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ANNOTATION

Yurchuk V.M. Scenarios of propagation of waves of different initial profiles
in materials that deform nonlinearly elasticallyQualification scentific work in
the form of a manuscript.

Dissertation for the degree of Doctor of Physical and Mathematical Sciences
in the specialty 01.02.04. Mechanics of a deformable seli.P.Timoshenko
Institute of Mechanicsf the NAS of Ukraine, Kyiv, 2024.

Thedissertation investigates the propagation of plane and cylindrical waves
in structural materials that deform elastically nonlinearly, and seismic waves in soil
layers that deform viscoelastically, exhibiting nonlinearity during deformation.
Waves in mateals are considered single with different initial profiles, with the
exception of torsional waves, the profile of which is described by a harmonic
(periodic) function. Waves in soils are considered seismic (the frequencies in thes
waves are small). Onlyomlinear longitudinal plane waves are studied. Of the
nonlinear cylindrical waves, two types are selecterylindrical radial and tor
sional.

Single elastic waves are studied as one of the types of simple waves witt
profiles observed in mechanical expegims with materials. Seismic waves in the
work are studied within the framework of the theory of seismic waves in rheolo
gical media.

The analysi®f nonlinear waves in modern science is in an active stage. This
is evidenced by the example of a bibliograpteview of single waves performed
in the Google database in April 2024. This review includes 18 publications in the
world's leading journals in mechanics published over the past 10 years (hereinafte
only the publication number in the general list ofrees used, authors and year of
publication are given): [77] ¢eli k N.
E. 2021, [84] Defaz I., Epstein M., Federico S. 2021, [85] Dehlkiademir E.,
Ahmetolan S., Tuna D. 2022, [89] Ekin D. 2021, [90] Erheng W.hikhoM.,
Amnaya P. A., Raj Kumar P., Philippe H. G., John L. 2014, [95] Gao T., Wang Z.,
VandenBroeck JM. 2016, [108] Liu, Z. Zhang, J. 2019, [116] Nanta Kumar, U.,
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Choy Y. Y. 2021, [ 120] Pogar, T. , L
Zhang, Y. ®17, [139] Samsonov A. M., Dreiden G. V., Semenova, |. V., Shvartz
A. G. 2015, [140] Selezov, I. T. 2019, [145] Stewart A. 2016, [148] Tranter M.R.
2019, [ 149] Tri cht c h-8ndcloIMOMilewske B. 2Q18, E
[ 157] Zhan Wa nug PaulRArlilewskig deaMarc VandemBroeck
2014, [158] ZhiGuo Liu, YueSheng Wang, and Guoliang Huang 2019, [159] Ziv
R., Shmuel G. 2020.

Therefore, the development of theoretical and computational (numerical)
approaches to the study of single nonlimeaves can be considered relevant from
the point of view of the development of both wave theory and mechanics of
materials.

Knowledge of the laws of propagation of single waves and scenarios of the
evolution of such waves is used in the interpretatioexpieriments on the dyna
mics of materials and structural elements, in engineering calculations of structure:
subjected to impulses of various types. Knowledge of the parameters of seismit
waves in different types of soils is important in assessing seidamngerdue to
earthquakes and explosions of various nature.

The dissertation studies waves with a given initial single profile, which
further evolves with the time of wave propagation.

In this dissertation, the main attention is paid to the influence wiinsar
deformation on the evolution of wave parameters (initial profile). At the same
time, qualitatively different and more complex approaches to solving nonlinear
wave equations for different types of waves and different environments have beel
developed

The dissertation compares the evolution of the initial wave profile at diffe
rent levels of approximation (first, first two and three approximations) of the
solution of the nonlinear wave equation. The influence of nonlinearity of material
deformation onwave propagation was studied, as well as the influence of
parameters specified in the problem formulation on the nature of the evolution of

the initial profile and other wave characteristics.



When studying seismic waves, a description of the deformatisaildayers
by a standard threeonstant rheological model was proposed, the propagation of
waves in soil layers was theoretically analyzed, and for the first time in the theory
of seismic waves, a method of determining the parameters (constantsyluédhe
logical model from an experiment on the creep of a specific soil layer was applied.
The determined rheological parameters were used to construct scenarios of th
evolution of the velocity of two variants of the shear harmonic seismic wave and
its ampltude for the three studied types of soils when the wave frequency changed

All waves, except for the seismic wave, are studied using one of the most
developed models of nonlinear elasticity theerthe fiveconstantMurnaghan
model. This model allows forarious variants of the nonlinear wave equation. The
simplest variant of the nonlinear wave equation includes only quadratic nonlineari
ty. In this dissertation work, the nonlinearity of the models is based on taking into
account quadratic and cubic nawarities, which is interpreted as one of the
elements of novelty of the research.

Generally speaking, the analysis dif waves considered in the wodon
tains elements of novelty in its various components.

For a longitudinal harmonic wave, nonlinear waaquations are considered,
which are analyzed by the method of successive approximations and the method «
restriction to the displacement gradient. The considered methods made it possibl
to compare different approaches to constructing approximateaswyin which
the first three approximations are taken into account.

In the analysis of cylindrical radial solitary waves, the method of displace
ment gradient constraint was applied and equations were obtained for finding the
first two and three approxirtians for the purpose of their theoretical and
numerical comparison.

In the study of torsional waves, a generalized method of variable velocity
constraint for the first two approximations was proposed. Since in this case the
nonlinear wave equation is nethjs demonstrates the applicability of the method

to a wider class of wave problems.
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In the analysis of a harmonic seismic wave propagating in soil layers, the
direct method was first used to construct an approximate solution of the wave.

Numerical analyis of the evolutiorof the initial wave profile wagerform
ed using computer algebra algorithm procedures. This allowed us to numerically
analyze the influence of different orders of nonlinearities for longitudinal, eylind
rical and torsional waves, as Mas to determine rheological parameters in order
to construct evolution scenarios (gradual change).

The various types of initial profile of a solitary wave studied in the work are
observed in experiments on wave profiles in materials. At the sameliese, jpiro
files are described analytically by functions known from mathematical physics
the form of a cosine function (harmonically symmetric profile), Gaussian functions
(bell-shaped symmetric profile), Whittaker, McDonald and Friedlander (all three
profiles are asymmetric).

In particular, the Friedlander profile is widely used in the physical theory of
explosions (primarily atomic explosions), which has been studied for almost a
hundred years and these studies continue to this day.

It is shown that th influence of nonlingéy in the theoreticalepresenta
tions of the second and third approximations on the propagation of longitudinal
solitary waves with an initial harmonic profile (in the form of a cosine function), a
bell-shaped profile (in the formf a Gaussian function) and a profile in the form of
a Whittaker function is significant.

It is also shown that the influence of nonlinearity when taking into account
the first three approximations is significantly different from the influence of
nonlineaity when taking into account the first two approximations with different
approaches to the solution. In some cases of choosing the initial parameters of tr
problem, a significant difference when using the method of restriction on the
displacement gradiéns not observed for the first two and three approximations.
(profiles in the form of Gaussian and Whittaker functions).

It is also observed that the symmetric wave profile in the form of a Gaussian

function is deformed symmetrically, while the asymmapriafile in the form of a
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Whittaker function is deformed asymmetrically.

The propagation of a cylindrical radial wave with inifpabfiles in the form
of McDonald and Friedlander functions, whicave similar initial profiles ater
tain parameters, isoasidered, and a similar problem is also considered for such
parameters where the initial profiles are different. A comparative analysis is made
both for similar profiles and for profiles that are completely different. Wave propa
gation is considered f@olutions with two approximations and solutions with three
approximations using the displacement gradient constraint method. It is shown tha
both asymmetric single profiles evolve almost identically and the influence of the
third approximation is not sigficant.

Much attention is paid to the problem of torsional wave propagation. A new
formulation of the nonlinear problem is described in detail here. As already noted
earlier, for the approximate analysis of the simplest version of the nonlinear wave
equaton, a new method is proposed that generalizes the method of restriction tc
the displacement gradient. When implementing the method, a fairly simple formula
is obtained for finding the first two approximations, which is convenient for
computer analysis avave evolution. The existence of a variable wave distortion
in the radial direction and a constant one in the axial direction is shown, which
describes the propagation of torsional waves inside a circular cylinder and along it:
axis of symmetry. It is inwaigated that there is a significant effect of changing the
cylinder radius on the distribution of torsional wave amplitudes inside the cylinder.
A change in theign ofthe amplitude and an increase in the number of maxima of
the amplitude distribution cue are observed. The scenarios of the distribution of
wave amplitudes from the center to the surface of the cylinder (inside the cylinder)
during the propagation of a nonlinearly elastic torsional wave presented in the
work have shown that there are maaps in the analysis of these waves and such
an analysis is relevant.

A new approach to the problem of seismic shear wave propagation-is pre
sented in detail. When analyzing this problem, scenarios of the transformation of &

harmonic wave into an exponeadty decaying harmonic wave in a fairly short
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propagation time at very low frequencies characteristic of seismic waves were
obtained. Scenarios of the evolution of the wave velocity and the amplitude of
wave attenuation were constructed.

Thus, thetheoreical and numerical analysis ofthe nonlinear waves coRsi
deredin the work allowed us to identify a number of new nonlinear wave effects.
Taken together, the studies conducted are new and fill a certain fragment of the
theory of nonlinear waves in naaials.

The reliability of this work is ensured by the correctness of the problem
statement, the use of the classical nonlinear theory of wave propagation, the clas
sical approach to the analysis of plane longitudinal, cylindrical radial and torsional
andseismic waves, the use of proven methods of approximate analysis of solution:
of nonlinear wave equations, the use of graphical algorithms of computer algebra
the agreement of the obtained results with the results of previously conductec
theoretical and»@erimental studies of waves and compliance with considerations
of a physical nature.

The obtained theoretical and numerical results made it possible to construc
scenarios of wave propagation in materials described by nonlinear models of
elastic and visaelastic deformation, a better understanding of the influence of the
number of approximations when solving the wave problem on the scenarios of
propagation of various types of waves.

The scientific results of the dissertation were obtained by the auther ind
pendently. The thesis includes problem formulation, analytical calculations,
numerical and graphical implementation in the symbolic computation system of
computer algebra algorithms. The definition of the general direction of research,
assistance in thanalysis of the obtained results belongs to the scientific eonsu

ltant, corresponding member NAS of Ukraing Rushchytskyl.J.

Keywords: evolution of the initial wave profile, nonlinear model of elastic and

viscoelastic deformation of the material, figenstantMurnaghan potential, three

constant standard model of viscoelasticity, elastic solitary wave, plane longitudinal

wave, cylindrical radial wave, torsional wave, quadratic and cubic nonlinearities,
13



method of successive approximations, method oficésn to the displacement

gradient, nonlinear wave effects.
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[ Istcd 30 dz' Ao & dizv Ao VW Liz®IOIs d gz Is MW |
MfsmMsBO®Rd, o wedm odittedMmissalzs ls! Mw tot

mo ddzv L kzdz' ‘st qw wC  fsh dtej dedev o
WL dydets® yq - odz" s’ fMdMmisd &3d . ¢ § wei3g tzte d w
WstodE oSl * B dIRSHWSC Bllsd dzO2t' L des 5O dz Is
tetsL te’ L dgVv s Is! sO¢ " sdfyd ~oddz : 1. 1 BBH
noddz . 3. 10Cjlkd Aeddz . 4. 1'yky Ao
ys S dzOfmdw ' ¢Ooy' s .

ste' 5 ftesW' dv, R"oddz' SO§EENSC RIPLOS 65
WOLO., A'Ysftdrlsisy mMv c@LBBY s@GiRE 56 Adzv d&3B
CGHMzso 3" todztsets n o[Hld2,3648kG 5 tc' o dzv dzdzW

vzﬁ— fu 9. (1.1)

DS 1
stsdzd HJWE® fByOlsGCtse’' HOM HBWK" odg ¥ Is!

UOGD = Uy(VE =R (vt ¥ (1.2)

sBYyjdz L Hotsn HESHOMS ‘B9 dz yctl Ztphddd2p & ot
noddzg, hts fshdtes ‘ Is! Mw o H &M Qlods tdastigztiz
W BEC 2. w,PZdgWHOs Is! Wstedisk & o\ d dzOLIldjod2f \k
YoOotseE ' avi-tzd itz Mis¥ “edd (WOLBeBE ho
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cE¢hts Brogddg® * f jto' sBHdydetse , st L-tekzy
odlsd & odcecdzwH

u(x t)= UOlg%/(Wt -k gug)z Xyg mky (1.3)

Hv'  yOombasdkE(wv) {2of/v) 2 p)-ro ddz s ifds-ds,
Hiso ) ddatse f wCotafzdg' so' s YOMlstsisss .

1 02 yOMmls' Tp der y BEL ¢ dv H Osclo digits d srpddgend
UH' WsttdkEdO (1.3) Mieshk' ls: fw

u(x t) = Acoswgt (¥ V) OB ugx t)= Acosit -kx). (1.4)
cS¢hts o Jsl/oH C 6z ts 9 O=(RPnds SHSOM " Ists h

rodd LOfdMmiz=(lBMY=/BQ//)TZzodH ¢ VgL dzOYO
hodhC' MisH dzistE iz ®@a¥dz' yd o Ondded, yd olzL
I doKt)= W kxdzOL o9 Os Is! WhkdSy' ‘¥ WOrd
dzts y@Hzf o' H HtoohMista®d®igl L &3 dadats’
w ) difiAc ts 1) ks ¥ fr) oz thzdptizO L d @ O Is' " g POH WS/ fitple dy fz &
yd dzOyj dzdzy M@BEHE WsHGHp AR £ dez@z' f B W dz' .

f stcORzo Olsd H dzw WOLc{d/#%dttﬁ%ﬁx wdtF vkax ) dzy

ks L sltedB3Ods’ Wsttdkzdd odfddoo' , h
(dx/dt)=(w/K. vtsBl, Y ssySd twkzhk osls! tPist dz
My sMmisj tc' BIOIQ' lw:Cig? LV, BOQUHIY MMz tcso ts
SHdzz 2 bkbftosWseySEodd . [Isyih o ¢ HOL sk
W' CMseo Odzets” IssyScd dz0 ftesW' a2 ~"oeddz , W

t svdEg s Isjf jte SOCE ROwLOCIjtedmisdCz
Yys' GG Otedisds ydets®™ roeoddz. 1 OGOHO di3s, h s
ftesWi'odzwdz L Qo Hd Mddzemts’ HOdz! dzd?2; 2 .- 0Od
ststedetss o j dzdyddets®s ; 3. T oddzt @t &' ssiz@tf
cj dzgdg" Soedd ; 4. YOfmktlts . skls, kst
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9 jCststesds, OBt Iktesad B ' dh 0OBMtcOC Is dzts,
Hiss ' WOLtsE ROtOCIkjtedLEzsls! MlsOdz ff tsdzv t

{ 5L ¢ dz2f dzjsdB® Ief dzey" " jsitsiard € tsdzd o O dfdefisY O
hdtej dzdz® rRroddz o dz@tztePdsdsky igF dzdztizH L6 ds @B @
dzd@dh j GClkls Htste' adet ' dezczif 5L § ts of Ysdizw & of d dzt
dess . stsdzd S tsdzd o Odedzew yOMmlsddetss fted ff sh
O owfdsthi toj dedz = o d dz' ( SSsBls ts°, {f o' OdgdPad 2
zOL d ofOF flsj! teffj myddtste d L 59 Odzts & .

it BLte" L dgv 8 Is! Ho O odHd (s jwj gzt @dz!
fsdzvted L s Owlff SN HBB T Odz! ded i3 § 54 § B PRzd
desC) s judgou@dm  f{deots i O st 9 jtolsd ¢ Oc
Csdzd o Odgdg" d@3 yO MisddesC) . wlsOdz fsdzvtcd L O
(L " dhdddd "eddvdid, MOt L MmMtsBBs, L

1 sdgv Islsw fsdzvtedL Oy’ ° f j tagidets ) ddsO tdnsts dek
A Mmissmiz’ Is! MY codizetst ' df dg' " H B fizOE-daff af
Ctsy dgjfjto" sHdydedr @ otsHddsSdrs ~odd .

1.2. sdzOmdydzs to' odavdadzy  sh dtcj dedzy
HjtejH EfM' S Isdf' e Sfeodd §asmS® Sodcd
JodaPy tew B¢, wed2 odL dOyo'nks! MY ctf§ & el
h sf dzts GO o of dzjdrd dzv oS8 Gt , d to 8 ‘o BzO L Wik 2
fsMmils' 2 datss Vo d @&l Gl K417,308
(xt)=tfgt {x/v) | (1.5)
x=r" O e x g1 { f=cosd, T {1 %7}
widsz© § 5w dej dede?y s jteds gk A desMC O S o dd
Bis d3j dzls YOMEXN & dz§ Bk Rdastd dzO, WSO + OHC
dzv og=h° O n2x m%x mx const. 1 4 -~ 02 1o Jiilys ldeVzertad; |
wCtsetsDiyOfslisn " r o @t testcls! Mw BO g § bzt yd dzif
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OtcG Iz d3j dals U(WtZ dzCdmy’ L' dis WiArdzipDsi o) L d3'¢ dimgds.L dzOy O
s dzOf €% BEOR] 2O tow sk B @3, Is ‘o fyw ¢ Asakdzv .
By o) PUPHROREE Lo owL 56
kfF-wt X(F +)D Wt t)+ddnst OB t’DF =w tl.  (1.6)

ABtedBzdzzO (1.6) &ty LSLEEYHOLIMY wC (o
C 5 dzC to lzLj dlsidgtsdzts T o i St b S EEO 0 ' YW - f dzt
‘s O Y BS R oo d dzk 5o Is ¢ Is jsg sitk@® A0, dzOf d f
hj Wottskde ' Is' v kOSC: CcOLdisd ydz0 =e dd
Yyj2 Wisds cEtOHsE goOdy &BEz Do dds -( 1.
Ctss Doddzj ¥ .

2j ©OL LOW' CMk' &, hts Hd&Y COOSIt
sdted § OLOdj lsted: | . [So' dz &z0 WisEdkO
Ctss Whkdly' ‘Bl . Oy EBizvdO | . f stz oo O
OBz skHd ( dz@YNtew BBL o A KD OO W OL

t 5L G dadzjodgistedzdaly dz' B jlzstc 2 ) Isiits,i L Ouf iy Q o
L 3" dzgdgrdzw Htseo ' dz' desets oadf OHCE Odz L tslstetsy

C

ikim

) " HfsOodds Isjfjt §tjHmsDo da datzt . T )zt
Sj del St St GMICHRR J Y BjLEd Ok’ Gltd ko

Ui~ 70 0. (1.7)

W Hdy fesmSdE Sedd
G.U = V. (1.8)

1 ' o dzW dzdzv (Ml 89 ts dyfdifdegddasy ,® § € dz®t @redy !
tcdL s O0dze Roddzs, ' o dzO@ded dgd Hef jsCoIS tHitelfd dizfl
L dzO U j dzdzWV’QRd W'Y L dzO WKL e sola H C  tdzY to d L Asee dfoddzts.
sOCdgdesdz ftesyj HztcO sto' MistsWW jdzw L otsHJ!
f dzsfiffefdidis L OHOY' dzO L dzOr SH Y J dzdgy o dzOfda
[MC " tej ted 56 tof wxgaplsd &5 M & 32 Is to d sdpdi2 |
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L tstas " M ls s @YY GEMisdidsj Isted wdzd 2 o dzQEydz) , L BB daC

o4 dzdydded ' o dzOfmdz o j ¢ Isis'tc dH tsHeG dsdztistdzOalz)
Is s dzz a dADfyde'dzdzy Isj )y HBHOId o j dzd yd dzd .
fdzsmMS s’ R"Redd ' H' 2Mdets® o dzd yddetss -~
i sLedzvdz B3 9o df OHBE ' Lsktets ™~ ° L Of
G, H{/ KK (1.9)
tc' o dgW dgdgv st MistsW W j dzw
(1 + /)(RO n"?)k"’ (=v  }un (1.10)

{odzw dzdV S Mg @ O) o Otc' Ocdzlsd f sdzW tehL-AY'
f 5o CHe@E' dzj Otedztsfls' Roddz , Ikl o jClststed
v L fsfls’ 2dex/hBHHS MEEcd? o Ok’ Odils
W4 dzdzj udfdzts ez@f teg RO o L S8 b 1 dzfs dzO dz! o dpts fi
h j dzday ', 1 f Sfots HEO) EHdalz’ 2 B @ls s sk ¢=\/fs.
v OC g dg3dzts d3, ode '  tc fjodzsets dzOftew dzdCz f &N
20 Reodd so' ROwLOSkjtdmisdSd: ydmds o
OLO d3ddzgz Y sdzwtedL Oy ' & .

{ SLEdv dzj Bs o df OlstsD dzin ¢ js & fi) @ gz dely el LHsls
odh O ftshditc] decgs dZefo cho'd dz' f sh tes 8 Is! fqw
dBtsdgd o Ho O 90t Odkbdf tfacsdydfL Oya O 9 Otc’

fsLHtSoyda" Roddzv L vﬁz@ﬂ%gﬂs)ﬁ‘ h fotxftH St JnisdsO
f dzsh ddz' " Lsltesyf "’ L fdvtedL Oy /[(Ch/r)oL Ht

stsdzd roddz fwshdtesslss mw f jtolf j dzH € &
stced Isdfd fodvtedL Oy’ "~ : HsLHtSoydwW 1~ odd

WOL tso S8 vgha,ﬂqlg/V)ﬁjWUJqudzO noddzv - fts

W BCE s Mddibe' " v, =/(CEd s | thdwd &
fsdvtedL Oy ‘% o &ZOfOLdsbEsssH o JHEH gdsd®ls,
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Tl MY dzOMmls i =dfIB]C,a €05 1

] ttetlstesf ddr KOt OkzOR sted o tsdzw
Coydes’ L bt Y sERSD e &) ste'f s j toj y-dzts’
edL Oy~ * fsfjtejyds o jtlsdC Od dets’ § ts5cz
Ltso' hodESH®EHEOHCYC ISt Qdshiogcd iR {26R8).Is | to°

1 Oz dzd 2 StetsS Htod o do yj dedakO i joes @ d
sfmdeso Odzd 2 dzO0 f tod §f HA"5jhdgdiE j, dzdvis LdgO et dists ¢fn
sOCdd yddsd, s

i={u,(x, 9} (1.11)

1Y Hils Qfdasjorcis ©o dzj dadzy (1. 11) 9 o' 9 dzgV dzdz
tc' 9 dzv dzdzV
ru-(/2 )ym,, & ri,- m, 9, ri,- m,, 9. (1.12)

t " odWwdadz" (1.12) wfdmizsls! ®HARZ] dfss)L H,i59H
f4Jtej ydz f dztefipis'd L B eolztf @dz' dzts - & dsdiBH ol adedfs 9 O dzlz
o jiolsdC Od dzgs § sBbFoEad®dz A9 diduso( H dz
(1.12) bk sadcedvH' cOLdsd yddt =odd

u(x.)=we " fwy), v H 1 2+) (1.13)

(%, 1) = B y( ) =g €, Kk Gy N, v 0 (L14)

s O0Cdd3 yddetsdy,  dzts fiffStsh et i digs dij wy de' B odg
B2 L sistc thiff jdmsjdgizs o M N o dfHsCh) Isfy Qedzts™s  * dzO2
dzv d3disizy  ° Hd MY j e’ 2ded &3 ~ o d dzv &3q .

1 8C0O)yjd3s yslsdted MlsOdzH Otels dz' L sSBtEOY J
dz' ydzd & Haa de'ted ot HE todzd 2 2o ddz tso iy tedsdO W
sctc®€&E®cH  igOHO Istcd Ho o dd teiize s ylcOB S
CtststoH d dzZOIslIsO" (L W' CMtseo Oded d3  dztsugy figkisdstislsid
"moddz o i YQEdsO” (He O S Bdede Hd MY | WshP
Ccdodddd © LOGCOd desd3z o df OHEC Iz, 9 Y- s
Bd &3d dz' dz W di3d) .
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x(m)

t dfihl.) Odzj y dz' Mils* OB dz' sHd § dzsmMEts™ "o d
yomk
IMm° ctO¥W "  €d o HftsBOw@®* B! { tzteig§ dR-2 - ¢

¥ * s MW L wal@pltyls sy L dz0Ms iz frdzd @ls & Ma®
[ =94 1 On=79[ 1 O. me d dz' tso j yd fndzts ' h 9 (

_éW(;) _ o .
kL_erL g4;7,6(1/d3) vV, 1/(/ R r568¢d3/ WOL O n & gldAPt,
z=ky wt 2,6, t5dzd o' HMMlsOdz odd s Is! Mw o ¢

u(m)

N /\ /\ A
: x107%(m)
/0.2\7 0.\]8 \0

-1.10

t d 2. 1 Odzj 3 dz' Mls! O®Ydz skHd Roeodd o
1 GedMEzdzZA OE2 fIsC O B@YE Lal! Hf 59 ' Hdzs H IS
u(x.t)=wcogd 17,64 -1 M), Hj YOS 5o OU’ O &BPROL kM

BOZE¥=1W'M'" o' Hftseo HO' O cCcLOW' Sk tHJd
t dMEZH H4 o H Y tHots o' QG IsFstisC O L Iz f b o3 o
dz' og, =v,(w) 5,68k 8,176w
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Vim/c)
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8
6
4
2
L 1 2 3 4 5 @
i d 3. 1 Odzj ¥ dz' Mis+ WOoLtso 57 hoadHCE
k(1/m)
0.8
0.6
0.4
0.2
w(Mu)
1 2 3 4
t o Ig. . 1 Odzj ydg' sy Reoddz setsets ydi

sO0Cdd3 yddetsdz, § dzsm¢' §tokzy dz G Otc e3ts dz'
s "z f se8 j HiidzBzh& old@ziz': dzd 2 f totsW ' dz¢  dgj i
eV a3, n~oddzv dzj -WOL s5d@QY ) etk @ ddnd®dz] 3 ofidg-
YomstzG s @ offlalz: so j ydmdzs dz' dz' 2 B3 v is® tefsy
sO¢ " ~n9oddz ‘ dz0 2 tftadsrids draezdydsd H Od@® s ¢ s d
HOdz' dzd 2 ftetsW ' dzv .

1.3. sd&Omdyude d dz' 2 &OH Smdir yd dz'

SsdkZzOmd ydzO® t©0OH' Odzt dzO® ydadz' degHted ydzO® =~ 9
dzj MC * dzyd dzdzts a3z dz' dz' 2 dzts ff oz f thets gl dzdsdzts’
ftsojteargd Cts° JtodC dzOH j dzs BHdeste' Hdzed2 Bk

s d ¢
p(t) = p,e" (p, =consi.
cSChasdBteOIlsd yddz' dzHted ydzOr/fp&f s OK e 2 ¢ thty
hts o0zfif*" 9af OHO" L o' MMy ootesydeddad, -Ists
50



Bjlsted ydzss® o d i de® Yyt T W L' Odzj 3§ Ols d Bk
teso 5’ C tSidddHHd tizGrsafitO M Iz

LV Y’ asRzOEENZ] edd- L L W5 O 'dddy' dzjji degz
delz dz! ts@ (df,th, O, u, (rt) =,(rt) € dzdh j Isted dzOf telzy j

s fqw o ﬁr(r,ﬁkm,t), zg(rt).

st sdzj dzlsd IsjdzaL ste' ® HjWsStedzOyYy'™ ~ °  dz
err =%’ /E;' :urr’ zze :r J e :zj erz_ O
_ AW, U 0O H _ u, 120 H . T
S _/a + AF , = L +— 52 S = +
" geﬁ r 2 I P %r r2 8%y “ Seﬁ r

A SCodi3ftsdzj delsd dstsy dzO o (LY s Bz ugPugg L o ¢

ur=u—F, S, =2m1':+/ z 2“, (1.15)
pr i/ 2m t?y

2mu F / F
SiiT _ Z“' %
r w2 miu

:/r D

2
b wCdn oejHjdd? Detwekst [ Of zomo
w® T

] silsj dAy(rtQuzOH tso tsdz! dzgv ©  te' o dzv dzdzw

2
V3D, F “tz': ey L :E 4 (1.16)
U

AJ to' oi3ids UzelzBtelfe(l o Q¥ g dzC vy ¢ mOdzS j dzv  (
WEdzC y ' ¥) E odecdzvH' I[IsOC LoOdets’ yddz' dzHt

Addz' dgntcd ydzO roddzw f tshdtes ' Is! fwy joiel H |
fjdhndSzdvicdsts His s Md 3] Isdej S ‘9 Hdzdptisfils
LOHtseo @ di¥j' mMCdzdzyd dzdztsmls Edsseo d | sd3dzj teW
odf tetsd3’ dzt 9 Odadz ) . it sLoaOVwL S LOfdMmME" Is
tcsHE * dkzd setsets ' dgHj S MO

F(rt) = BHP(kr)e™ ( F cens) (1.17)
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C¢ dBsyd0 BOUdq , L (dtskdldze Qiz2M @t o
¢' flo'ddz (rodd sej ydmas), wWeO Mmf' of C
~oddz . ¢pdzy Wk Y W MOdS jdzv L tesL 9-0W L
ftsdzj dzy’ Odz' des’ Wikdsl yif zsipC oL § 81 i Gzér 30 daty
2O reddw (1.17) eoxd do ' GOtdtsds ydatss
Issilsd ydets 6 Otcd3tsdz’ ydatisHs)y | dzls | dzfm @ aizde defif 'O fi)
h j dzopv'dp M @B S22 h 20 "eaddzv, yd o' H Yyofmk
f sYOls@dstfodd s @ dZO YO ' & Ddzdstsde 50 j ton der

dzd dzd, HJ L OHOd CcOEES@Aidk] ' CB6lEd O dez"

P
F, = :
i (2m+ &) HO (kr) 2HO (k)

(o]

stsH' fthdtej dzdgvw yddz' dzgHnted ydets™ =~ o d dz

9 J Ho BIRQ widirdz M Qdeth jtsdevs HtclZe tsE ®H A sl
WSt d3lz dzts
u,(rt)= ok, > H® (k. r)e*. (1.18)

(2m k)HO(ke) 270 (k)

(o]

vsO0Cdds yddetsdz, Hdzvw Cydesets W' C Mo Odzts
td ydets® Reoddz ¢®wOW8Y W isdeGHEHK ) (\ @ gel P&V ¢
f syddzO’ s+ Mw L §serternddC (dtelisy ld2dfdze o dzj

O B dz' s er'OdzH o gdats’ (1. 18) L B &Hzezh § ‘ddazv v
MsOds ,ftets2h d&zO "neddzw. [ dzv o jdzdSda o HI
dzts ‘o d &' C f OOy stcd BEZHIEIS! HizY j B dzd
fdzsMEts’™ fBLHBoYyds ~"odd (St &3 O dz' |

14 s &zOMmd ydz'© dz' dz Q2ddstzHfidadiarpiddd dz! dz2© - o d dz’

s ZOfMd yudz® ok dz® Stklsdd dz® = o d dzw
dzts 3z dz' dz' 2 daisd df teopotatsts BZOH Odgs G s ©OH' EMO.
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fpw yddz' dzited ydzO fiffgle G@CYB st flp® 1l 5 o & B
B ls! L O o' [8930,84f dz' dzH tc ©

| Bdzso dzd a3 ftedf zh jdedev d3 ° Isj deH ©® edzOH B
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Oz BRI JBsMm! twSLEEZYHBAR HO®BO YO
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u(rzt) ' de" ' 99 O O l50r MYy=uxr, zH)fHx Is dz' B3
rczed?2 afPmMEO’ C I dzzw(Odzpar(r, 200" Nisjtadg! Is

L' hjdgdz" 09 Oy 0UKZYPO. o' Hikisdz d
[SLEdYdgj B HEBSC &ZOHMS §jtehd2 odf OHES
kRl (1.7) o dOmMskfdsdkz osdaedvH' (Hdv

(/ + AHpraddivi + nD %t% (1.19)
fed o' Hipklsdy & ®EOMsoadn Mdd&OZ o ydd dzH
a u 2H 8 ]HI fu
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T S T T
a u 2uy 0O 1 It ‘u
mpu, - 5L S(y Lo 1.20
¢ 7 g2 rzw- 9( )Tim til ( )
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O yJppL dzOoyj &z0 Hd ZzOIsOy"' W
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9 JtcOn

s,=2me+l,/,,
2me ,s2 ,me¢ & , me
Z dstse

CShts E to' o dgvidzd2v(R) toolt&@n o Ols d
o dzf fztizts h ¥ s+ fyw LOdd" O 5! fiw  ddl | ¢
2 2
aw Gl

M
geirlrz rmr?® zfi c?

itsLoOwWLtsS yY! sets to' o dzv dzdaW

GOH' MO O®RY dz' skHH
(1.22)

u; (r,z,t)=u,(r)e* ",
WChts ORfd SkHE

[ BLOoOWR gz n ' Mdzk*
YO dizsets HOW jtej dzy' Oz desets to' o dgv dzdgw
(1.23)

o
(1.21)

hzC O¥ Is! 2 o

-L dz0O

9 H

0.

J

|-Q@EO?

" 1 3 1
W tsus S K 2

r C r
sMtsB dzpedztsify ls

it sLodOwL B¢, wed?2 dai &BO°
IsO¢ d d3: tetsLoOwWL 5C, hts oadtOy O Is! Mw yj t
fjtoh tsgts llf(tB)tBWfl@J?(lZﬂ,(b;/kf —kz).
[y joatsL £ oadedzwH' yddz' dghnted ydes'™ ~oddz
u(rzh=y Q(br) e, (1.24)

I de is@tzd M O° Is! MW - dzgf sz dg@intsj G2 tslsyj - WO
¢ fls! BSEts L dgORBHYIS! L cGtOddudedn kd
L OH Bdptsidds + MW Istslstsy dz' ts. A 9 dHdds L Is s

H dgzdzv s zHj dzdhj dzOftelzy

9 HdB3 dedzd &3 o °
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1 " HMsOdzs9a € O Lo OWLSCE (1. 24) ) G

to' o dgW dadzY Hdzv L dzOBrfsSH Y § dzdzv o § dzd ud dzd
brd( b)=23,( rp (1.25)

sOSdd3 yddzesdz, Sthklsddz dzO meoddzv * ¢ Ofte
WOLBoatss hoduHC Milss, Odzi OSCdr hoadH)S M
dzdzts ¥ d dzO . ezt Msedde ' Missu 'S wizdg'ddaz'c
OB dz' szHd o L Odzjydesmls® 9" H t©WOH" 2MO.

I M’ 9 HL dzOyy dz sMtsB dzd o sMis* LBJ ' G
dzO f tc Iz 3sj; dzda¥

s, (nz0=u (23( &) - b( r)hete. (1.26)
[MS & ¢ wOFOmPLagedL Z° Ctizyj ddy, ISt
(1.26) coattoWils! wC ftos Ctklsddz dzgz =R 9 dc

1.5. 1Jj6Bo" HdzO f 51 j tedpjHodzvdz ' dpseasi Ofys
HjWsttBkzo Odzdz? BOj o' Odz' o

151) tots §SH' &z lRSBE M @ hGEEy ded s Ok 6
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- B, (g o) g+ 0f 0 WP gET(¢ v @) g ¥
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a Iy L
R e
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{ " odgwdzdzy kRl (1.101) L otORkze Odede” 3
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Yr*)u,uty) 8o, (1.105)
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I

P+E2)(w,) 459 u, (BIuy ., 2uy, (B2,
{ " odwdadz® (1.105) wodw' fseBY dzso

& o' 2 yOmsdds §sods M M afOHO L o

LOHOY' dz' dg' 2des’ Isitte’’ Htokzydtsmb® 24 gOf
sddz o3 Misdls: HBHOdL, w¢' * CkB' ydzs
tcOlsd ydzO® dzj dz' dz' 2 dz' fipls*, wC O A~ OtOCIs] tcdzO

noddz , dzj ftdMmkzld™ o t' odwdadz (1.105
dzj dz' dz' 2 dzd B ot Gc@aBs OF o' HORME H Iz .

[Cte' &5 9COLOds’ odhj Ghtssdkdsshls
' odgWdgdz", Mz H hj 9C0OLOd &O HjC' d& ¢
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Yomisd dz® te' adgwdgdzy (1.105) o flsdls: - B O
Mo Odzdz' ISHBBEHWGO L dzthn L fi20R tSH Y § dzdzv  dzOB dz
tsHEZz dzj dz' dz 2 desé s Roddz sSeBGE o' o dzv dzdzv
HiSH OdzS otcOntsolzy yd dzd  j§ HSH OdzS v
noddz seotseéts to' o dzv dadzv . LIsy i, f tod Mizds dz' |

HESHOdzE * o . twH' ody oOHEC " 9 dzj Miseo steb
dzOB dzd  j desEe s tesL O OW L C 2.
] ~n9ddzt soesets o' edgwdedzw (1. 105) , )

ftets Stklsdd &2 Rodd odfdde O ht fidft
SN OXo({o] 2 otdzeyddadhn' s mis * 2 dzd,al, [ Nt dz@d O de@ d
otcOnR ko Odzdz? bk to' odgvdzdz (1.105) dzdhj W
dzy ZOMdz' HS A3 dzj nIskzo OdadzY ' dzQ fipdzj HsGety dg
yd® ' ¢d LOcCOd dats’ grisiiyls Qg LY QaOizts fiiflstd
I Mdzs o dzd 2 o1dAedgsdesCW OCIsd L &3y~ Odz' 6 d &
HdzZW tetsL zd3' dedgv toj L zdz! sOIs' 9, o d¢ dzOH j dzd F
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21 1 stsHddsS' reodd .

codhj tomskzi o ts’ L3 dzd yd MmMislse ste

fted ~° fshdejdedz ) *° fojHdijlssd®3 OdzOd L
sjtste' ’ Seodd Isjevdytiosy (Ui fyte0 L &' o
fesW ' & teiodd tsh dtc  daistoltiond (¢ hmithdsastctn dxd
Csotsets sy &v Rodd ftwd °° §6hdte] ddz

mo ddzw fshdtes ‘ Ist M SHdyYOMds o f-ttish
sjtedL ' st ipx -W,OLldse o' HiISAZ 2 h avdiH SCtdifrid®’ O «
stsy¢ 0 ftesmisstecl o' HfBo ' HO' W' CMtseo Odatsd3
odeyolsd vw¢ sy m, hts tesLodoe O Is! Mw o
L&' M jdadz" o BOB(KeV)OZBBted E@®@I2 L odyo? c
dzj dz' dz' 2 dzesets moddz meatsets to' o dgv dzdav , d3ts
fsyOlsC sotsets ftesW '™ dzv "o ddz' .

] ssHddetsC ~n9dde) o dsWdti ld'afmwy owvalsg Ste’
HOo dats . l 900" s Mw h s ' ff tetastivd figiy € ‘Istflity wizdiz
WkdeG y' "¢ (o' HOE dzdets® o' H dgzdzv dzdh § dzO
m¢ " deyd dedzts’ o06d (9jdzduyddz© dzO  dztsh ° i
MmMe " dzyd dedes sz " Hte" L Sz ° sO¢C s hs, -{ dzts
skzeo OlIs(d, Is@GsB s sMjftelgsHy § dz0 dz0 m<C ' dzyj dzdzts ¢
BOIjtc' Odz'" 9 f tsStsHdetsC " ~oddz MmMisMmisjte’ ¢
w g Wistedglzb Is+ mw e’ Ldzddzd My smtse Od3d
BOIjte" Odz" 9 LwOLSd yd SCSdmstczC@s o dasyd
WicOe i3] dzlsOtcdets. moddzw L ftetsW' dzjds & odae
CsteBtsf sH' BdzZO =~ o ddzv, weo f weCtcOL Wz
sdf sodds ftcdS ZOHtSdE fssHddetsSC s R"oddz .

1 02ftetsMmis" O fssHddisCO ~oaddv oty B
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Ctsdz 1 66 dafxelifs=jffxOct) dz' dz' 2 desé s Roddz sotsEts
odff OHSCz, dz' dz' 2 dzts® u, Y& ls@) dzts dzwic ' oHAR BRI A3
Ld&3" hjdzdgw. moddzw 10odzv 3B jtcO o  Hftsea ' HO
WO LuWPlkzsatdsc s oW dzv s dMOIsd dzf Bt
y'w Rneddzz o ®BOLjt' OdzOr (roddz wW¢ GOt
tcORE OR d@BHjdzj 2 dzj d2' d2' 2 des’ Isjtste’ ~  ff oz

I Odz' fssHddzZsC O rnoaddy o9de yo' Is+ mw °
totsL odeffd2i dEtsH j dzj 2 dzj dz' dz' 2 flz6 W Is 6§ tsdef) IS O dflded
[ CtedzO i AW &sHjd HSTEMSO t' Ld'- oC
otsets to' o dzv dadzv . 1 02 tetsmils” h d2 o Otc’ Odzls
o Cdzt yo dzdhj CoOHW©OIsdYyszz OBt C k' ydziz

2. 2. ) s & cOdisd ydts® 0 ftstHJd
YyjiBdhispoh 5O, v ' klsjSjwO [ OCHEBAROA H

2.2.1. 1Y d& cOtdsd yds Sodd

| Oted3tsdz" ydzO r~roddzv ftsH" dzv*‘ Is! v dzO0 HC
JHd MY j end o deCh o & @AdEts dz' AyadapPdzv " avd dz’C dz'nls dzl
Odzj 3 dIs " H YOmlstslils(d. rdmy j ehd e dz©@ ¢
odHGC " fMsdzj d¥'Cdis 2 dzts L Odzi ydlsy o' H Yyomistsis
W CMmtse @zPug slzdzt Y OMIs sissgEkx ¥ @ LOB t5 = lo(H et
dz' dz' 2 dzs L Odz ydls! o' H X'ttt Of)Hzsttish § s i dzg
[ dzv cOtedssdz’ ydedrs =~ o ddz' 919 Om @B 5WKEY H d f
VL Yy ' sz oadfOHCE WOLBSOO hoadHC' Mis! o dL cC
Vo (K) = W(R/ k. (2.1)
CS¢hs noaddzw Eklsetstej dzO g ¢r ol &sdgd w1 dend
ISOh s Odzd d&3d YOMIsslsOBBd, It Sy d2O L ydn
hodHC ' Mmilss . SHON ~ 9 d dz' teSLA~BHWIS!H Mw- 9
od2 ftesW' d ~redd (Pt MEEZOHO' s+ fw L

s - ~
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{ BL ¢ dzsdajdaists &z o zOMisdo sfyls’ ©H dzs[A9 o5 te
1 jteh LO offj, kOSSO fRodd fwjHmlsOsdv' Is
" 15 te d3lz dz

a  x
u(xt)= Acoswg — (2.2)
¢ Ve

It de ddyudsj ftej HMisOo dzj dedz? B ' Y EZyts® & OtsBEs
u(x t) = Acosivt -kx), (2.3)
Hk=(wv,)Rodd: soj udfmds, w¢j d&bkd(2pk).0dzj

céhs fJe(l/BH Ctkzdto O =(ywRh lo(laA@zO Y| dz
WOLtsok hodHSC' Mist By dO LOfdmoOlsd w¢

Vo, =(W/k); v

ph

=/t v, E/T). (2.4)

I e P t)= w-kx z2OL do O Is! fqw W OL s tss Wz dzs
dz' dz' 2dets L Odzj Y dIlst 9 'XHt. .S dzap daj dp@rq F dzazwlz Wizt
dzi , yYyd oL dgE@PO ‘¢ Msho OdzO § j 9 d2O Istsy¢c © dzO

LOGOd dzscts HAW jtojdy @'dz%di-l-lei%"’dx it C Hghs® O dzt

o dy dzd o QX dt)=fusk) H dzv kYsS W' CMse Odes’ W OL
L' hodwus BB, w¢ yoOfmks fdhkls!, Mi-smls
¢ Mg BOUdIl! eojfp! Yo sHdkz 2 Ik MOBk
UsdgdzOL do O Is! Mw W HAIsss s hodHC

1 0 tdf.L. s8B.tcOy jdets oadcecdzvH ¢ Oted3tsdz’ Yy dzts
dzOMmis 2§ dzd B3 L dzO Y j cadzl.d0 AFDAM 3] Is i sod dz! 5
y d i dks @g/c) 4,2 10.
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u(x, t)
1.107

-1.107*

t dBl. 1 tc©Oic'od3k'da adztz”

UOC Y COBokEdz yddz OH O€ Is Ry Hzj § 6 catiey HzZO Y dzt

u(xt)= Ad"" o5 ugx t)= A&, (2.5)

ltcj HMsOos dyj @i s (2O tsMise 2 l9'd{WzOH CdBA I
ftcj HMIsOo dzj dzdzv , OBt L OWLCE ~Roddz Boc

2.2.2. B oEiEdrH’ WlkdGoul SO jBdh s O

A dzC Yyt M jeEliNsi®e @ dzC y' W, wWCO &O° dzC
o d ¢ dzv60,100]:3 1 ,

V(=672 H(2, (2.6)

HiH (2 (od dsBOdded jB@h s O

H:@=27 1,022 () {87 S8
¢

e :
£ f sd dats &g aq’Lde)uOBdélsz]aHnIS@%‘tedzitsﬂ‘ w
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LOcOdz! dzgd?2 odGedzVH LOHO' Is! Mw W stcdilz dzts®

H o= L00-D oo 1000 D0 20 3. el (1,20) )
2 1 74 160 o 2 @)

toj Cztej dalsded dsd MY " 99 " Hdatsh j dadzV d3d
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H,a(2)=22H,(3 -2nH 4(3; dHJZ(Z) 2nH,( %

H2n(_ X) :HZn(X);H2n+1( X) :HZr-1+1()9;
M@ =LH. () =2 (3 Z 1:H(y °=3 3
Hi(2)=7 67 3 H(2 % 10% 152
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&ZOL oz AHLO® dzsfsH' BdzO WhkdzS y' wWo.
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N4 de@ d2@ ted M.
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2.2.3. b owiedtn’ WhkdCy' ' uv'kljCjtO
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z 23"
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2. 2. 4. B toEe drHf OWHsEREQdZ H O

AZdZ S y' v [ OU S ROEA@®O WkdSvy' v J jfiid
hts gO° [3M]d ¢ dzv H

K, (2) = p' (2 142) (2.9)
simv? p
HJy1'  ded y° dzd Htl’f']dZ»J ud fazts

momlG(n-l-mlb
s  Ydats®s WkdSy' s L yHeLk®. v e dzd &3 ©
A dz€ 4, (2)s Q,(2)dz0L do Ok st dsHdW ' C 5o Odzd d3q
f jtch et tBHIz.
COhmiy’ dzj uddzs Is& (BEnE @ nos s

ANzdz¢y' v [ OCHBROd HO ' ttsLod0wWL Ctsd3 HC
d’z _dy
Z2——+z22 {7 0; 2.10
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s ftewdskz® §Sfslsj dyz-Onz dafste stz @ngaf  HS teizr
&Y. AbRgEK (ks Bies v s W EdzH O dzls Oz iz

tc' o dgW dgdzv (3. 13) .
CChiw dargiz) P2bXK (2 BN j BRI ftojHMIsOs dzj
y''s mOdzS j dwsHflzj tch S5G6 S
K (2) = %’ "H O(iz).
c S hasl2<largl) <X (2 Bsy § BRI ftojHMlsOs dzj
NSy ¥ MO j Y HEZEGBEB tEHE
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1 0COd dzd?2 odedH fioj HilsOo dzj dzdz W Iz s
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L, n+r)! . . : . ~ .
Kowy2(2) = Zaez% ge°a M) niy' dzj dajo WO dsda
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S za ol
—2 oy (m1l 2.11

m=0

_ .az f
K,(2) = 4n8§ E)(z)

y(=C,y(m+1) 4 % L i+c,H JC=0,5772157.. -Mls Od&zO [ 2 dzj
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2. 2.5, b oEie dHA o WHzdCdgH | tc O

i BL G dzWv dzj 3tz oW "HLtfdzffd?' 2 Isj Stc’ odBlzrk
o dBLogQPIsYwso 2 o d, wWCd2 HEsMd HYk
Htsfdz' HY jdgdz?" ftesHBOa Yy Is! MW HB dzOh sE s
JSMyfjteddsd dels Oz dz', wEC&' Mmlstsmikzels! Mw MmMEy
Ossdizdzd odBERO®d, O, L SHaljuRR(,~ ' {de'sBrc
79, 104].

[ls)j, odeBjtj s el & r0fHLPdE] 26

F(x)=Ae™ (1 -x/ %), (2.14)

HIA Y Ol dz' Is zdedidf EH3d3,d3dAfst if s dzDag®@* " Hish o iz
f sMisx 2D OCIsjtedL z° L Olskzh Odzgdz? ff tetsW ' dzw

ltesW  dz2 (2.14) 99030'Is! MW wHdd® L
‘st w8 " dalsjtef BjalsOyt T j S MY Jtcd d3j dzls

10 (2L cBteOy J dz0 W stced3O diff O IsA ts'e isdzis
v OC sy dzBB fiesfiPpL O2z0 j Syt j tod d3j dzls Odz! dats H E
Csotets " Bfzdz Mk, cjdzi csoa Odzese s o dBLkAt
A" HdzWw dzH j 6O y' dzC tsd3 M te dbziizE Isdzqfists H Yy dz® o ©
sHJd dzts € §[74, e d dz'

Peak Overpressure @ Positive Impulse (I*)
*
®) ®
E bt/
» = + _ifq_t e
E & pr(t) =p (1 /Cd)e ¢
S| %
5 = Nonlinear decay
Negative phase duration
Alllblt(l?; P)ressure positive phase duration (tg)
a
time
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due to reflection from ~R#4
shock tube wall ylinder positio

Reflected Overpressure (MPa)

5 6 1 8§ 9
Time (ms)

{ d ®5s

[Mdztso dz0 Ghsedzde ' Mis! fodvc0O' o Istdk
dzfj o9doeoyOoefmw o tOMRBEOR daj dz' dz' 2 dets™ Is-j tsSte
sjteddfdgtsW ' dz2 BJL Lodydesets csteB O) .

moddz L fsyOkCtedd Ifdwsy" 2zj gOkNMA,C
[ OCd®d HO, At HAP' &GHEBEOLREG “Is! v, wg &
VL' lsjSCjtc®, Toddy [OCHBAROAE HO kO 5o dd

[Mdzs o dzd 2 olddn@zE®HsCdz W OC Isd Ao duidis B dz
ISOIlsdz” s Hdzv tesL zd3" dzdz? tejL zdz! SOOI’ &, sk
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1 ofwryv S ffOoOAww vfwwsr{ FturiRrRm
VitrRsforw 3 fesdw I Lryrdlridwy vo ARJ

tor wof ?mifrp)

3.1. [ilsH ftMmdz Htseadzgdrm dzOB dzdy 4 dz@ ¢
dzj dz' dz' 2 detse s 9 dwlz' st Hste st tdck? Yo ddsy "dadd dzts
f sLHUsSO Yy &oO ( dz'

3.1.1. 102ftsMmils' hj CoOHW©OIsdydets dzj dz
Jotsdzt y' ¢ fokydts' §azsmMEts f§LHBOYC

[ LY dzj diss fslsjdzy’ Oz, wCd2 odStstedmlst
dzj dz' dz' 2 dz' fHtwkydz roddz, W& HtsMmdz HY J dac
Bdzts § 56 OL @Rt OelBd@W." julbls 2Bt Ltk yds
o dEYH'LB jtoj)jdes HiclBeE?2 dds @ ldds P ldzsh s S tc

1 1 A, it A 0
2/ () % A w) o A,

2 B) () ALt B Y 5 4

£ji2 flkjdy' Odz o fMjj te j¢ Odzj dizjd’ Xazpz M
BWHCE. ¢dzj bjfjt dzj a2 dz' 2z fyls: o dL dzOy
9' Hdegsdats Isj dzL st @ t jdAstcdzO Yy 2 s tsh°

g4, twLcedzvdy i3 § dzsm& fsdzvtedL 5o OcC
fshdessils! Mv oL HBo Y UNi(x OBy MY Sl
Mftesh iz 5! v HEs odGdvHLE

W:(J/Z)g(/ +2 /)(Ul’l)z +2€7sz’1)2 (U%J)Z ﬁa +
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] " HYte ' HdzZ Sl tsdzj dzlsd sl Pzl ts 20 ) bzl f tiztf s
t,=(/ 2 Ju, (2@ /2+ A B+C) ()

+1y2)g 2 mEIA Brfu.) (u) 2

tlzzm'lz,l J(J/Z)é/ 2 /7(1{'3'6‘ B-@l,luZl'

ta=m,, {Y2)g/ 2 M{¥IA Bg,u,,

(3.2)

1" HMMlsOdzso SO (3.2) o t' oadgWdede tobkzRlz HC
dgv dzdz® Hdzv Iste! tsA  f Sdzv e dR SHpSVEg § dztf dztsM S d -

rul,tt-( /2 )/nl,ll Nlul,llul,l N'z( Uy Uz, uéi,-lp;,:l! (3.3)
Fuy - M,y :Nz( U, U, 8y, U 2)1 (3.4)
FlUgy = My, :Nz( Us 14Uy 4 ﬂ1,11u3)’ (3.5)

N,=3g/ 2/, A 3B C+gN /2 fLIA B (3.6)

I M dzdo ' Milss dzgj dz' dz' 2 ded ~( 3o gz So-tfg, tc
CdzOMmMdyuded d3d dz' dz' 2 ded d3d ~oddz' sodd3d ' o
CoOHWBOIsd ydets dzj dz' dz' 2 dz' HESH OdzC d . Aw il
BO2BEZISd 7 HBMdz HY j dadav 7 .

1 028" dz W f REA)ls jo' defatz'datizy HdAzW ff tSL HES9 Y
fMw "L ' edgwdgdz" (3.3) E ttOBRBECOR 1OC- Lo
YolsSkz LBlHYyE Ist Mw dzdh j LHBSoydW r~odc

rul,tt - ( / -|2 )/nl,ll Nlul,llul,l ulI, (?)2 ul,ll ( Mé. )/ul,lluj’ (37)

Hy hodHC' fis! dz dz' 2 des’  fadfniCds® (MEE)L H 5o >

3.1.2. whdhmdad? tfidhn &GiksHEz §sid HEE
teBLOOWLSCE dzgj d2' dg' 2 detsets mnoddz SO tSE S

Kji2 ®BjlstsH dzOL dLoCztdsj dz' o3 j Cloatid tahgiis

] "wiindztso Odzd 2 dziese 5 §f PEGERHEEO)so 2o Olsd d3y

Csdzd o' HERJR OHEASY 9,0 Wt ’L ) S CHZO tisL o O W
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oy OHSCEZ dzj 2" dz' 2 ded~ =~ O ddz! BdzdL ! C s L
oditstedmMssokzs s ' Cd&zOMduydzed? tetsLoowWL 56
{fdhtg dzd IstsH  Hdzv  Is[}, 62 13]] * {f telsy dztsdy s it
Bz Wizdigxu), o ftedfilzh jdedz' , Pts oatsdzO HBMISOIS
By SsH HEts dzj dz' dz' 2 dzsG 5 t6' o dgv dzdzv
L+ Nu =9, (3.8)
HJL" dz' dz2' 2 dzed i3 WY | Ptz Bdzed & i j OBt ts(
16" Hdes L d3j Is wmifixs, e, tc " o telaY ez (KA dsf F odzW H

LB' ydatsegts tWHLIE
ax0=u(xte) A BW(x) @(x) ®(x} (kX . @9

Hi fitehj daOéx)fy jtameve 6 WL Csd3 oz dz' 2 detse ts
LG =0 (3.10)
1 OL dzOyd Bts, h s * fdzzo Ocdzdz? tetsL 90 WL C bk df
dzj SBR " Hdzts¥ b dRtso s BjIstsHLE.
L' WLsS dzj dz' dz' 2 dzsEts to' o dzv dzdzv (3.
dzO B dzd ¥ j dz’

axh=u(xte @) AU(x) ®(x) WHx) Pex) - (@11

[fMsBdkdo ' Miss SO ROKLOCIKjtds:s §jtejo Octst
dzd o § o2y t)L dZOR sH IS Mw wWC tetsL oW L C dzj SH

Ld™ + Nu™® =, (3.12)
IstsBlsts H W LOEOS Sdz®p dedzy § dzdzv  dzj sB(A-"1H dzfs
dz0B dzd ¥ j dzdzvy ' ' sl g Wz Ee @G sdzj dz dz' 2 dzj

3.1.3. wbdmdzd?2 tfdm &GjlssHiz f§tshmd HEE
teBLOOWLSE dzj d2' d2' 2 detsets Roddz SO SE IS

1dr02 YOO s § disdand d<effsiHzs oot dp
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tcOls d ydzts dzj diZv dZd2 dig] dg 3tc 79 , H J LBJ ey de
9 Hftseo HOtIs! {fwsoLHBoYyd sdBz tkzrnlkz rfeodd
s+ mMw "eddz tsodd3 tc' o dzgv dzadzV g
ul,tt - (VL )2 u1,11 &) (3-13)
Oz ItejBO 990 jMmisd o dzj dz' dzg' 2 dzj tc' o dz"
ul,tt - (VL)2 ul,ll =(N]//‘) u1,1 ul,
f Otc ©dgjBldztdc j( dg2dfdRtc O i3f stO)S o zdzts d3: e=1 6 d 9 dzv dzdz
fsoddades M " 9 OHOIsd L e=0"a dzvddzdddg' d3 d4d33 7o)
(3.13), Is ts BHIS 5, BOIsd o d e dzw
ul,tt - (VL)2 u.L,ll :E(N]/I’) ul,llul," (3-14)
CSChts" HinsPB Jisfjls Oo dzj dzdzv ( 3. 9) z t' o dzv
tcj Sktoj dzlsdzy MY " 99" Hdatsh j dadaw

UZE,rt]t)- (VL)2 uYZ]L)l :(N]/r) ”11) ljlrjli)- (3-15)
wdz' H L OLdOYdisd, hts toj Cktoj dzlsdz® W tsted
dzO Bydgddz’ .

3.1. 4. tsLooOwL8C HdzvW G Otoditsds ydzts’ n
dzOB dzd » j dz

[ Odz' tetsLedzvdzj dii3s L Oflstsmize Odzdz?y d3j IstsH
dzOB dzd 3 j d2@ HdzW G OtedBs[dE, 5Qldzd »n § dzsMEC dm R o C
[ dzw  tc' o dzgV dzdzv k3] tdh3') 2 tcGstlL téds Vdg SRR d3
GOteZtsdff dyligferd = Roddzr HdzY L OH QY] R Y BE OIS

kO o dc dz¥H

uP(x 9= u.cof kx -wd ((wR =) (3.16)

slkzls Mmdz" v L OL dd@fRd Issdo, d d# ts otffiRdztgioW | S Is  ff t5 dzw
dz' dz' 2 dest G OtlBsde ydes® k2 odedzWH' f jtoht
L3 ded ftetsWw' dzw (dad M slseotstes " Is! Mw) °  da
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r dzv  tsltcd 3O dzdzY Htckzetséts dzOB dzd 3 j dadav ,
" Hdztsh joigdgy | 3wWAtsets dzgj sSBn' Hdzts totsL 86w L C

r®- (12 2, @N(u) Ksind kx

Uzt tc ©Og ®flsafWalRs y O ' ¢ Gitdedztsdz’ € Iz, W CHEOH dzts totc 18 1z
tc' o dzv dzdzV . sz Lo 6w L SC fndz' H hzC Ols
o LBdzOdzMO. | " HthBoyHted® tobodgdtzdzy *° SO

u?(x, ) =aN,/8(/ +2 /)7@.11(0))2 K xcosZ kx -3 (3.17)

it sLodwvL S E oadedzwH' fjthdms HOtsa dzOE

(3= () #(x) -

N, (3.18)
=u, cosk x W) "igs(/T W) K SOS@M ).
cShts 99 jMmlsd f sL dzOy  dadzgv

N » 1 Kk 1 Va
M, =—1— k = b w
- 8(/+2 /)7u1°( ) 8 ;\'1 V2 8 55 v

S5 tELoOWL 58S By dzO fjHMsOodlsd bk odéc
U2 (x, ) =uP (%, 1) U2 (% 0 =mcof kx w} y+M xcosp k x wi(3.19)

isLoowL 8¢ (3.9t jils drydet) (whjgdBjtia@gz’ «C d .
Codzsodzd? rRoddz sodXsiplf j IO ok § sy ¢
9 ' Hte' L dgv ' Is! MW 9o " wdatsdz' da o2dddis ~. G GO da
WeEk ftes2h 0 Seddv, vyd 4YOhHsd O sfikd
Hicke s GGOtliEsds § 58, O dgtfteds fjdskOH @ W € ts8 s dff
BsHEZd SoOdkz feodds. sttt LO CttsCtsd of
M@t dy’ dzO dzls dzts & .
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3.1.5. i sLoOWLSC HA&Y GcOteditsdz ydats' n
stcjIs! sets dzOB dzd ¥y § dz

Oz, ftesHtsoy B tsLodoOlsd dJIssH
dz' ydats”’ nodd His 1490,J1Bl). s¢ & " de@asdzd Y Jdggdy' s
dzOyJ dzdzw CoslEs dzOB dzd ) J dedzv o d S StedMmMistsolz® Is.

dzi Y ' oo ' ufdaf) LledkN/r) WSO 0 oL B OW L 5C
dzOMmMlszf dzd? odce dzw H

w(x D=2 (59 (%) €(x) @(x) -

{SLo &f j 85" 2 Of teds'Cdg asiyds ' o I ae®fifn ¢
nodd Hd&Y LOHOdRE §GUOk Ui sl O BiE

uP(x t)=u.co kx -w) (WK =)
] " HYfBBo Hdzd?2 WBLOOWLEBS HAZW HEBEZeBE C

W (%, 1) = gN,/8(/ 2 m@(e))zlfxcosik% - .
r odz' L tokydet®d "Lt €O lod tadEzCoOr Hotsn § Jteh dn
o d ¢ dZW*{x t)=u,coss +u,M xC0S25, HJ

1w

1
Sp—, k) =—Nu -t =—N.u, —.
M 8(/+2 /)7u1°( ) 8 I>l-lL!L°vf 8r 1V

stejls’  dzOB dzd ¥ § dzEMB] W GO Mdzlz@ s 2§ dzff 2 o

W=u (MJ)T & +Bisings 282 Bocus. a20)
S T BT I Y (CY i A

[y, sty da® 1v® @ dpisdzd Ty jolsa pOlslE BE
dz' Ckz. |1 HYftse' Hdes, yYjlsojtelsj dzOB dzd »-j dzda®
desiBz Ctetsy’ GcOdisdzs € YtsHotssE ¥ Is! Mw) .

[ SLo @ IBgN OF fjteh dn k! 55 dzOB dzd ¥ j dz’
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w00t =u 0 ) N x ) HY %} gcos yrM xcosx
e a o] [} 3.21
+u, (M, ) (%) 63 42 ginas d JILZ gos4s U (529
63 dox - Eaany &y
[lsyji, rROwLOSkjtt jomsdsy' ' bk &jxyon
f OLOBifsetis Ot sots’ O®Rfd skutss ' Radd
s0Cdds  ud dzts o, ks dzs¥ S OOSIsj tod f
dzOB dzd 3 4 dz@ Isd, M B WG o dedd dsdac g Josdzps 1B
Lzo Olsd dzjds Hdeasdtade e dajpdz" .
l dgjdz' dz' 2dz" 2 Ijtste’’ Roddz 9900 Is!

fcOysEBtc], C tsddfj ©OUp@Hs dxdoy jOdzdztiz i Iz 6 foliflsicE
(Lo dyO?2 dets,dzjBL el MigO’ {ds dits o dealz L d&zOyJ dzdzv
Oy dz' Kigs i3y » J dzdz”  da d oHyEDLIsedts da™ H~ odgjderz’ iz’ d
JWjCkCatsy kaszlsd odoyjdzd BjlsHBd e’ d
5B dBj N j dedzVi f'ts o o (igs s’ L a5 ded ORY oz skHd

3.2. 10Bdzdy jdzd 2 BjIstsH L dzOR tsH Y j dadav
n9ddzctso S to' o dgW dzdzy (ol dets’ f dzsmE s
sfdso Odzad 2 dzO f jtojlsoastej dzdz' yY! Gt
GteOH " ‘" dgls L a3 M jdzdzgw (Misdmdzd?2 s dMm)

3.2.1. ljtwjlotte] dedgW dzj dz' dz' 2 dzgsG 8 ~ ®

tsLedzvwdzg dii3s yj2 dBjlstsH ( idksddsz ko
dg' B djNJ dedz dzO G & OH] ‘ Hdap\izL dg'tc? griiatasizizy |

f GBisoy dzs” Nodd , wCj wlteddkz: k! Mw o to
LOHOY ' , GStdzd ftsyOlkiseots LBEHYE® Is' MW dzc
r ul,tt'( /2 )’[11,11 Nlul,llul,i' ul,@'B(V@)z u1,11 :(N]/ r ) ul,llul,." (3-22)

l jteh O s dzde ' Mis! HWBtkitgks ks tey ' s
o' odgWdzgdz", HBs WCtsEts o' dz LOMlssMmsolz’ Ist f
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CCteOL o' o dzV dipis'ic I SEEO2OL) dj il @l @ fASzQ) B L Is
fJtejdei My O E dz' d2' 2 dee d&z' o & yOmlsddzlz L
n9ddz sotsEtls to' odaW dadeY L' L OB dedats¥® N o dHG

G- {0 AN/P)ud & u (B A} (V) uy, 0, (3.29)

Hja=gN/(/ R )n
[0z fedfbmisdds, Yh e § Eg@ES ca @ Of tsts
sfdmiz’ s Mw Y oHddsE s £ oddzj b
u(x,t=0) =F(ax),

Hy LiOLEZ 99 jHjdts apts®y SR dzdf 5L th O z® [ 316

ok YtotHdddsS s’ -~ o ddz . 1 OL dzOy dodgflz' Is ZIs |, {f
B3y stetsdz, wWCd?2 o ' Hftse  HO' E cOtdtsds ydz =
1 O0Mmiskzf dzd Htedyf zh j dedzv ° IsOC d ds: - s

j 5 b oFfag)mt dies st v £ sOCsBE 3 o«
LOdzj ydls! o' H HN=@(xsoetls’ L &' dadets’

u(x,t)=Fga(x -vi , (3.24)
CkHd onrtHdI! LB ddzO heodHEC' MiIsy T"odd
v=J1 au, v. (3.25)

1 OL ZOydtstsq H O islifs 3 d20 kst OClskzo Olsd W& o
nodd ®' ksygbdids yomnmk

3.2.2. i(tLoaOwWLES L kZtcOnkzo Odegdzw d3 ff J toh

ltejHMisOo ddiis totsL o ASBESECS 8 ( IBJASAS)H 2L O f §
dzO B dzd ¥ § dedzV 3], Hdzw y! séts MfsyOlsClz 1§ toc
hodHCtsMIs® "edd (3.25)

lau,,| <1, (3.26)
L Biltss LOfrmM@lsy skbgzdz (3.25) k2 odced
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Jrau, 41 ay)” 1=(39 a, (18( w) . B27)

UtsH' Edissco © (3. 26) HO' ftcOots dzOB dzqd:

fiteh did Hot®RO yYdzj OB tWHE, s o' HYtE
u (%, t) @Fga(x1 -yt (4/2)a q’lﬁ . (3.28)

{ B d3d X J dedaw (3.26) B O »Odasig bs i) ¢f ¢c iz € Is @
GO j ' HEE oW SR BsHjd [ LiodzOcOdz0 HisMl
f OOdd BePj BRI 06 OL Oded?2 Rj@ dedP135]." OFf C

O HEeMsOld & fted2dvisd ¢ &Ondyds
GOl jte' Odz' & tB®&YJ dzdz? BOdtsfls® Hj Y% sted3O

hﬂ«l
(ssB Ists, 9 0 @@ HIS ** figleds, Lhdgs h j dadgv 30O dzd d3
[ Ztodz@c ®Bdzd fkz* dzj dz' dz' 2 dzj HJ W stcBzo Odzdzy |
vsd3z Y4 B AN dede A pAb da W JdbistBtiizda doeda Y
dzj &z’ dz' 2 dz' fMls! (RBL13B.kzlsd M&zOBC 55

{ SL 6 dvdzgj Bt Isj§ap wipagy {io duzyt' o6ORL
‘ Bs dzOB dzdfyls @m dzjfdegrH (3. 28). utH' WOLL
odlsd lsOC:

s°ga(x vt (¥/2) ayy,t. (3.29)
CC odfddo0 L Wsttdkzdd (3. 219 )0 Yol )¢
fsfls' 2detss Y OFC Sodsx Ve By dzdots BOdsEt
f OtcOBd¢R) avu,t. 1 td HSMisOId & &BOdkdn
f* " Hsh 9 Of fOLOd]Iste H'® 2Mdets dGZOdzd 2 . U BH'

tWH U200 LO d#BOZEBsSIO ©dPhidsdesc s 1
w OLsqd

u(x,t)° F(s +9 E( s FH{ )s @2)F'( ) *s--« (3.30)
L Y!' BBz ttsLCdzZOH' LBjtejjdBE §jteh- He
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tc O d3j db tc CGs tsoBtEsasz Iz
=] {¥2) avy,f<1 (3.31)

[ ¢ dz ¢ dlaub®dzi Mftedf zh j dzO » (3. 30)ayt Ists
] JeORk BckPis@inidz ujtejL ooFHj dEz
i) Fi(s +d @i al( )sFA )((1/2) daun) aF(?).

stSH' dzOBdzdy j e Bz Lo 6WLCE (3.30) >

W2 (x,0)° F(s) F'(Jag o4¥2) amu,tg A=) {13 dwgr( ) 13.32)

[ Istcd &30 dzj dzOB dzd % j dzd ftcj HiNIs ©o dzj dzdzv 1
nOKLOCIsjHazy to' Ldzdn CtdzStcjlsdzts o dBtcOdzd R
dzj dz' dz' 2 dzd 2 R oidodef dsopSdo2j dgdvj S(lssSte” o f j toh &
COtlRsds $d yd fsH Bdadr HB dzj  detsoadn Ht
HEHORS O L yofmsds f sh dtej dedgv = o d dz' .

3.2.3.8G slL oOWw@rlzo Odzdzv d3  jteh sets, HEl

1 dzts o Iz &Bk’l@&ﬂ}’f’l#j dﬁ’i,l)l/z 1:(1'9 al,l (18( U?J)Z o
fted B RLjJldmEL o 6w L ¢ (3.24) &y Bl

G & edeEdvH' fjth E3LERIVT O tc 6§ A
cjHdZ 2 o9dfOHBSE tSLoOWLSCE L EZicOR zo Odzdz

(%, t) @F{a(xl -y @2 v uglt(H 4 a 1,1}5. 3.33)
[MS dz ¢d ©Ode Nj dzOBdzdy J ded?2 tetsL 9O WL
Hotsh OftetsS Md 3Oy ' 3B3) Iotelatsdg@dsdzd ¥ Jdgizdly dals dz
wdz H LOLd&OUYdld, "t OnPJoOBdE flls! dz®
fpls* o d¢ tdsDdecdty PEHo ¢ Cdzs YO 5B BN J deder
Bdlsted, hts LOdydls! o a=30ZOfMAs GP(IMmasl 2
Gt OH " ' aglelz L d3' " j dzdz
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CChts L &OYdlsd %0OLk Sedd L fflk
s=a(x -y)lsO oo jMisd HSHOCBBad?2 dBOdJ?2 § Ot

|d]:‘ {1/2)a a u,tgl (/4 a, ‘g< g 3.34)
St teL2BY L BSY EASOB IS £ sdedH' tYWHLE
u(x,t)° F(s +4 F( ks FH{ )s @2)F'( ) *s-« 3.35)

[Odz , 5 fedyuddsd dBOdshis' Ho 6ddizizO di3d
(3.35). [ Md,d10djc0idHBR) dolstoyfayt gt
[ Odz3.3B)L lsted B3O’ dBs o9 dtcOL HA&Y GCtLOH' * dalst

W) =Fi(s +9 K p s )isi sarf )

W] HEBLOoBdAd LOf dMOIsd Lo dwL B¢ (3. 3E
W= F(s) i 9 dE( )sF{i)a§ < -ayaar( )g—lé aF(a) &
g 2 4 iy
=F(s) %i(gg% WteF (i )s 2 g )& - (3.36)
=F(s) - a*wigri( $ ; @t i) 3 g
[y j GNMsOktsydd? tjLbkd Ok kOCJ?
U2 8, )= F(s) -%aaz\{_tgFi( ¥ g é % t /i) s (3.37)

10Bdzd ) jdzaj HtojHMIsOodzj dadz?y tetsL oW L Sk
jWwiClkd, w¢' E fjthkz vyjtek LEzdse ds s |
COtoditsdz" ¢ Ek tOL' fotsHddsSts' "add ° L
~ 9o ddz .
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3. 3. 1 OB dzd & gzl B H g3 etz totsL o 0w L C k2 dai O
noddz motsEts tc' o dz"¥ dzdp"O HH Dz fefirlz', dzH tc d 1
sfdzseo Odzd 2 dzO@ ff jtojlsotstej dzdz Y sEts to°
GtcOH " ' dgls L d3" M j dadaw

3.3.1. 102ftsmis' hj CoOHLOdydes daj & «
jotdy y' ¢y dgts{@a dgprtm gzt

Addz dzited ydzgs® tOH' Oz daets¥ Soddzj ¥ L
tesLf soMmMe HY2' Is Mw o dzj MS ' deyd dzdes Bz -f tots
9dterndzj ¥, HBS GOdzdydes’ o jtends WEES™
o tOH' Odz dzs Bz WwBYEY R&Esz ©  @ORF L ' &Y L
yom' . Addz dzn ted Y dzOOrdpchfls jdds@ ‘ sts e H dsdd® Is] d
o' Pz LB COkOMY L o' My Yooy dddd '
L Odafef 3 dzd " § of H wOmpkidzd sedkd * Is'
L Mo Isted ¢ sSif sdzj dzls O ss ks deLsH 6 @ deiz@ifdmy iz ytgj ko
o d ¢ d9,114, 138]

a 1 u o 1¢ @
mgé,r,”T% - 9(+/ -)&grq ), o gl 0. (3.38)

Il " HYfts9 Hdz] dzgj dz' dg' 2dzj o' o dzg¥ dedzV 118 tc O d3< (

(3.39)

—
(@}
=
~
N
£~
’_’I
o
T‘ﬂc
c
I-O: Ot

B 1 1 1 v ,
- alur,rrqr @Furr o ?FHJU 4;?(rl1'l) ?‘g(ru) ,

2(A+3B +C) [ +2B £C /
_3 + 1 @ = 1 g = 1
[+2m 2 m 1

a,

2 +3mA B E 2/ 3+m B «C
[ +2 m 4 2 m

a,
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[ dzv L dzOR tsH Y j dadzg?y ttsL o 0w L Sk tof o dgw dadaw
dedn dOBdzdy jodz, Ctdzd yOkSsad?2 ot
MOdzS j dzv . 1 dzv Yy scE(rigp @HY ol &Y daHOdz
dew dzdzv (3.38) MO B' d M ftesflsd .

F,tt _(CL)Zg rr ( r) ngO
BO®B] Yj o odWdzgdz? KO tSLOOWLES bk o

esHEZ ° fjehBEyg=ufmirkne'z Wi LOHOd]dB o
ftso jtecrndz §Btotsydzddzd O dz' IskzH dzd d3 d3dzats 3 dac

U = Pk, Is® =(wv), V.= J&/ -2y
(/42 (k) -2TH2 (k) /
noddz sodd ydidzsds * W OLtsoatss hodHG  flss .

[ Olsj i301Is d Yy dz®@ dz0Otha &) O .tc* o dzv dzdzVlz 1 9j dndindpd
Xi4(Yx) X & (/°/%) & o

[JHdJd L tsLo6wLC" 9 y! séts to' o daW dade L
Yy's H' 2fdesoblz @Gy lzej B¥RT e s tsHE. ©

CSh tesLoOWLEzoOIsd dzj dz' dz' 2 dzj o' o-dzV
Hiso dzd = dzOB dzd 3 J dz' , st tesLoaowWLBE 9 6O
dzv ‘st mw B, WMdedzwH" ]

0, (R =u9(rt) 4@ (rt). (3.40)

[ ez c j dzOB dzd ) j dzdz?¥ o dL dzOYO' Is! MW H 9 K
ShMe®Odzd 2 O fwedifbkzh jddg , Pts ysbkdted L f
0 CdrpOF 51  BA&EHLENSTd ktsdkkz L' LB dzbh jidac
f stetsy dzgddzd BOzs of dzd o O¥ Is+ O tsMmisOlstsy
t' odgvdzdz? (3.39) OdOdZ L' Is!fMw L O kEdRsoc
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S(u.u, u )= "Ny Wy (3.41)

Oz odSttedMmissoalz’ Is! v tz@E dey 9 | dEP dzf 15

.@_Bé 41 o 2 _ 2
H<1’(z)°Pe'82 =33 AR L (L (3.42)
P pz i 8z 2!(82)2 i

V " HiMkzd®kSEkz, dzj dz' dz2' 2 dzd? twsLO9OWL SEC dBO

2 Arwf3 1 & 1 9 0
u (r.t :ur(l) rt @(r ¢ ql: 0a? 4 9 A -
(), . AewZ821 5 i 151 1
+ 2T (kL) N,e ¢ 28 = + s - (3.43)
ok, g 3kr 18(kr)” 288k.r)

reked?2 Mism' B sOSEGo ' td fy'de deilal- dz'32
edflsok tjSktejdbd WstdBzdd Hbv fo-

8 2 s@HP (kr), (HO(kn), HPMHP (kr) dzj wo v e st v  te
dz' dz' 2 desets OdzZOdzsEc O to' o dapvedzdznd dy( . HF)B.H skt
s {ON 9dce dzv H

U (rt)=u?(rt) 4&(rt) & HO(k r)e”
{BogHY (kr) BB HE(K) * BHI(K)HO(k O} . (349)

tsLodwLBC (3.44) disy dzO Mmirieistists(AsH]j dz
~n9oddzj ¥ 9" HY 59" H@'v Hysodeflzdz' o drfoCHAE' Iz H o
Ctsd W -syWds@g B, IsO yOMmlsd dzO HSHOS "Bty dzOS
dzj ~nlslzo OIs(d .

UBH' L9 O0vwWLEBE (3.44) mMiftsmisdls! mw

U () =u, HO (k r)e* €4 k—o HO(k ) HO(k D é*  (345)

[ +2 m

112



10 tfhmdss' Wsttdkkzd (3.43), (3.45) B
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B Misdls! o dz DAzdRC ' jc@EBEEZ Olkd o f' &O
HtSH OdzC Odsd otcOrkzo Olsd dzdhj o©¢C0OL Odzd 2

dzwdzdzw (7. 1) MmMftesh iz’ Is! Mw HB o dc dedd 2" &
dets L o3 dagdets® hoadHC'® Miss cOtedtsdz Yydaets™ L O 1

2

\—'('D:
E
—~
=
N
~—
Uy)
oo
:\C
-
)
T
C
S
c
N'||'|\)
C
o N

: (#.)
0

4l
' by (7.2)
S(UJ,” Yr)u, (-J/FZ)UJ u+ﬂ) ru =

OB ts

1 900 yd dzO0 | sifzPe fzgoz) zsadtsma Sidz’ H Y
~noddz seada ' 9 dgv dz |, w g o ddzd ¢ O Is! i to
~9oddz , B 20 Mlse jtecHY 2o Ols(d, hs JWJClsi
Bd ssHd. 1 ] thad? didgigsasHIs ks § sfhdz' H 59 d
Htezed?2 (digjlstsn 2) * BjIssSHBAd B A4 ¥ J dzdzv

[dtsH 1 fMiststyeddits daH dets @l " ‘g dzdztiz’ o  de,
ftezydzdms d3OIsj e’ OdzOr S JHOdHR wEHE 'dzO M z6
9C 0OYJ BBA3HLZANIR, 120[132] . [ jJIssH 2 Istige &' AP
[21, 141, 146, 152-155] SO tew H2,545H@ROIsj 2 [ 5
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[ B d HI®jOs sHHME(S, dzOH dzts s dMOdz o tesL H' o
o 0O0dzOdz' L ° dzso sSG B8 dzj dz' dz' 2 dzgse s ~ o ddz ts¢
Ctezlsddz! dets™ rRoeddz .

7.1.2 1ivwSzOWPLEHerdz Bgestc’ | f tolzy dat
f sh dte)dede HfteRftanids  dz' dzd = = o d dz!

l LOHOY' ftes fshdiej ddY fwkzyddrn 6Ot
5OC' nRoedd LBEHYESI! MW cOtedsdz yded &3 b
O tc Bis df k] dz' dz0 R o  dzfd &3] K@Y tc Oty HighfAc Os
v Y Bd) ity fdCzonjdddE Hi §Y ] U
(Stokze@) utH' o ydd' dHte' oddds O Ctizls
O9LHBSY 2ABEts tsMm' .

sy dmkz Stklsdd: dts’ Roedd o {§telkzy datsdh
fiteite’' Lk odSstedmissekzs s [MY,z)y d da tsoaHOUsER stz
od hTtsHB M Bots’ mMdd3j Iste* ° HyWiBttdy o dzts@
sf)! sotsGts 368 " jdz [ 6

u (r,z,t)=u(r,zt) =0. (7.4)

stH' Mdflsj 8O L Istg=tn M ol tzis! QWA Oz L
odfOHCE Ctekzlsddz dzada Foeddz bk yddd dznjtetzdz
u,(r,z1t)

Sust S TUa U +Yu, {YrP)u, e, (¥¥)u, €79
Hiy=Jm r* WOLBoats hodHC' Mist LMkodts  yd
&' dz' 2 dzts  f oz daks eysts MDA dp T 1OfA e d tes s Yy S
tc' Odzlz .

cS¢hits fodfzmisdilsd, fus Cos@iddsityds Ldgladdf diak
stste® (lssBlts, ‘ Roddzj®¥) ISBH'

u,(r,zt)=a,(r)ek", (7.6)

222



sO0Cd?2 Lo OVWLBE 9900t Is! cOtodigtsds ydatss
fstf jtoj yded?2 f(jtejte’" L yddz' dghtcO® L H' 2 fMmdes
O oW B 2 L L Ow@dztsO M O M IO Is B K AsAs sy dfigizo Isa
Hso Y dHa2 pk,)IsO 7o ddz tsokg ds ) veff dgs ds sz y-d oz’
v HjWBLdBOy' = Ctkkzyjddw *° Istsdz "o ddzs

cS odffdzde O L { tc7j6H fnls O=bztigzidids d &'o dzdz Is
Lok dEs@H' EMO. AW Od&fd skHO odL &zOyO: Is! f

detso C 58 f toj WHls Ooo diy' dpdezw dedzy  (
uw, Y, € K (¥r) g, o (7.7

{ SLOOW LSS o' o dzgv dzdzy (7 dzd f5 Wil OY ©z& Y M
I jMmjdy (jehscchEEmEL ]G st

a,(r)=a°J(br) bxIK K. (7.9
[bYj, tsLoowL S bk osdedvH' Stkklsdd ds
u,(r,z,t)=tw 3(br) &= . (7.9

OBy dz' sHO Redd sfdmei(br)mywvE RaGEBESE dd .
otsfis’ : o tdz@, (0)=0nY Ousdgle® L'z " j dedz? bk uJ dzls
odd&3dd, MPBHO®' HYBepdyudsdsk MmJj dzhmkz L OHOY" .
mo d &z 5o ko dififds® ' H dz0 W Ow, e/ 1) oh dpLddr@E | Giylds
L kdssod o' HffkzlsdesMmils® dzOf tekzyrj=arr dzO B ' Yc

srr(r",z,t)zo, $J(r°,z,t) =0, rzs(r" Z ,t) £. (7.10

CShs otcORkzoOId o Ediise® (7.10) MmMfttsh j
HyWBstedsOy' 2 ° dzOf tclzy § dz

Srr :2 mre+ e’/rJ 52 rJ’lEe 2:‘5}2 1
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err =O’ rg :(]/2)@']./} (_yr)u J grz e O:’e O (711)

st IsSH' §jth O 710 s tOHde Sadstpid su v ssls
Pdiso © HO' o' o dgv dzdg?

e,=(Vgu, {¥r)u,g. & -0 ) 2( rh (7.12
L YOCtsets L d&OAtHYKsY Reddz tsej ydfmdzs
lted 3" sEOHfkIsdz Mis' ot @is f © Gdzdgdgd iz m 2O
Hise " dz' dz' 2 Ibyy' yddz' dzHtcO M isdctidfoqdixfss Ml d
o' HiMkzlsdzsMmlis' ,BdzQfliEsEAY) jiedz'dz’ dz@ d dz' dzH 6 O.

[ ' o daWrdlzw 3O daj MC ' dAUG wafdE® & =121 )C " fls!
] HYtSo' Hdats, Cteklkdd dz0 Roddv &O' dzj MS"
Msetcy WOLsoaddd hodHCsmisw dd

(v,), = Vel #2(k) . (7.13

1 tod d3' Is{CtL 926w L 5C7.18 " oLd@ddgdgvd IS(* © " H o dB Btcl
~nodd soasets yYydmdzO € d&z0fmdydes™ L Mmoo dets®™ A
1903085 yd &0 clgOW, v W@ daB@" * BO2NJ e 1
&z 9, LOoaxHd By dzO0 o dB tcOds@ Ise@H] dg iy d dztd
fecB3 @CEz(sselsts, oMjtejHdd ydd dzicO)

odtf dzd o O s dcitsy dzd o ° st dzd o sis-f j @Y dz'
sCd ¢ ydesceidse dlazvzvdzj fiff ws,fIsg figd ‘cd@" Isd BC
O dz' IskH k2. vssBIsts, ofmd tod Hddz Yyddz' dzH tc C
h Qtedd & & o wWCdR neoddv daj LBEHYE' I8! Mw
r°=r’, Ctdzd ~oddvw o' HMEkIls dztH telOG jf, s oty fitge- ' dzlz!
Wiz dzC Y(br) MY OHded 2, s BOSCMd BOdz dzO0 O&Y d
sdmw BddL! ¢ 0 ygdz' dzHtc© dzO0 ftetsd3’ ¢
g=0r ¥ . 10 o jtend vyddz detfOHO dY dEPis 2 H
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dz dzts® .
) od &3 IsEOF 8 dz' dzed 5 R o dugkr ) (L9 o] dedpse t H O
sddzr a2 Roddz &zOfteky j dadzw

s, (rzt)=wgy( a) - b,( rod™. (7.19

7131 B 2 dzOB dzd ff jsdESH] g ssH O W L S 2 dz dzf
noddz seotséts to' o dzv dadzv .

) SH' Bdzs sz 3 stsH E  § tod ME2W5d, FEEE | to WHHj §BL
o dBlOds O tesMmis' hd2 o Ot' Odzls to' o dzgv dzdz

n%Lqu (qur {Yr)u, (-]/rz)u J utﬂ) 4 o

= LuJ(J/Z)Bg(uJ,r)2 %uJuJ?%UZJ (ﬁz),z iOB ts
(fQ)z‘:,el_ ZE: Hr)z +:_- J,“ Jl?_gz_ 2J (‘H-,z)z L@ (715)

3 g'lJ,rr -(]/r)qu (-:I/rz)u J u-l;i 8“ it 0

[ BLOOWLEBE ' adwdedz" (7.15) ftjHMmlsOs
nodd sodds ydMmdzsds ' dzj o Hs®RSs O®RYf d izt

u,(r.zt)=u,(r) " osus(rzt)= CIOJl( rf K l{) da= (7 16)

1 His Qfzdis (N Hske d?2 dBdztsy dzd S f j toh |
ssH' dzj &z’ dz 2dzj Rodd e ' odgvdadgy -( 7. 1

dev dedz® L' LB dedety h e dHG ' fMlss Rodd

B ¢ 1 2
VK=f'?\/ o Hr)2 ?’ M Jlﬂr'—2+ ZJ(J{erL
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B € 2 1 2 2 dl
(fq) |1 2_ yr) + J,“ JH"? J (J+,z) L@ 3
1 r r
3QJJ” i(k,z- ) -|(J/I‘)U lk:z -ut) (]/ F)Uﬁ -y 'L<)2~Ujékzz 4 SWZ:UHZZ Y 0

sfesmisdis O sltd B0 &

(ﬁ?)zie.l' ZE Hr)2 & M Jl’r"z? K (‘H,Z)ZL@
e, {Yr)a, @rl)a,(k)u 8w ;o

1tesBd i3t L O3’ dalz

VK:fr,}\/ -ZE‘ Hr)z l'r g JH%' ZJ(J-!-Z)2L (7.17)

(W)'* &, (Yo, @r)a, (k) u,gwa o
CSt otcOn Iz ok@i{ufy, ) 19t
0, +(1r)a, {¥rr)a, &) u,(k)u, 008t

LN, 0 (Ve (k) (k)7) o (7.18)

gdz' H L Ot ﬂk@ﬂﬁ/@ﬂ\/ r + U s +) "E{

10 desodidgdzlzy lets j Hj s tsB 3§ » J dzda , @xBO L d
dzse ' Yydets Istsd3dz, s Blkzdzs L OMlstsmiseo Odes o ¢

EM( ) <1, M(u ):gulr)z%uquFlzguzj(wz),z i (7.19)

2m

ltiedds' S§® 0408 yd dz0 ¢ tstew H tsM (u,gsdzts 5 HBzds58 D J
(7.19) 9Cdzs yoO' B3 N J dedz" 2O ftets2 H j dzd
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Hts yj delstelz yddz' dzH tc O, L d&3" h J dazdzv HO O
dsod?2 o3 OBsea @Oy d€20Isd diBj ssH R tEHGESY § datz
L d20 ftsoddedzO® BElsd ROEE [ O oo &zBs , L
CoOHWKOIs GctOH' ' dzs O L dz2Oydets MdzOBh 58 [
H ' dzB0 a9 dzdyddz0 28655 fo@H&Digdz@OL di3' b
CodzmMstez oz dafim HEOBjt, OOHTLO® ' Hdts® 2t
[%j, o ©jOd ddr ydhmasesdr tiL tc®{u)ds O
fsoddsj dz sy’ dzb 9 OlsdMmw ¢ t6j BES.

I ©dz totsL C dzZOH j di3s C Stoslipls” o o b OL L " H
fjtehdn HetR vydzj dz' o

J1- (B/2mM(u,) °1 (B/4 M(u,).

USH '

Ve=fag { BAm) K Ji . (7.20)
) S50 jtodz) B! HE ' o deW dedz" 'S LLO@EV MEIS IS
WkdCy'Y 1 jMmMmidY, "s esdfdde® L (7.16)

GJ(r):GC’Jl(r«/ki 1{) a,(r)=a°d (ber) b 3K K. (7.21)
1 OL dzOy dsthsts B oo * Mils¥  dzOB dzd ) j detsets f toj H Mls
osdets oy oS dz¥ Yo qtsmm;sz‘%,otglz%”baafﬁ@' 15 H o

Bz dz' 2 des gz dzOB dzd ¥y j dedz® , Odzj headHG ' Mmis: T
dzv, 26t st Hddr ' fs2Hjds Seoddjs

1] il 0o d dsts WIng%#k@-'lér)szB‘ndncﬂWdzts Y st dsl

o N
O: O

a 1
Jax [k S

1-O0: Ot

a & B i
J & |k*V1- — M 0 -k
1(? kT:, om (UJ) kz

<=
He)

. 1 o
{ 5L C ZOH j£5 52 (1) 1 {B/2mM(u,)
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a | 4 aB p 5,0 & aB K 50
o 2 2.9 2
Jlgag\/kTgé 5 bl B oz R, G B ) &
a e B K 20
Cdarlk €GP n)
¢ ] U=
a 2 (
=, k? -k’ ﬁ%l\ﬂ(%) ! (7.22)
2 amfK? - K !

[Odzlstsdgj o S stedMmlssol’ hj w©Hdaj 5BdJ Y4

Bkr
d=r————M(u, ) <«1. (7.23)
cehts H S WikzdC y' (7. 22) L Ofmists M

J(s+ g ©J(s) W'(9 LOtigdsy uj2dstorl-kd¢
99003 yd HHOMztsZz o j dzd yd dats® st Wtstocdilz d
dzOB dzd ¥ § dzts

Q_’)o

L R (u) g (r TR) g R
) M (4 )3k ). (7.24)

190 yud dz0 toj € Iz tc jidals-ddro) gl (B)e-dzlriizz W s to d3lz
(724), dzOB dzadfwyLj=id 2( e =2L19) Bsy dzO L Of d MOIsd

o ()-oa( ) - -
+r8—krM( ) («/kT k2) Jz(r K? k§)§

vifit Md v §j Mk twdgdsd Hasdyle @z dzs- 2
N jdedz odSttedMmlsOlsd oz d'L X6 (0f € HijdsCR otz jta
sMisOstsydzd? Lo WL sC E 9dedWH' Hoftsm C
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2\

b ng g\]o(rw/kﬁ -kf) Jz(r«/kﬁ k§) 2 (7.26)
m
: . 2 )

(@ferten P Koy () a7 )%

T
i (7.27)
(

. kﬁz;kfg% rﬂ) Jz(r i ks))al(r I ki)‘é’

[MlsOlsydz?2 ttsLodé6wWL S (7. RAB")d R detectizw(HY
Hiczetsegts (§Jodats’ dzj dz' dzg' 2 dztd 'd3OH ts B @ & Uayf )

u,(r,zt)= rfé(kzz'””‘){ q( R/W) +
+r IZk? (\?\]o(rw/kT2 kf) Jz(rm) g

mé

2

(et e ) o(vF ) S
G R) a1 2% ) 3

2l ) g afnie €) (8]

r

N

OB s
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35(@;@)?0@/@ G Jz(r K2 kj) 28 ¥ (7.28)
PR oW o R g
%ﬁ () & (ni ) @

] stsys¢d Ltstelz d&3j nrOdz' € =~oddz , dzOw 9

M slottej dzgdzg? ff syOlsSsotsets ftotsW' dz¢ Roddz
LeZ Pz ds! anWH MIsOdzdz  GA & az620 H3d iz s ¢
dzd S )

1l dzOB dzd ¥ j dets 3z O dz@fddz’ LdzH tdainfsdnfS-d R tc lsd®j
N J dedaw o desdls! Mitslsotstcj dzdz?y o  syOlsE tsac
dz' 2 des’ HBSBOOCd LB dighez” st ln®@dz'L,” wWCBEZ dAf
r dzf tetseo j H] des sz O dp@rezdaisle Roddz' ygd dai IscC
odHd Mftslkeotstejdedzaw. [Hdzgj COLE' Jo-tsdz
stcz Hts B89 jtendz yddad ddH tcd®dzts Hdzd V) € Of tddz d
df so 6wLOdzgj] L Isddz, hts dzgO ftsejtrndz ydadz
COtoditsdz" CO) wbteddizz’ tsMmis' 2dzz HsB OO Sz &
dzv mMfsketste " Is! MW HB oadcecdWHEk &HEZE ts9
“lsrmMw L 9" HiMisOdzda i fish  dctF digedz dz@ P i wazC Iz .
hts tcj Odz' L soOdegd?2 dOBdZdY jdzed?2 ' Ha' H- dgj
Bsdzj delsdes f jtojotsH ! EOQOtdisdz ydzz = o d dz®
fJtecjatsHE fitthts' cOtedisds’ €d E Istejlss yj =

[HdZOS HGoMsBaZdgdediisle's de@j H Mis Oo dzj dzdzw
f4odddd tsB®BY HEedy Fdomj, yij BB J dadz”
h j dedg?v BOC I d3Odz! dets™ OB dz' sZHT HB HiS9 Y
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odd : SCt' &5 ke, o 5B &) Odtet b Hbatzs &
2¢O, yOffsslsd Reodd ' &Okjt' Odkz. It
sddz s8COLE', "t OCd?2 OdOd L o dshg
OB dzd y j des Bz Odz@dz' L' Sodd .

11

1] X

714 | cOdzd ydz® EZdiseod o dpff dz' ez% & ezl dzt @eH
~9oddz .

mo ddz' se k' ydfaditm ¢ Wis(wkie ddzg] iz' dz' 2 dz' 2

Ctozlsd dz' dldztser aydlalz' o L dzOydisd, we ot H dzw

Pdiicod o' HifklsdzsMmis' d&zOf tckzy j dzr® dzO B ' ydz' 2

srr(r",z,t): $J(r°,z,t) :rzs*(r",z,t) 6. (7.29

[ Odz' Mdz' H 9 dtcORkzeo Olsd dzOff tclzy j dadz™ L
ABtedlz 2O H v datstc B3O dzs dats E s LdzOW dg'lz i cmtiv
ded Y Uj LeClzpOdalz’, s o dz' 2 dzj B3O HSH OdaS

HBHOdZS ' 9) Odzj HisH OdzS d [dOc8l, BTs #4% 150]. Y 4
ANBtedBzdzd HdzW HElsdydzdes d2Of tclzy jdz@ ° IsOCC
: u 06,15, 1 0)\3

S, = +L 5 =B (u
o= a2 3l Lo (0
al 5] 2 1 e 2 u 2
-@A B 1f(u‘,) ;Béujé( u,) 74( u,) (7.30)
a 1.0 a 1 0 1 1, & 3
srzzé m+—A & U, +2é77_A U ; — A_z( %J uu,, 3( u) Uz

c 12 = c 12 r = 6 r

. 1 (7.31)

ANstedBz dzO (7. 30) o ¢Cdzs yo d&z' dz' 2z yOofmisd

desd3sz f " HRtSH Iz, oytslsdted HBHOMSd, W

oCdzt YyO' HOO HBSHOMS d Htobkc thdsts tHUEsEOHEETE oc
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ssets fsWHS .

U s dgizfn Isted dzOf tclzy J dzdzv O 89 j ton dz'
HSHOdSCd ° dzgj By dz0 tsH desyOfmdes  ted tc- o dz
Ck Hdzw L dzOR tSH Y j dzdzv tsSH Hzb  tizy iz BiCLHASHEN iz
fMw  Stoddevtelzdzy . U BSH® LOHOYO MO fjtoj L
fjtei2lsd o' H d dg 2des” LOHOY' HB Mt |
dzsoy' od2h dzs ftcOoaddz! dets, Bt Hoa O d&Of tck
LOeaYyHd ' oM ud (dzgi daddz'y yHQkz' ize @d2d y dz' m2
BOGOI! sn LOHOY LBJjte]yjdedzg?" ¢ctcOdzed ydadn
dzso € HEts dgjdz' dg' 2des” E2 LOHOY' f(tets dzj dz
Is dzd d3.

stsiBz ftslste' Bdets L BjtejGlsd o ¢ teOdaed ydzad
Cto@iplzk Ediso kz, M SHtS H Bl d YydeE@S 0d deety d
dets mroddz . OBk Yv kdkse O k dz' dg 2dz 2
YdJ dzH j dzlsdzj to' o dzv dzdgv H dzW L dzOnR SH Y § dzdzv R
S, 8O0 HBlfudasfcladzy j dz@ dzO (5o jtends yd-dz' dz
' stcj BO 998 0y 0Olsd, hts otsded dzgj BERHEIS!
Ld&ZO2Hjdz2 fHtod o Hsditdiz "o ddz setsdzz ydmc

1 OGOHO BZ3s 9 HBBRBJ2 Ek did®@Cd, 2 dz's? ols L€
sd¢d ftets Ctokzyj dedgw Ctokzotsotsets oz detse s
sfdmkz' fovwelk dttdi@dz daslejs g jtc zdgjj ddzdelz’ 2
CklsO LOCttkzykzo Odzdzgy W ¢ Mmdse detsets ¢ dzj d3C

v OCdd3s yd dzts d3, fswo® © LOHOY' ftots €
dstc GO dz! desEts SzOf el jy jdedzV | dzj dz' dg' 2 datsl, L Oc
we o dtscets ¢' dzj B3O ydzetse 5 ff Cacd® dig) Asldadre
O HfBo "  Hdzs™ L OHOY' MsOd<Cd.

b 2Odz' L ISte! 5m dgj dz' dz' 2 dzs’ dn G tc Odzd ydats
Ho O CtesCd. wfiByOlsClk dzgj &z dz' 2dzeddzd HESH O
HOdzZ' s ¢saeiaAz®Bd L dgj dz' dz' 2 dzd d3d H ez dzs C

232



dzj dz' dz 2 dztsfls’ dz® L dgOYj dedz® Reddz me dR Y
[ sz dzd 3 M shsetsd ISOC’ sy daf d
Qdz" o, W& d3BHJ dzs ¥ st MY104 W35 Y1823, 1¥Gzts d3- [ dp't
h fls! sOCdE &GO jt' Od' & oW o dzv K lig's Ofgdp
9 OCEB®RE odfOHSE ' M&OBSd2 of dzdo dzj dz
19008 yd dO Isjsstejlsdydzz MSE dzOH dz' Mlis
Pdisteod Hdzw &QY tclzy jfdgdmh sz dzOB dzd % § dzdz r
Lz dded Bsfy! dzO f j 6" sdgzH @des Yyt * 6 tff Qg wisipl

dzts 6 .
[6)j HOd tbLc¢ddvH@IHs =dEoOdddz &t

r‘\/@%(r"m) %Jl(r"w/kﬁ k—§) .32

UMNC &ZOHdzj 2@ L Codfslsjddd OdOd L sd jo
YO IsiShwdz Gsfy WhkdzCy' S 1 jfMMjdy sBkHBO Od
(Mathematika . { HdzOC HsMistse ' tcdz” Mis dzO B dzd 3
tej glzdzt " Is! mw f | o dadidgdtc "ts BLAL) > g ifgdz” 3 5B d3d
noddz (o' Hdash j dzdgv  BOS fiyd B0 dzks Gets "dzO O gy da’
ftshdqtojdada? "Roddz . stdifodslsjteded? OdzOdz' L
OdzOdz' L o desfydls! CtstejSClsdod o totsL zd3' dadav

72stsd3f s Isjtoda) BSHJ dzt 9 Odedz? MY slso stcj da
yddz' Hted wmiddsd d2'odftsiz’

7.2.1. 1 &Omsdotflk' &OljE' Od o, W'

ldejtej B lsted RO ' Odzd, HdY wCdrn o
sd ®BsHjd [ jtedzOcO®O ' wC' HtBte] G dMt
fsd3’” teded » HJ W tstc dgi@ip Ovda L dzdoréafin 16 g fafiifigs dis@s
4 w3, 16, 21, G, 69]:
uls Odar =0,156 @3: m=0,043 OF° B= 15,24 16F;
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4 ls Odar =0,357 @&9; m=0,114 && B= 3,84 10’;
4 ls O dzi r =B,335 @0; m=0,263 & B= 1,435 1&¥;

10 fJjteh sz QtalsOR'H JARIBO dz' deClay j dadzy 4 j to" E
YJ deH j delsdetse s to' o dgw dade (7.32). g dzv y! fsc
s jtoj ydzs® Soddz H @ OWREHds s OIS j tcdz@uz

k,=190,471/ &5 ( s Odzr 11) ,

k,=176,9€1/ &8 ( MlsOd 22) ,

k,=142,021/ & ( MlsOd 23) .

[Odz Htslste' Bdzts L OH Olsd M idlg s 2 Isfors Medots
yddz' dze G@d.

722y d dzts o d y J Czlz@ df ezt dz' dzgts”  Re gzt (L
B d5j ¥ feedztizj dz' dz' 2 dz )P o dHC ' Ml Sodc

CShts LOHOLd (tyOlst %6 A@dY dzls sz m O dzn «
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