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funnnquwyubpp: Uju funnnqwyup wptiphg wnuwy b Jbé
hGuwppppnipeyntlu GU UGpyw wguned dUz2ntdw hU gpwunwnubtnn:
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huGpghw h hup Junduwdp hnwy wtwg J ws
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3 & uiug nunfuil unnj nLupukph hutuuuhnL ) nLup’

hGuwgnuniL ey ntulbpp Juwuwwny b Gl iy J wy plwgwjwnne J
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nhdwyw) GU wgnnn ncdbphU: nnnywyuw wpnh wdpniL ) wu huwp Jwnyh
wwpquwagnt J U Gnwuwyh hphdpnid npqwé E spunhwwnynn hGéwuph
6ndwl U pwnwuph ypwwannn ntdtph ww Jwulubpnod gumuynn wnwnnh
Lwpywswnbdnpdwghnlt Jhdwyh pwgwhwy tinedp W npw wdpne ) wl
wwwhnydwlu wwhwugnp: 3w dwpyh hwdwp Uwhiwwbu npn2ned GU
funnnqwyuwp wp-hGédwu hwdwywpgh dpw wgnnn nidbpp. npwup GU°
utpphlU dU2dwlu nLdp, wnwugpwy ht ntdp U funnndwyh nL npwuncd
wwpthwydws htnniyh quwugwsutphg wnwwgnn Sdwlpnip) wl
nLdbpp: Uu nLdbph wgnbgnip)jwl wwy funnnjuwyh pwnwuen
GUpwpyyned E pwupn L wpywbw-ntdnpdwghnl wgnbgnLp)nLuubpph’
6nduwl,8U2dwl, dqgdwl uwd ubndwu nt$npdwghwubph:

BUnLdw hU funnndwyuwp wph wp fmunwluph hnLruw hnLprynelp
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ww Jwuwdnpywé E npw dpw wgnnn pnpnp ntdtph hupywnniLdhg:
fiunhpu wu E, np unnnywyny 2wndydnn htnnetyp Ewwtbu wgnno d E
npwnhUwlphy punLpwanptph ypw, npb wuybpuwwwhnpbl wewp £ hup yh
wnUb: Cwnpddnn hGnnetyp thnfuncd E funnnduwyup wnh wwwnwl Jd wl
uwtywnnpp, npp Ywnpnn E  pbpGp wlugwuyw h nbGgnUwluw hl
tnwunwune dubph: RtnnLyh wnLpuwghnlu wnpwanrp)nLUulubGnp
wnwewgunctd GU funnnuwyuw wpnh wwpwdGuwpwywl wnwnwune Jubp,
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Unpwgnrdutph U pGtydwlt wbnwdwubpned, npwtn wnlw Gl
wnLpuwghnU hnupbph | pwgnLghsg wunnodutph gnjynLip)jwlp U
npwug wufunruwht| h wgntgnL ) wu htwbwuplutph wnw) nL ) wdp:

UGfluwbhwywlu vnwnwunedubpp wufuncuwhpt h Gpunej pubp G,
npnup wnwpwuntd GU YuwnnrgywspUbph wnwUudhU vwnpptpnid uwd
Junnrgdwsépnid wdpnnonip)wdp: UGlwibhljwywl wwwnwunedUubph
ntuntdbwuhnpnee)netbbbpp ujudb GuntnUuu 18-pn nwnh YGutphl,
npnup wn tnwh wy ny wé Gl L. EjLGpp L d. M wdpbph
hGuwgnuniL ey ntubtpned: Uyn wfuuwnwupubpned uvwhdwudb GU
whun Jwpdhulutph uvwunwbdwl ophlUws whnLe)netulbbpp, hhdp
punntut ny “Yw wdptph hw wuh ulygpnrluplubpp: U UnLhGuwl
tnwnwbne Jubph géw hU wGunL ey nLup Jogwydbg Lwugpwudh ynndhg,
npp 2wnddwu nh$tptughw hwjwuwpnodubtpp UbGpYw wgnpbg
punhwupwgywé yYnpnhlbwwnubGpny: UGlnwbhjuwywlu wvwwnwunedubph
wGunLtpejwlut hGwwgw quwpquwgnidp Yuwuwpybtp E  Uvu.unhpnyh,
UM.Shdn2tulynj h, L.b. Uwunb 2 nwdh, L wj Lpwlwynn
hGwwgnunnutph Yynndhg:

funnndwyuwp wntnh nEnwdwubnh u & dhwy wl tnwwnwlunce dubph
hwdwhunL ey nLtu-utph npn2dwt hwdwn Jauwydws GU pwqUwphy
hpwhwugutbp U Uunpdwwhdw hU thwuwnwenerbtp, npnugned wwnppbp
Gapw pU ww JwuUubph hwdwp punhwupwgyws LU hup Jupywy pl
pwuwdlubpp,pbpywsd GU wn) nLuwylutbp Wgpwbhyubp,npnup nynLphl
GU nwpduntd hlUdGUGpwywlu hupdwnyUubpp: Jwnpy E UbGL, np
dowyqws Uunpdwwnhydwy hu hpwhwuqutph hhdpnid puwé E nLnhn
funnnqwyh ubdwywlu wvrwnwuntdubpp punLpwanpnn 4-nn wuwh&wuh
unynpwywlu nh$tptlughw hwjwuwpdwlu | nuénedlubpp, GgpGpnod
wnw nwpwwntuwy uwhdwlbw) hU ww Jwubbph nGwpnLd: IGSwulubph
(unnnduwyubph) u & dhwly wl é6nduwl tnwunwlunce dubph
opnhbws whnL ) ntuutbpp punLpwgnpnn nh$tptlughw hwjwuwndp
nLuph hGwbj w wGupp’

d'y(x) 4 s _ @ (m +m,)

dx* Py =0. 1 ET
npnbn y(x)- innnuwyh wnwéquwywu ghép Ujwpwgnpnn $nLulghuwl E,
m,u m,-hwdwwywunwu fuwbwpwn  funnndwyh W hGnneyh  wbuwywpwn
quwugwsutpl &u, ET- funnduwyh &éndwlt ynunrpeynLll E,e-
funnnyuwyh L wy Uwly wl tnwwnwbnL Jubph u & thwy wi
hwd whuwywunL @) nLun:

BUuntdw hu fjunnnuwyutGph wdpnrpjwlt U Yw nirlnip) wl
wwwhnydwlu hwdwnp UwhwwnGuyned GU hGLUwpwlw hU Ywenijglbn:
Tpwlug hwpdwnyw hu dJdGennutph YJuwuwnb wgnpénudp hwwni |y
ptntwdnpdwlt ww Jwulpned hwunhuwuntd E Jwnplunp Yhpwnwywu
fuunhp, nph punhwtwpwywlu [nLténrdnd ww Jwulbp YJuwbnsédbl
npwug Uwhwgddwlt L 2whwgnpédwlt whfuuhjwywlt  ww Jwulbn
dowyb nt hwdwp:

funnnqwy wy wp wnh BN RRwgUwl GpunL) pUGPH
dGppneénLpeynetuutpp U npwug nGd ww pwnph hudbUbpwywl

3
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dUhengwnniLdUbiph dowyncdubnpnp Jwnplnnp U hpwnwy wu
Lawbwynrp)ntlt ntutlUw ntg pwgh UGpyw wguntd GU wbuwlywl
hGuwppppniLpeyntlu, npnug wpnjniluputpny hUwpwynp Y huh
Juwwwnt| §hwmbGgpwywgnLp) nLulubp:

Epnypnpn gLl d nhuunpldws U Suznidw hu funnnduyh
nbnwdwuh ubdgwywlt nwnwunedubph hup Jwpyh dh pwuh puunhpubn,
npnugnLtd hupJh 6U wnbUwé Gp-Jw Lwywu uwhph nE$npdwghwltnn:
Undnpwpwn funnnjwyuwp wpnh wvwwnwunedubph vwGyuwuplu neubuncd E
pwnn uwenigdwsp, ww dwbwynpwéd ubthwywl, hwnpywnpwyuwl,
wuwn wd & wn wy wu ] wj L wnh wh tnwunwunL dutnhg: UG thwy wit
tnwnwuneduGph vwtywpp Une ) bwbu vwpwpuneyp E: U U Juwuwws E
hwdwywngh wwpptp wwphwdbGwptphg, Ggpw hbu  YhUubdwwhywywlu
wwj Jwulbtphg, hnunn hGnntyph Sdwjw hg U wpwgniLp)nLlUhg:
Ujuwhuh ww Juwubbpned JGdwlunLd E nGgnUwluwy hu Gplunc )y pUbph
hwJwbwywunLp)nLrup: Ntuwh wuhpwdG2unLp)ntlt £ wnw wuntd
pwgwhuwy b nL wy Uwhuh wp fuunwupwy hu ntdhdutp, npnlg
wwpwgw) ntd pwgwnyGU wuybpwhuyb h mwnwunce dubpp:

Ubfwiuhywyuwu bhwdwywngbph nplbwdhjwywl Yw nLrlunt ) wlu
JGpwptp) w Juwuowpyws hGunwgnunie ey neulbbpp tw U yhpwenLpynel
GU unwgt| hhnpnutfuhyuwywlu uenrgywsplUbpniod, 2 hUwnwpwywl
Jofuwbhywy ntd, nwunhnuwtfuuhywy nud, deptlUuwp h-UnLpjwlu L w|
pUwgwjwnUtpnLd: Jw wbh E, np pwnpép YJwngh wwwnwuntJdUubph
nGwpntd | w bwywl nrdtphg wnwgwgnn uwhph nE$npdwghwubpp
Fwywl wgntgnLreyntl GU nLtUGUNL U nwunwldwl hws wuwywunt @) wl
dpw: Uwubwynpwwtu, hwuunmwuwntU hwunejpnd hGédwuh [ w Lwywl
tnwwnwune dJutbpp  Uywnpgpyned GUu  hGwu) wy hwjwuwnnLdJdubph
hwdwywngny”

o’'n kp 8277_86?
ox> G ot° ox
0’0 p 0’0 GF(@U ej’
ox> E ot KEI
npwtn  7(x,t)- hbsuwlh §4dwspl E; O(x,t)- | w Uwywlt hunnt ) ph
hwnpnLpe) wu dhghU wunt j up; p-hGédwuh Uy nLeph funL ) nLup; E,G-
wnwdqwywunLpe)wl bLuwhph Unnno Ubpp; F, I- L w bwywu hwnnt j ph
duytptup W huGpghw h dndGuup; k- hwunne j ph dup pUnLpwgnnn
gnpdbwyhg E: ULGpphU nitdw hu gnpénUlUbGph npn2dwl hwdwn
unwgyb| GUuhGwluy w wnbgnLp)ynLulbpp’

1)

06
:_@(@_gj . a)
k \ ox '

funnndwyup wpny w- hwuunwwnit U wpwgniL ) wdp hnunn  hGnnLyp
wwnuwagwy nL d 2 wndduwl nh$btpbtlughuw hwjwuwnnodubnnp (1)
abwhnfw U hGwly w wbGuph’®
(,82—7/2)(12—77+2ﬂ1//(5+ia) d_n_g +7/2£+(5+ia))277:0 4)

dg? dg dg ’



o,
N
%I

d—ﬁ—éJ Z(8+l(t))9 0, 5)

m, ¢’ GFE2 2= 1
T BT m, +m, JI/F'
n(x,t) =7(E)eN,  O(x,0) =0(E)e N, x=1&: (6)

Uuwnwg J wé nh$tptlughuw hwjwuwnniLdubnh hwdwywnagn,
Unuypbwn Ggpw hU ww Jwulbbtph hwdwn, Ywnpth E hUuwbgpby
dnunwdnp dGpnnutph Yyhpwndwdp:

ALuntdbwuhpyb] E Ggptpnd wquin hGUdwé funnnuwyh ub thwy wu
nwnwune dubnp: Mwpgnep) wu hwdwp punncutup, np wu nbwpencd
mtnh GU nirUGUntd hwpdnUhly wvwnwuncdubp (e=0), hul (4,5)
hwjwuwnneduGph pnténudubpp UGpYw wgUGUup hGwly) w wGupny.

npwen f=w

n =asin/mé, ézbcosnnaf, (OSQKSI), (7)
npnup pwjwpwpneJd GU fjuunph Ggpwy hU wwy Jwuubphu®
Gpp &=0, £=1, LULL|LU77 ou‘;—z_o

UhpwntGnd Quw, Jnpyphuph JEGpnnp unwgyb| E wvwwnwldwu n-pn
ALphU hwdwwwwnwu fudbnn wug whhwd wwywune ) nLlp.

2
o, :7zn\/7r2r12—n];4ﬂ1w2 : (8)

1

RGnnetyh hnuph Ypphwhjwywl wpwgnrLpynLlup, nph nbwpncd
wEnh EnctUGUnLd Jwy nLUnL ey wu Yynpneuw, Yynpn2yh*®

zn EF
9
n /1 m, 9)

pwuwdlunyd, npp hwdwwwuwu fuuunt d £ nwunwudwlu n-nn hwpdnUhyhu:
Uus wh hwSwhmwywunep) ntuubph npn2dwl hwdwp uwnwgyb|p E
hGwby w hwjwuwnpnodp.

1_ 2 1_ 2 2 1_ 2
ﬂfl// a)4_{n27[2[1+( ﬂ}// _%]72_72”132}"‘7/2}0)2"'” n [7[2 2,2 (ﬁ2n2+7/2)ﬂ2]=0, (10)
npunbnhg htnnLtyh hnuph wpwgniL ) wu Yphwhjwywlu wndtph hwdwn
UnLUublbwlup wyuwhuh wnbsgnLpE)nLl’

W =71 EF, _
kn =, 2 2 .
A m{l + 7[;2(1 + ,u)k}

Uphwhjwywlt wpwgniLpynLtubbph hwdwp uvnwgdws (9 L (11)
wnUsnLrpeynetultph hwdtdwwnipeyntUhg wwnqgdned E, np uwhph
nEdnpdwghwy h U wuwndwlu hubpghw h hwdwendwlu nGwpnid
Jw ntUnLpjwlu Ynpnruwp wenh E  noubUncd wybph dhinpp
wpwagniLpe)nLtulbph nGwenLtd: Uy n hwdtdwunLe ) ntup ptpdwsd £ wn.1-
ntd, npwinhg hGwuntd E, np U2dwd wwppbpnirpynitlup wdb h
ujuwwnt h E hUusgwtu thnpp dynLunLpynrbubph hwdwnp, w bwbu E
pwpépn Ywngh vnwnwunLe Jubph nGwpne J:

Win =

(11)

Unynruul 1
Wi/ Wi Yphuhyudjwl upwgne @y ne bEpp
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hunwpbnpnezynt up

n A, =20 A, =30 A, =40 A, =100
1 0.941471 0.973263 0.984374 0.997446
2 0.813035 0.904325 0.941554 0.989901
3 0.681392 0.816151 0.881134 0.977697
4 0.572486 0.727172 0.81325 0.961346
5 0.48766 0.646519 0.745356 0.941481

100+

0 2 4 6 8 10
Ly 1. Sunmulbint Jubnh hws wfwdywlbine 2y nc buGnh ynn fud wl
gnughliupp (4, =357, =24,y =07)
T wly wily tnGunt By udp,
______ Uwhph U wunundwl huGpghuy h hup Jwe dudp:

Ly.1-nL d pbpyws Gl tnwwnwbnLe dubph wl s wih
hwd wrmwywune gy ntuubph dbninfudwl gpwbhyubipp, htnnoyh hnuph
wus wh wpwgnrr) wu wwupwdbuphg JwhuJws, vwpptp hwpdnUhyubph
hwdwnp: Ujuwbn UnijUwGu wvwnppbpnipeyniup JdGédwuncd E pwpép
Jwnpgh vwunwunt Jutph nGwpni J:

ALuntdbwuhpyt] E fmnnndwyw wph ninnwghé wenwdwuh
ubthwywlu nwunwuneJdutbpp [ w bwywl vwhph U wununwdwu hutpghw h
hup Jundwlu  ww Jwulubpnid, npnup hwnjwwbu pwnédp Yuwngh
tnwnwunedubph nGwpnid, Ewywlu wanbgnipyntlt GU noUGUuncd
tnwunwudwlu  puncpwantph  Jpw: Uju  ww JwulUbpned 2wndduwl
nhétptughw, bwjwuwnnedlubpp® @), (), unwunctd GU hGuwlhj w
nGupp’

» 2, KS d' dig ,do
[~ —y (1+GF )] d§2 +2Ly (¢ +iw) §+(8+1w) n+y 0 =0 »
0 as )~V crioya+ ¥ (e +imy Y -0
d& GF, d(f y A dg

npwen LgwuwydJws GU° g-MnLwunlUh gnpédwyhgn,

m, A/ m, A )
LU I T S R RV
F B Y Vmoam, T\ 20w ok Vo

Capntpnd wqwwun hGudws fnnnduwyh hwdwp (12) hwjwuwnpdp
Lntéyty E  Quw hnpyphuph dJGpnnny U wvwwnwludwl n-pnp adUpL
hwdwwwunwu fuut wtug wh  hwdwhrwywune ey wb hwdwn uwnwgyb| E
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hGwbj) w pwlwalup’®

o, =7zn\/7z2n2(1+ 5 )-p7, (13)
S.n

€]

7Bl

fz

Rtnneyh hnuph Yphwhjwywl wpwgnr ey nrup,nph nbwpnc d
mEnh EncuGUncd w ntunep) wl Yynpneuwn, Yynpn2dh hGwmly wy

pwuwdluny’®
w, =" R S (14)
A, \m, S,n

Ul wih
hwdwhunLpp)nrtubutph npn2dwl hwdwnp unwgyb| E hGuwnly w
hwjwuwnni dn.

2 2 2 2
! 12// o' - 14| ! lf 1+ 82 +l//—2 72—1—5/ﬁ2 + 7/2+i o —
A4 A SN 4 S,

_r'n? 7Z2n2+7/2+i ﬂz_ﬂznz 7/2+i _yzi —0
S, S, S,

Uunwgyws hwjwuwpdwl wquinwunwdh gpn  hubp nt ww Jwuhg
npn2yt £ hGnnoyh hnuph Yphwhjwywl wpwgnrp) ntup’

npwbn S, = -£jLGpywlunLdlE:
€]

1 1 S

EF “{“nzﬁz}s
W;nzﬂ L 722 ER (16)
ANmy ,7m S Yn h wh § wy wl
7’ 7/253 wpwagnt ) nLuubp
h unwgJws (14) L
(16) pwuwadlubph bhwdtdwunip)ntUhg wwpqyntd E, np uwhph
nEdnpdwghwy b U wuowndwlu hubpghw h hwdJwedwl nbGwpnid
Uwy ntuUunLpjwu Ynpnruwp wenh E  noubUncd wybph ¢inpp
wpwagntLr)nrtuubph nbwenLtd: Uyn hwdtdwune gy neup ptpdwséd £ wn.2-

ntd bUuy.2-nL d:

Unyntuuldy 2
unhwhyulywl upwgne @y nLbubnh w, Iw, hupwpbnpne @y ne up
4, =35
n S/S5=-0.8 S/S5=0 SISs=1
1 2.09954 0.97969 0.72692
2 1.20388 0.92546 0.83839
3 0.88833 0.85217 0.81345
4 0.79132 0.77375 0.75368
5 0.70860 0.69888 0.68746
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w
80 =
60 [~ = \/\ i\
~ N
Y
N\
40 Y
T~
20 mEt N ;
] R
=Y |
0 2 4 6 8 10

LY. 2. Sunmwlbint JubGnh hwes wfuwdywlbine @) nc buGnh vnn fud wl
gnuwphllutpp
(A, =354, =21,y =0.7,S/S, =—0.8)
T wly wily tnGunt By udp,
______ Uuwhph U uumndwlr huGpnghuwy h hup o we dudp:

Eqptpny wpwygdwé funnnywyh hwdwn (12) bwjwuwndp
rntédbr B Quw hnpyhuh dJGpnnny U uwvwunwudwl n-pn adUhl
hwJwwwunwu fuut - wlg wh  hwSwhwywune pj wu hwdwp  uwnwgybp
hGwl) w pwlwslup’®

S

2 2.2 _p2.
m“_ﬁﬂn\/4ﬂn(l+83n2) p 17)

Rtnneyh hnuph Yphwhjwywlt wpwgnL ey ntububph hwdwn
unwgyb| GUhGwl) w pwuwblubpp®

L Ly (18)
A, |\ m, S,n
2
(1+i2)+4i22(1+y)ki
+ 2m |ER S,n A S, (19)
AN g 2 Tk, S
A S,n
Ywunwn J wé Gl wju pwlbwslubph wnnjnLuplubnh
hudGdwunep) ntuuGp npnup ptpdws GLU wn.3-nLtd L UYy.3-nL d
Unyntuuldy 3
Unhwhlyuwlywl upugnt 2y nL buGnph w}in/wknhwpwpbnm ) nLln
A, =35
n S/S5=-0.8 S/S5=0 SISs=1
1 0.56478 0.92546 0.90096
2 0.73610 0.77375 0.78552
3 0.59935 0.63142 0.65581
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4 0.49206 0.52119 0.54845

5 0.41281 0.43897 0.46556
@
200 —
180 —
160 ™~
\ ,ri?)
140 ><<
120 ——
100 T \\
80 e | X \
T~ \
60 === N
40 > \ \
n:' ~ \
20 :”_‘ \
0 [~ 4 \ ‘\ B

0 2 4 6 8 10 12 14 16 18 20

Uy.3. Suwubint JuGnh hue wfuwdywlnt @) ne bLGnh yngnfud wl
anuwphfylubpp
(A, =354, =424,y =0.7,8/S, =—0.8)
T wily wilr tnGunt By udp,
______ Uuwhph U uumindwl huGpghuwy b hup o we dudp:

ALuntJbwuhpdby, E funnnjwyup wpnh nirnnwghdé whnwdwuh
ubthwywl vwnwune Jubpp Ggptphg JGUU wdpwygdws huly djynrLup’
wqwwn hGtudws nGwpnid: UWu nGwpntd (12) hwjwuwnniodubph
hwdwywngh (nténedubpp huwmpyt GUhGwWU) w 2wpptph wGupny”®

n=by $(E)+ D b (&), O=c, T, (E)+ D ¢ T (&) (20)

Uhpwnt| nd Quw, Jnpyhuh JGpnnp, npn2yt E wwwnwuncdubph
JAaLpwpwUg JnLn duhl h wdJ wuwjwwnwu fuwlin n hwdwunL ) nLun:
Thuwpyynn nGwph hwdwp fuinph Gqpw pU ww JwlUbpp, npnlup
hwJ wwwuwnwu fubne d - G (12) wtupnd UGpyw wgdws | nLédwlp,
UnLUGU hGwlj w wGupp.

_ al//o _O 82W0

Wol., =W, = =0, =0: (1)
£=0 &=1 a§|§=o 852 o
Epp S=0L &=1
2
p, =W Vi . (22)
o5 o0&

Ununwpydwlt $nLuyghwubpp, npnup pwjwpuwpnid GU U2 Jws
ww Jwuubpp Y pubu®

wo(§)=2&" -58 +3¢°,

(23)
vi(§) =" (& =38 +387 - &%),

huy fnnnjuwywy wnpnh | w bwywu uvwhph nL wuwndwl hUubGpghw h
huwp 4 wn Jwl ww) JwuubGpned  wvwwnwuncJdubpp LUjwpwagpnn (12)
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nh$tptughw, hwjwuwpnodubph hwdwywpghl hwdwwwnwu fuwlnn
Gqpw hU ww Jwulbpp Yy hubl.

h(E),, =], =0, T, =0, aTa—f) ~0, 24)
=
o . _an|
o P o ;‘; e (25)
¢k —= = ¢k —= =0:
|+ o0& o e o& o

L2Jws ww Jwulbbpp pwjwpwnnn dnunwpdwl pwgdwlunwdUGnnp
UL hutl.

W)= =& 4= 28 +8), (26)
T(§) =& -28, T(HH=¢&(&" -2 +&%): @7)

Unwewpydws (23), (26) L (27) dnuwnpydwl $nrlUlyghwlbpp
htwpwdnpniLpe) wlu GU vw hu® Gplw Lbwywu nLdh nwpptp wpdtputinh
ntwpntd, Juwmjws htnniyh hnuph wlswh wpwgnLpjwu g
wwpwdGuwnhg, JunnLgb| nL tnwnwluncL dutinh wl s wih

hwSwhmunL ey nculbbph bninfuwl gpwdbhylubnp:
Mwhwywut ny 2wnph pUnwdtup wnwehl wlunwdp, Uy.4ncd
JunnLgyhb| Gl tnwwnwune dubph wus wh hwlwhunLp)nLulbph

thnthn fudwl gpwdhyubipp:

(€3 ]

24
T —

Sl S L §/8s=
16 S ~1 PN

" — SIB,=0| < \ . \\
12 17t i A \‘ \\ ‘\\

\"\ \\ \
° U EREN \
) N ‘ O\
b} \‘ \ \

; A A B
0 1 2 3 4 5 6 7
LA Suwmuint JuGnh hue wiunt @y ne bLGnh ynyin fud wl

gnuwphlylutpp

(A, =354, =~/2%,,y=0,7),
nuuuwlywl wnbunt @) wdp,
----tdtthph U uyundwlr huGnghuy h hup Jwe dudp:

Unwgywsé gpwbhyutbphg Ujwwti h E, np uvuwhph LU wuundwl
hubGpghuw h huwp J wn Jwl wwnuwagwy nL uJ funnnywyh | wy Uwy wl
tnwnwuneJdubph hwlwunLp) ntuubplu wdbi h Ynpp GU nuwuwywl
Gnwuwynd unwgywséd wpdtpubtphg:
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Enpnpn qLhcd nhuwnydws G Suznidw hu funnnyuwyubtiph
whwgnpédwlt Jh 2wnpp wnwudlbwhwwnynip)nrbUubp U hnLruwgh

2whwagnnpéduwl Lwywuinwy ny hudbUub pwywu dhengwnniLdutnh
dowyncdutip: guznLrdw hl funnnuwyuwp wnptnh hnLuwl h
2whwagnnpéduwl U wywunnwy ny Lwmuuntuyne J Gl hudtUubpwywlu
JuwnnLjgUubp npnug Lwhwgddwl, 2hbwpwnpnLppywu U 2whwgnnpddwl
hwdwnpn wwhwugyntd GU hwwnely wthulhjwywlt  ww JwulUbph
dowyncdutp: Ypuwughg wnwlbp wytu Ywplnp GU dhowlulyjw UL
fuupufuwy hu hGLuwpwulUGnpp npnup wtwp E ng Jhw U wwwhnyyws
LhuGU wdpnrpejwl UL Yw ntUnLpe) wl wuhpwdb2wn wup wpny wy | Lwl
wwwhnyblu UppwuntL J gnnt Uwh pNL [ wnnb h LwnnLdubp:
Unwdb| wwtu fuunhpp pwpn E utjudhy pntwdnpduwl wwy Jwulubpne d
Gpnp wtnh E nitutUnctd gpnitlUwh [ wpywSwntdnpdwghnlt Jhdwyh
thnthnfunt ey nel: Iné dhpgwjw pned ubjudhy wgnbgnLp)nLlulbph
nwpwdnLedp nhuwnytnd hwpp wnwdqwywlu w hpubph punLpwanphs
bnLuyghwutinnd® u=d¢x—-ct)gpnrluwh bLGpyw bwywu L | w Lwywl

hwpwptpwywu nh$tiptughwutpnp Yy hutu®
8U.p ' aus '
&, = P =¢'(x—c,t), & = P =¢'(x—c,t), (21)
npnlug hwdJwwwwnwufuwlt Uunpdwg W 2n2whnn L wpnedubpp YnoUGlLwl

1 1
hGwnljy wi wndbpubipp’ 0=i2—chgcpT,r=i2—chchT, npwnbn x-p
V4 T

wnwdgwywlu w hph wvwpwédwlu dwlwwwnhlu E, t-U dwdwuwyp, c-u
wnwdgwywu w hph wvwpwsdwl wpwgnLp)nLUl E, ¢-U hwnpdnUhy

$ncuygphw E, npp puncpwgpntd E wvdjw w hpw hu Gplunij ep:
UGjudhy ptntwdnpdlt wwy JwulbGpnid hupdh wnUb nd gpnerluunc d

Unpdw, Lwpnedubph ninfwwl pwlwdlup unwunce d GUp fuwpufuwy hu
hGUwpwuh hhdpnLtd unpdw, L wpnedubph gnutdwpw) hu wpdbpp®

2Y M 1
=2+ 04 - :

FIw 1o, K.pge,T: (22)
RGUwpwuh  Uppwunctd npn2Gind Unpduw Lwpnnedubpp  w U
hwdGdwunid GUp pnLjpwntG h fwpnedUuGph hGwn U unwune d Gup
gnnrlUwh wdpnt ) wu wwy Jdwlunp:

NALunctdbwuhnpyby GU puwnpép &dU2ntdw hU  9pwuwnpUbph
whwgnpédwlt Jh pwuh punhputp, npnugnitd pwgwhw ndb|p GU
hhnpwy| pywywu nGdhdubph fwhwbtdwl wwedwnrUbpp U npuwlg
hGwbwuplubpp JGndGrnt Jwd npwughg funcruwhG nt Lwwuwnwyny
dowyydb, GUhUdGUGpwWywlu JhgngwnnL Jubp:

Uwuwndb E YGsnrwm2uwnhpwh3tGphtp huplbwhnu 9 pwnwph
hhnpwy| hpywywu ntdhdubph nrunctdbwuhpniep)niUlubp, pwuh np
w U wuguncd E fhunn ynupundwsd nbL ht$dnd U wwhwluene d E hwnnt
whwgnpédwl  ww Jwulbph dowyned: 2Qpuwuwnpp, wnuwnbuwwtu
wpnjntbwdbwn nwpdub nt Lwwuwnwyny, Upw uwmnphlU Uh2nLd, npwbn
dU2nudp hwulnio J E He=500J, ywnnLgynLd E thnpp IEYUY: IEY-h tnwppbin
nGdhdubpny 2 whwgnpéJduwl ww) Jwulubpncod, Juwuwny b E
dUuzncdw hu b gpwjphwwghnU gpwunwntpnoed, hnuph hhnpwd h Y wy wlu
swhwuhutph npn2dwt  hwyJwpyubpp, npnup wluhpwdb2wn LU
fuupufuw hU hGUwpwulUtnph swhtph npn2dwl hwdwp: IEY-h vwppbp
nGtdhdubpntd wp fuuwnwuph nGwepntd hupdwnydbyp E  &uz2duwl
pupépwgduwl  swhp, ng ninhn  hhnpw hjuwyut  hwpdwsh

O,
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ww) JwulbbGpnod: AUpdwl pwnpépwgnidp hupdh E wnlUdbp ULwu
ubjudhy nLdbtph wgnbtgnLp)ynLlultnhg: UGuj uhy nLdbtph
wgntgnLpe)wu hGwuwupny wenh E nrtubuncd hGnniyh quugdwsh
tnwunwuncdutn, npp undnpwpwn puncpwanpyntd E  hwnpdnlUhy
tnwunwtdwlu hwjwuwnnedny®

u(x,t)=u cosz—ﬂ (x—ct), (23)
cT

npntn  u-U vwunwtdwt wdwy huvnenlt E, c¢c-U wnwdguwywl w hph
nwpwsdwlu wnpuwgnep)nLtul E hGnney dhpww pned, oph hwdwn
c=1300d/Jpy: SwwnwunL dubph $nLuyghw h h wJ wuwwunwu fuwl,
wpwgwgnrdutph $ncuyghwt YyntUGbwhGuwlu) w wGupp®

u"(x,t)= cosz—ﬁ (x—ct), (24)
cT

npuwtn u"-u wnwyb|p wgnejl wpwgwgnt Jdu E ubjudhy
ptnUbwynpdwl ww) Jwulubpni J:

RnnLtyp Jwulwyh wu wpwgwgnrdubpp wnwpwuntd GU
Lpwgnrghg SUuzned,nppnpn2yntd EEjGph hwjuwpnodny®

dp=—pu"(x,t)dx , (25)
nputnhg
p= —pu:naxj'cosz—”(x —ct)dx fuwd p=-pu. £sinz—”(x —ct) (26)
cT 2 cT
AU Jwl pwpédpwgdwl wnwyb wgnej U gwhp Yy hup®
« cT
2

BuJwl pwnpépwgdwl w u wndbpp gnudwndby E ng nLnhn
hwupqwéhg wnwpwgnn &dudwup W npn2dbp GU IEY-h fuwpufuw hl
hGUwpwuUGph s whtnpn:

hupbwhnu g9pwunwnh nyniybpw hu wtnwdwuh helunn pUh
N wunwn Y J wi Gpunt ) ph ntuntdbwuhpnt @) wl wnnjnLrupnod
pwgwhwj by E pUpwunn Gpuni)pUubtph $hghjwywl hJdwuuwp,
npn2yb| E nwunwpydwl cwdwuwywdhengp:

hbpwywuwgdty E &Uuznctdw hU  funnndwyubtph ppRrRwJdwWl
GpunL ) pUbGph JtylUwpwlunLp) ntulubp, nph hGunuwlupny
pwgwhwj by GU funnndwyh ppprwgnLdUtph Jpw hnuwlph
hhnpnnptwdhywywl wwpwdtGwptph thnipnfulwlu wgnbgniLp)yneulutnn:
RGnnetyh hnuph ppprntduGph Ynppwgdwl hwdwp Ywplunp E
funnnqwyh wpwdwqgéh &h2w puwpnipynilup, npwtugh Upwuncd
wpwagniLpr)nLtultpp guwuyblU pniLjLwnptGrh uvwhdwulbGpnod: UGS
wpwagniLpe)ntuutph nGwentd Yuwupnily dJESwuntd E  hGnniyh
duulbUhyUubph punpw bwywlu nLrnnnLpE) wdp wtnwipnfunL ey nLulbpp,
npnUup wwndwn GU hwunhuwuntd hnuwuph pwpwhunt dutph hwdwp:

SnLppnLGUwn hnuwupUubpnid pwgh dwulhyUtGph GpLw Lwywlu
mtnwnfunLt ey ntuhg gnjynLpyjnLtlt ntuh Lwlh npwlug punp w Lwywu
nGnwhnfunLp) ntlu (LY.5)
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Uy + aUV dy

ey

alUx

dy

>
©

by

Ly.5.SnLnpnt bljmhnuwl/,gnL Junugnt ;2) wl pununnphs ubnh
yninfunt ) nLblbnn

Thgnep l26puvnid htGnnLeyh wpwgni pj) wu pwnwnphgutpb GU U,
L U, Wn 26pwhg dy hGnwdnpnipjwl JYpw guuynn 2Gpunid

wpwagniLpr) wt pwnwnphgUbpp Juuwlwlu Jwulbwyh ws W Yy phubu’

U +8U"dyu U +8U"dy:
X 8y y

W u dnfunLp) ntubbpp wbnh Guncubuncd hGnneyh dh 2Gpwhg
dynru 26Gpup Juubhyubph wbGnuwpnfuwJwl wpnj ntupnod: GupwnnpGlup
dAdwybtptbu ncLlutgnn 2Gpwhg nbuwh bhwplbwu 2Gpwup hGnnoynp
nGnwihnfwntd £ U, wpwgnt ) wdp (UY.6):

uy+a—Uth

aUx
‘ Ux
— = dt —=
| = S

Ly.6.SnepnpnL) Gunhnuwlpnt Up2Gnwnknh Uhe b
q il g i wo unpn fun Uwidy Jwl
hupJunpluy h q&uwnuny &

dt cwdwbwywhwindwsnLrd wyu26pwhg mbnwipnfwnn hGnne yh
quugywsp YL huh® pUdAdt,npp 2unpddwl dwduwtwy U, wpwgnt @) wu
wwpwgwy nLd hwjuwuwn £ pU dAdtU, @ dtdwdwlwyh ytpene d wnkinh

UnLUGlUwwpwgniLe) wu pwnwnphsgubph wd L2 wpnddwl pwlwyh
thninfunLtpyneu,npp g cwdwuwyh ypgnod Y phup®

ou ouU
U. +—Xdt)dAdt(U. + —=dt):
p(U, o ) (U, P )

Swndduwl pubwyh wép Yywgdh®

au, ou,
p(U, +—dOdAdI(U, + =)~ pU,dAdU,

Jtpeght wpuwhw vnLpej wut Jbe wuwtub nd wdbG h pwpép YJwngh
wudbpe bnpnptGnpp ynruGlbwlp®

ou ou
PU, Gtx dtdAdt+ pU, 8ty dtdAdt:

17



cwnddwl pwluwyh wu wép htnneyh 26puvned wnwpwgunL d E
2hdwl nLdh hdwnLpu®  wddAdt, npp hwjwuwptglub nd 2wpddwl
puwbwyh w6 hU Juunwlwup®

U gt (28)
ot

ou
7=pU, &y dt+ pU,

Rtnneyh 26pwEpnLd wnwp wgnn pwpwfunn [ wpnedubpp w Lpwl
hwdwhuwyh no U wlwhnfu GU, nppwlt wnpwagntLpe) wu pwnwnphgsUbph
gngnfunLpyneuutGpu GLU: IGwbwpwp funnnjuwyubpp wuhpwdb2wn E
w bwbu ULwhwwgét] nL Juwenigbp, np Udwquwagni)Uh hwugybl
hnuwlph pwpwfunLdutinh wn wgp wg U wl wnp)nLpubnpp:
JdGppneténLreyneulbtph wpnj nLupncd dowyyb Gl
wpwe wnynepynrtuutpn npnup Jhujws GU dJdGndGpnL hnuwlph
hhnpnnpbwdhywywlu ywpwdGuwpbph wgnbgnLp) netulutnn:

UGjudhy pGnUwdnpduwl nGwpnc d funnndwyh u b thwy wi
tnwwnwunLe JubGpphb gnedwpyned GU Lwl hwpywnpwywu nwnwune JubGpp,
npnug gntdwph wnnynerupnid fuwpufuw hU hGUwpwulUGph dJpw
wnwpwuntd GU [pwgnLrghg niodbtp: IGLwpwulubpnid funnnuwyubpp
Unzwn wd pwy g Juw ww) Jwuubpned Jwpnn Gl win wg wil wy
wudbGpwhuytb h GpuncjpUtp, npnup wwndwn Jwpnn GU nuwnlUw
dpwpUtph U w| wugwuw h GplunLypeUbGph: IGwbwpwp, Udwl
GpunL ) pUGnh Yuwlfuwngb| Jwl JGpwpbpn) w wbuhpwdb? wn E
hpwywuwgUub| hwdwwwuwnwu fuul phudGUGpwywu Jhgnguwnnodubp:
UGjudhy pGntwdnpnLdutnh wgnbtgnLpeynLlulbpp Jendb nL
Lwwuowyny wnwpwnplyyty 6GU phudGUGpwywlu | neénedubp, npnlg
Uhpwnnidp Ywpnn E wwwhnyt] npwug hnruw h GplUwpwd) w
up fuwnwlipp:

tarvuusnr @SnruL
udignht ny dUuznLdw hl funnndwyubph wdpnt @) wlu b

JwynLruncpywu hupdwnyuw hu dGpnnutinh Jwwwnt| wgnpéduwl
Lwwowyny phpwywuwgyws hGuwgnunep) ntuUubph wpnynLouplubpp

hwugnr J Gup hGuwl ) wi GgpwywgnL ey ntulbtphl nL
wnwe wnyniLpe)ntuubphl®
1. duznLtdw hl funnnywyh u b hwy w tnwunwune dGnph

hGwwgnunep) ntbuGpp [ w bwywu uvwhph huwpydwrdwl nGwpnod
wwywhnynetd E vwnwudwl vweyunph wwpwdGunpbph uwne gws 2 nd wé
pwgwhwj incdutp, npp hUbwpwynpnipyntlu E  wvw hu uuwnijg
gUwhwwt| nL funnndwyh wdpnirej wup W Jw nLunL ) wup uwwnlbwgnn
nbtnwdwubph hpwyhdwyp:

2. Uwhph nt$énpdwghw h L wuundwu huGpghw h huwp Junduwdp,
dUuzncdw hu funnnjuwyuwp wpnh wbnwdwuh ubthwywl wvwenwune JuGph
hGuwgnuniL ey ntuutph wpnyneupubpnd gqUwhwwnytp GU uwhph
ntdnpdwghw h b wuunduwt huGpghw h wgnbgnie) wu s whwh2 UGpp
ubdguwywlt wnwnwudwlu wwpwdGuwunptph gngnfune ey ncubutGph Jdpw, nnpp
huwpwynpnLpyntt £ wbp dJdowybp fnnndwyh wdpnipjwu U
UwynLrUuncp)wu pwpndpwgdwlu hudbubpwywu Jhgngunno dubp:

3. tgpw hu  wwpptp wlpwgnrdutph nGwpnitd, hbGnncyuwnwp
funnnqwyuwp wph ninnwghé wtnwdwuh ubthwywlt wvwenwunedUubph
h & nwg n und wu wpn) ntuplubpp wwwhnynt J Gl u il wi
gUwhwwnwywulubp wnd J w hGUwpwuUGnph UhpwnG| hnLp) wlu
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JGpwpbpn) w b dowyhb wnwg wpynrLp)nLulbn npuwug
Junnrgwspw hbu hnnfunt p-) nLubbtph dwuhl:

4. Uty 6w pny wdpwygws, dyjnru Sdwpny wqwwn hGudws
hGnnLwunwn  funnnyw-yuwp wpnh  nennwghé whnwdwuh  ubgwywl
nwnwunedutph  hGuwwgnudwl  wnnyniupbutpny uvwhdwludb| Gl
tnwinwil J wit uwbGyuwnnph Jpw wqgnnn gnpénlultpp, npp
htwpwdnpnLp)ncl Juw  glUwhuwwnt| funnnywyh wdpnt ) wup
uwwnlbwgnn Juwuqubpp W dJdpwybp Juuwuguwynp winwdwuncd
funnnywyuwp wnh ubthwywl vnwnwune dutph dJendwgdwu hudGUutpwywl
dhgngwnnLdutin:

5. UGjudhy nrdbph hwwniely pGrUwdnpdwlt  ww JwulbbGpnod
UwynrtUncp) wu wywhnydwl wnwe wnyws s whwuh2 wy hU hwy nwlh?p
htwpwdnpniLpeyntbu E wvw hu puwpt] fuuphufuwy ht hGUwpwuUGnh
swhtnpn, nnph wwy Jwulubpned wwwhndync d £ npuwug
Jwy ntuncp)nLlup:
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APYTIOHSH I'PAYbA KATPAMAHOBHUY

COBEPHIEHCTBOBAHUA PACYETHBIX METOJ1OB ITPOYHOCTHU N
YCTOMYUBOCTU HAIIOPHBIX TPYEOIIPOBOJIOB
T'HAPOTEXHUYECKNX COOPYKEHU

PE3IOME

B pabore mpencraBieHbl pe3yiabTaThl UCCIEIOBAHUS YCTOWYMBOCTH U NPOYHOCTH
HaIOpHBIX TPYOOINPOBOJOB TI'MAPOTEXHUYECKUX coOopyxeHuid. HamopHble TpyOompoBo/sI
SBJIAIOTCSI OJJTHUM U3 OCHOBHBIX CPEJICTB TPAHCIIOPTUPOBKU PA3IUYHBIX KUJKUX U TBEPABIX
MPOIYKTOB, IOATOMY TpeOOBaHUS K IPOYHOCTH U YCTOMYMBOCTH HAIOPHBIX TPYOOIPOBOIOB
BECbMa CTpOTHME, TaK KaK aBapus Ha HUX 4peBara OOJBIIMMU PpPa3pyILICHUSIMH,
3HAYUTENbHBIMA (DUHAHCOBBIMU TOTEPSAMU U YXYALIEHUEM HKOJIOTMYECKOW OOCTaHOBKH.
OtuM 00BsACHseTcs TOT (haKT, YTO B 3TOM HAIpaBICHUHM OBUIO MPOBENECHO OOJBIIOE
KOJMYECTBO HCCJICIOBaHUM, OBLIM pa3paboTaHbl MHOTOYHUCICHHBIE HOPMAaTHUBHBIC
JTOKYMEHTHI.

OCHOBHBIMM TPUYMHAMU AaBapud Ha HAIMOPHBIX TPYOOIPOBOAAX SBISETCS UX
Kosie0aHMe U, KaK CleJCTBUE 00pa30BaHUE, PE30HAHCA OT BBIHYKJIECHHOIO U COOCTBEHHOI'O
Kosie0aHMii. B MHOTOYNCIEHHBIX HCCIIeI0BaHUAX M0 COOCTBEHHBIM KOJICOAHUSM HAIOPHBIX
TpyOOIIPOBO/IOB HE YYUTHIBAJIUCH MX MPOAOJIbHBIE Ae(popMannu; ObLIN CleTaHbl HOIMBITKH
BBISIBUTH BIIMSIHUE JTHUX (PAKTOB HA YacTOTY COOCTBEHHBIX KOJEOAHUN M KPUTHYECKYIO
CKOPOCTh TOTOKa, MPU KOTOPOW YCTOMYMBOCTH TpyOorpoBoja Hapymaercsa. Ilomyudena
cucteMa JIud@epeHlIranbHbIX  yYpAaBHEHMH  MOMNEPEYHBIX  KojeOaHWW  HAMOpPHOTO
TpyOompoBoia ¢ y4yeTroM monepeyHor nedopmanuu. Jlamee 3T ypaBHEHUS ObUIH
MIPOUHTErPUPOBAHBI TP PA3INYHBIX TPAHUYHBIX YCIOBUSIX.

PaccMoTpena 3ajmaya MasibIX KoJeOaHMM ydacTka HarmopHoro TtpyOompoBoda c
Y4ETOM IMOINEPEYHOI0 CABUIa U OKPYKHOU MHepuuu. [lo merony pasaeneHus nepeMeHHbIX
U BBeJIEHHEM Oe3pa3MEepHBIX KOOpIMHAT, cucTeMa Au(QepeHINaIbHbIX YpaBHEHUH B
YAaCTHBIX TPOM3BOJIHBIX NpPUBEAEHA K CHCTEME OOBIKHOBEHHBIX U depeHInatbHbIX
ypaBHEHUH, MOIY4YEHBI PEHICHUs TPHU Cc(HOPMYITMPOBAHHBIX TPAHUYHBIX YCIOBSX AJISL TPYOBI,
cBoOOHO Nexamedl Ha koHmax. [lo merony [lamepkuHa momydeHsl (OpMynbl pacuera
9acTOT COOCTBEHHBIX KOJICOAHMH M KPUTHYECKUH CKOPOCTH JKUIKOCTH, MPH KOTOPOM

HapyluiaeTcsi yCTOMUYUBOCTh TPYOBI.
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PaccmoTpensl Takxke 3a7add yCTOMYMBOCTH HAIMOPHON TPyObl NpH 3aKpETICHHBIX
KOHIIaX, a TaKKe CiIy4ai, Korja OJuH KOHELl 3aKpeIUIeH, a JApyroi cBoboaeH. Pemienue
nocjeHel 3aJaun 3a/laeTcsl B BUJE psiia rapMOHUYecKUX (pyHKuumid. s Kakaol 3anauu
IOCTPOEHbl IpadUKM M3MEHEHUs 4YacTOThl KOJIeOaHHA TIPU  Pa3HbIX 3HAUCHUSX
0e3pa3MepHbIX MapaMeTPOB CKOPOCTH MOTOKA. Pe3ynbTaThl pacyeToB OBbUIM COMOCTABIIEHBI C
pe3yJapTaTaMy pacyeTa Mo CYIECTBYIOIUM METOAAM U ObUIN C/I€TIaHbl BEIBOIBI.

[TonyuyeHHbIe pe3ynbTaThl O YaCTOTaM COOCTBEHHBIX KOJEOAHUN y4acTKa HAITOPHBIX
TpyOONpPOBOJOB JAIOT BO3MOXKHOCTh OIIEHUTh BIIMSHHME MAapaMeTpPOB IOTOKAa Ha
YCTOWYMBOCTh U YaCTOTYy COOCTBEHHBIX KOJIEOAHUHM, YTO MMEET OOJIBLIOE MPAKTUYECKOE
MIPUIOKEHHE.

OKcrmyatadsi  BBICOKOHAIOPHBIX T'PABUTALIMOHHBIX HAMOPHBIX BOJOIPOBOOB
TpeOyeT coOMoAeHHsI 0COObIX MPAaBUI U TEXHUYECKUX YCIOBHM. PaccMOTpeHbl HEKOTOpBIE
3aJa4d, BO3HHUKAIOIINE B XOJ€ IKCIUTyaTallud TaKUX TPYOOIIPOBOJOB; BBISBIECHbI IPHUUYNHBI
OTKa3a M pa3paboTaHbl MHKEHEPHbIE MEPOIIPHUATHS M0 YCTPAaHEHUIO BO3MOXKHBIX aBapuil. B
YaCTHOCTH, MCCJEJ0BaHa 3ajJaya OIMNOPOXKHEHHUS JIOKEPHOTO YyYacTKa HallOpHOTO
TpyOOIIPOBO/IA 110 YPAaBHEHUSIM OJIHOMEPHOT'O HEYCTAHOBUBIIETOCS JABHM)KEHUS. BBIsBIEHBI
3aKOHOMEPHOCTH M3MEHEHHMsS CKOPOCTM U Hamopa II0 BPEMEHH, a Takke BpeMs
cTa0MIM3alKU IpoIiecca.

B 0co0eHHO CII0KHBIX YCIOBUSAX OKA3bIBAIOTCS BHICOKOHAIIOPHBIE IPaBUTAI[MOHHbIE
TpyOONpOBOABI, JKCILTyaTUPyeMbleé B BBICOKOCEMCMHMUYECKHX paioHax. ITomumo
COOCTBEHHOTO KOJeOaHHsS Ha Takue TPyOOINpPOBOJbI BO3ACHCTBYIOT Takke ceiicMUYEeCcKUe
KojeOaHus M BEpPOSTHOCTh BO3HMKHOBEHMSI pE30HAHCa W, KakK CIEJICTBUE, aBapus
TpyOONpoBOa WM TPUMBIKAIOIIUX JAPYTUX HWHKEHEPHBIX COOPYKEHMH Hen30exHa.
Pa3zpaboTanbl WHXEHEpPHbIE PEIICHUs MO JUKBUIAIMM YIpO3 YCTOMYMBOCTU HAMOPHBIX
TpyOOIIPOBOIOB NPU CEHCMHUUECKUX Harpys3kax. AHajlu3 NMPUYMH BUOpAIMU B HAINOPHBIX
TpYOOIIPOBOIAaX MO3BOJIMII CACNATh Psii HHKEHEPHBIX MPEIOKEHUN, KOTOPbIE MOTYT PE3KO
CHHU3UTH CTETIEHb BUOPHUPYEMOCTH U, TEM CaMbIM, ITOBBICUTh UX HAJIEKHYIO SKCILTyaTalHIoO.
BBIIIOJIHEHO KOMIUIEKCHOE MCCIIEJOBAaHUE IPOLECCOB, IPOUCXOIAUINX B BBICOKOHAIIOPHOM
rpaBUTAIIMOHHOM TPYOOIPOBOJE M MPUMBIKAIOIIEM HAamopHOM TpyOorpoBoae manon ['OC
MU pa3HbIX peKUMax ee paboThl. BrisiBieHbl Hanbosiee omacHble PEKUMBI, TP KOTOPBIX
BO3MOKHO HapylICHHE YCTOMYMBOCTH M MPOYHOCTH HAMOPHBIX TPYOOMPOBOAOB M JAPYIHX

HHXXCHCPHBIX COOPY)KGHI/Iﬁ u p213pa6OTaHbI COOTBETCTBYIOIIUEC MCPOIIPUATHA.
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HARUTIUNYAN HRACHYA KAGRAMAN

IMPROVEMENT OF HYDRAULIC FACILITIES PRESSURE PIPELINES
STRENGTH AND STABILITY CALCULATION METHODS

Summary

This work represents results of study of waterworks pressure pipelines strength and
stability. Pressure pipelines are one of main facilities used for transportation of various
liquid and hard products, therefore strength and stability requirements for pressure pipelines
are rather strict, for their breakdown is fraught with serious consequences such as failure of
pipelines, sensible material losses, and deterioration of environmental situation. To solve
these problems many researchers have carried out a large number of studies, and many

normative documents have been developed.

Main reasons of pressure pipelines failures are vibrations and as a consequence
occurrence of resonance driven by forced and natural oscillations. In numerous studies of
natural oscillations of pressure pipelines have not been taken their longitudinal strains;
attempts were made to reveal influence of these facts on frequency of natural oscillations
and critical rate of the flow under which occurs unstable stability of the pipeline. A system
of differential equations of transverse oscillations of the pressure pipeline was derived
taking into consideration lateral deformation. Further, these equations were integrated under

various boundary conditions.

The problem of small-amplitude oscillations of a pressure pipeline section
considering lateral shear and hoop inertia. Applying method of separation of variables and
introducing dimensionless coordinates, the system of differential equations with partial
derivatives was reduced to a system of simple differential equations, solutions have been
obtained under formulated boundary conditions for a free-end pipe. Based on Galerkin
method we have derived design formulas and equations for frequencies of natural

oscillations and critical rates of fluid under which occurs unstable stability of the pipe.

Problems of the pressure built-in pipe stability and also cantilever pipe have been
studies. Solution of the latter one is prescribed in the form of harmonic functions. For each
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problem diagrams of oscillation frequency were plotted for different values of flow rate
dimensionless parameters. The obtained results were compared with the results in

accordance with existing methods and conclusions drawn.

The obtained results on natural oscillations frequencies of a pressure pipeline section
enable to evaluate influence of the flow parameters on stability and the frequency of natural

oscillations which may have wide practical application.

Operation of high-pressure gravity pressure water-distribution system requires special rules
and engineering specifications. Several problems have been considered, occurring in the
course of operation of such pipelines; causes of failure revealed and developed a number of
engineering arrangements designed to eliminate of possible breakdowns. In particular, the
problem of emptying of pressure pipeline siphon section was studied by equation of no
stationary one-dimensional motion. Regularities of rate and pressure time-dependence

change and process stabilization time have been revealed.

High-pressure gravity pipelines operating in seismically active regions are in
particularly difficult conditions. Upon such pipelines apart from natural oscillations act also
seismic oscillations and exists probability of resonance occurrence and as a consequence
unavoidable failure of the pipeline or other adjacent engineering structures. There have
been developed engineering decisions designed to eliminate stability threat of pressure
pipelines under seismic load. Analysis of causes of vibration in pressure pipelines enabled
making a number of engineering suggestions designed for essentially bringing down degree

of vibration intensity thus to raise their dependability of service.

This work presents integrated study of processes running in high-pressure gravity
pipeline and adjacent pressure pipeline of small hydropower plant under various work
regimes. Most Dangerous modes have been found under which it is possible unstable
stability and strength of pressure pipelines and other engineering structures and adequate

measures developed.

Opragpse
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