmod.esrae.ru/ ISSN 2541-9269
o /éu w, | o%u
(2 -y —"Ugg )= > (16)
0E\ O u_R EY:
8u10 w. | Uy =0
° s u,R
N3 3101 cHCTEMBI ITOTydaeM
W, | 8u10
= L cl=1- 17
u R Usp = 075 5 ,Uo (17)

CrnenoBaTenbHO Ujg — OCTaeTCsl MPOM3BOJIBHON (yHKIMEH, a OGe3pa3zmepHas
1
ckopocTh BoiHBI C = (1—4))2 ¥ CileNOBAaTENHHO CKOPOCTh BOIMHBI paBHA _|—- -

Po
CKOPOCTH BOJIHBI B CTEPKHE. 31ECh
P Et]
| Po
TaK Kak 000JI0UKa UMeeT OECKOHEUHYIO JUIMHY.
B crenyromem npubamxeHun gz HOJIyYUM CUCTEMY YpaBHEHUI
0 /aou Wyl 4 m|fou OU; o Wl Ou;y Wyl
(T Ty F OUo +(1 ) ) Uo 10 4 Sy |-
o0&\ o0& u,R o0& o u o  u,R
(18)
w, I Y ou ou
~ o | g | )= —20~ 0 c® =,
u,R 0&0t o0&
2 2 2
aull Wol 4 m 8u10 W, | ouy, 17 I
Uy + e Uso || 2 | 7| | Yot
85 u,R 3Ee 6§ u,R o0& u,R
2 2
+wml %Uso ZER_ZWmI C28 u30
u,R o0& el u,R o0&
[ToacraBum cootHomenue (17) B ypaBaenus (18) u nomyuum CI/ICTeMy
ou Wyl QUs; 4 m ’ ouy, ) 9%u
20 YUy OUs _ 10 | 9 Yo
1— g N+ g4 +
Ho— 5 8(52 /U R oF 3E8( | )( /on Ho ,UO)S( 55} 85 (19)
82u
21— 5 —19,
658
8u11 W, | 1R? 2\ 0%y,
u 1-
85 u R 31~ Iz( ﬂo)ﬂo P

YMHOXHMM 00€ yacTu BTOPOTO ypaBHEHUS Ha L, U npoaudepeHuupyem 1o
& . OHO MpUMET BUJT


http://mathmod.esrae.ru/

Mamemamuueckoe modenuposanue, KOMRbIOMEPHBLIL U HAMYPHBLIL 2018, Ne2

IKcnepumenm 6 ecmecmeennnlx Haykax http://mathmod.esrae.ru/ ISSN 2541-9269

o°u Wyl duy, 1R® o'u
ey T 2 21 )
o&? u,R ¢ ¢l o0&
JleBble yacTu ypaBHEHUS (19) 1 ypaBHeHus (20) coBnayiu. Berarem, mo4sieHHO,
u3 ypaBHeHus (20) mepBoe ypaBHeHue cucTembl (19) m momyuum paspernnaroriee

ypaBHEHUE

5> 0°U u )’ ou.. Y 82U
21— 10 14 Eg(ij (1—/15X1+,u0+,u§{ 10] 10 4

° a&or o0& ) o0&

(20)

Pazyienm oGe YacTH TIOTyYEeHHOTO ypaBHEeHHs Ha 2+/1— 15 1 momyuanm

0%Uyy — ., M (U, 2\/72( o\ oy, ) 0%uy,

057  Ee o0& ) o

+1R_2 22\/1_,“5 84U1020
TR 2 ot

[TomyyenHoe ypaBHeHUE ecTh MoubuLInpoBaHHOE ypaBHeHne KopreBera — ne

Bpuza (MKaB) ans a;éo Ecnu, yuautsiBag (11), HOI0XHUTH

hl R?
Wm:h,um:E,l—zzg
TO
m(u_m):mﬁzmg:o(l)
Ecl | EcR? E

N YPAaBHCHHC CTAHOBUTCA TaKUM

2 2 / 2 A4
2,/1—
_8 Yo 1— 4 2(1+ Ho +ﬂo{aumj O"lyg + 18 Ho 0 Uy =0

0

PR oc ) aer T o
ITonaras
ou
8—?:(% &=Cn, T=Cyt
IIOJIYy4YUM

6—¢$6 28—¢+a—(p=o
ot on  0n,

rac

3

¢, :Fl+yo +y§}2 - 1/1—,u§ (1+,uo+,u§)c


http://mathmod.esrae.ru/

Mamemamuueckoe modenuposanue, KOMRbIOMEPHBLIL U HAMYPHBLIL

2018, Ne2
ISSN 2541-9269

IKcnepumenm 6 ecmecmeennnlx Haykax http://mathmod.esrae.ru/

[Ipn BepxHeMm 3Hake (Msrkasi HEJIMHEHHOCTb) pEIICHHME MMEET BUJ KHUHKa-
AHTUKHUHKA

¢ =tk thk(y +2k?t).
dazoBas CKOpPOCTBb OTPHULATCIIbHAA
@

= =-2k%.
k

CKOpOCTB BOJIHBI TIPU 3TOM (MSITKasi HETMHEHHOCTD) J0O3BYKOBasI

\/E l1-¢ 6k’
P W= s JL+ o + 1)

[Ipu HUXKHEM 3HaKe (KECTKas HETMHEUMHOCTh, KOHCTPYKIIMOHHBIA MaTepuan)
pEIICHUE B BUJIEC COIMTOHA

K
Y ekl —Kk2t)

w2
(dazoBast CKOPOCTH MOJIOKUTEIbHAT — =K*.

CKOpOCTb BOJIHBI (3K€CTKasi HEJIMHEHHOCTh) CBEPX3BYKOBAs

\/E l1+¢ %’
P -2 JL+ o + 42

1
BoiroBoe uncio K — ITPOU3BOJIbHAA BCIIMYHHA, A=— - JJINHA BOJIHEIL.

ACUMIITOTHYECKUM aHaAIN3 IMoKasall, 4TO AJId IpPOAdOJbHBIX BOJIH, YUYHUTBIBAA B
METOAC I[BYXMaCH_ITa6HBIX pa3JIO)I<eHI/Iﬁ ABa YJICHA Pa3JI0KCHUA, MOXKXHO CUUTATh, YTO

KBaJpaT UHTEHCUBHOCTU Jedopmariuit 85 MOXXHO paccMaTpuBaTh Ha CpPEAMHHOU
MoBepXHOCTU 00010uku 1ipu Z=0.
Torma

Ty E | 3E || ox 2\ oX

WY wlou 1/ow ]
= | +—=| —+=| —
R Rl ox 2\ ox

2 ) 27
j{limgf dz =h, pxam oV +£(8W) +



http://mathmod.esrae.ru/

Mamemamuueckoe modenuposanue, KOMRbIOMEPHBLIL U HAMYPHBLIL 2018, Ne2

IKcnepumenm 6 ecmecmeennnlx Haykax http://mathmod.esrae.ru/ ISSN 2541-9269

ho

2 3
[l 1m0 y o
ho E 12 3E || ox 2\ ox

2

(] e 2T

[Ipu sToM popmynsl (7) u ypaBHeHHe (9) yIpoIIarOTCs, COXpaHsis OCHOBHBIC
CBOMCTBA JIJIsl IPOJIOJIBHBIX BOJIH [6].
B cnydae u3ruOHbIX BOJIH B 000JI0YKE BBOJSATCA O€3pa3MepHbIe IEPEeMEHHbIC
« X = Cohg
_ _ _ _ %'
W =w_,u;, U =u,u,, X N t = 2 Ot

H I10JIy4acTCA

hy  hd (IZ J W Uy
— =&, —=&,| —F=¢& ,_m:O(1)1 o :O(l)
R E R? ho ’

1( W) ouU
OTO TO3BOJIIET COXPaHUTh —| —— HapsAly C ——, HO TIpU DTOM
2\ ox OX

nJaniaMOepoBa Cujla HMHEPUUMU B MPOJOJIBHOM  HANpPaBIEHUUM  CTAHOBUTCA
MPEHEOPEKUMO MaJOl IO CPaBHEHUIO C OCTaJbHBIMU WJIECHAMU YPAaBHEHUS U €€
MOYHO OTOPOCHT.

®u3nyecku HeTMHEHHbIE MPOOJIEMbI pACCMOTPEHBI B [7].

Pabora BeimosnHeHa mpu noanaepxkke rpanta PODU Ne 19-01-00014a.

Jlureparypa

1. Uneromun A. A. Mexanuka cruioniHoit cpeasl.-M.: U3zn-so MI'Y, 1990. —
310 c.

2. OsuapoB A. A., bpeute 1. C. MartemaTuueckass Mojelb 1ehOpMUPOBAHUS
HEJIMHEHHO yOPYrUX TMOJKPEIUICHHBIX KOHUYECKUX OOO0JIOYEK TMpHU
TuHAMU4YeckoM HarpyxeHun // CoBpeMeHHble TMpoOJeMbl HAyKd W
oopazoBanuss — 2014, - Ne3 URL: http://www.science-
education.ru/ru/article/viewid=13235

3. Kaynepep K. Henuneiinas mexanuka.- M.: M3mpatenbCTBO HMHOCTpaHHOM
aurteparypsl, 1961. — 778 c.

4, @enpamreitn B. A. Ynpyro miactudyeckue aedpopmaiuy MUIMHIPUYECKOM
00O0JIOUKM MpU NPOAOILHOM yaape // BomHel B Heympyrux cpenpax,
Kummnes, 1970, C. 199-204.

5. Bombmup A. C. HenuHeilHass AUHAMUKA IJIACTUHOK W 000J0YeK: yd4eo.
nocobue s OakajgaBpuata W MarucTparypel — 2-¢ W31, CTep. —
M.:U3natensctBO FOpaiit, 2018. —439 c.



http://mathmod.esrae.ru/
http://www.science-education.ru/ru/article/viewid=13235
http://www.science-education.ru/ru/article/viewid=13235

Mamemamuueckoe modenuposanue, KOMRbIOMEPHBLIL U HAMYPHBLIL 2018, Ne2

IKcnepumenm 6 ecmecmeennnlx Haykax http://mathmod.esrae.ru/ ISSN 2541-9269

6. 3emusnyxun A. U., Morwunesuu JI. U. Henunelinbie BOJIHBI B
UUWIMHAPUYECKUX O000JO0YKAaX: COJUTOHBI, CUMMETPHUH, DSBOJIOLMS. —
Caparos: Capar. roc. TexH. yH-T, 1999. — 132 c.

7. 3emnsnyxuH A. 1. boukapeB A. B.  Morunesnu JI. I.  YenuneHuHsle
POAOJIHHO-U3THOHBIE BOJIHBI B LWIMHIPUYECKOU 00oJI0uKe,
B3aMMOJICHCTBYIOIIME C HEJIWHEHHO-ympyroi cpemoir // BecTHuk
MOCKOBCKOr0 TOCYJapCTBEHHOro yHuBepcuteta um. H. D. baymaHna.
Cepust: EcrectBennnie Hayku. 2018. Nel(76). C. 47-60.


http://mathmod.esrae.ru/

