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I. BCTYil

Y sauponouosaHiit po6ori po3rttu)"ro .KoHcrpyKrI'IBHy
cxerray no6yAoell po:e'Bxy uiruauoi 3aAaqr. Ant plBIuHHt

rennouposi4uocri s KycKoBo-cr€Innrtan xoe$iqieHTaMH' tqo
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BrrHr.tKa€ [pr.r AocJriAxeHHi HecTarlioHapHofo TeMrrepaTypHoro
uonr y 6ararouaponolly rpy6onposoai. B ocHoBy cxeMu
noxJraAeHo MeroA peaycuii, KoHrlelqirc xnarinoxi4nux,
MoAr.r(PiKoBaHufi rraero4 @yp,e ra MeroA Bnacur.rx rbynrqili. d
qxocri .rucroBoro npr,rK;raAy po3rn nyro MoAeJrbny 3aAarry
upo fiorrupeHHrr TeM[epaD4)HOrO [oJrrr 3a ToBnlrrHoro
qoTr4p[mapoBoro rpy6onpoBoAy B yr!{oBax noxexi.

II. TOCTAHOBKA 3MAqI TA ii MATEMATI4IIHA MonEJIb
Po:rna4aemcq N{iuraua 3aAaqa Nn pinnxnnx

renronpoaiguocri [l]

) t ( r , r \  t A ( . 6 r ( r . z ) )'P 
a, 

=;; l '^ 
u ). 

( l)

3 cucreMorc rpafioero< yr{oB Tperboro poAy:
(
)aorot( ro, r ) - r , ' ,  ( t , r )  = d. rov/o(r \ .  , . \
la,r.t (r,,r)+ tt,1 (r,,r) = d,r1//,(r), \Lt

i no.ratxosorc yMoBoro:

,{r.rQepeHrliamne piauxnux (5) 3BoAr.rrbc, Ao
exsieareHrnoi clrcrenaa 4a(lepeuqianurux pien_anr l_ro
roPtAKY 

u' = Atr (7)

Kpafiori yr'ronra (6) 3anrureMo y eerropnifi $oprrti [2]

P.u(4,)+p.u(r , )=r(r) ,  (8)

Ae P, Q u f(r) Marorb Bnrrr,q

^  (onn  - l )  ^  (  o  0 )  _ ,  ( a " r "w" ( ) \
r = l  : "  ^  l ,  O = l  .  L  f ( r ) = l  u  u '  u \ ' 1  

l .  t S l
\  0  0 ) '  '  

\ o , , r ,  t I  \ ' . /  
\ o , r , V , ( r ) ) ' " '

Ha xoxuorrly s npolrixria cr{creMa (7) uae Bmn A

ur' = A,u,, o, =fo +l (ro)
[ o  o )

Marpuqx Korui 4 (r,") crcreMlr (10) ro6paxyerbcn
HaCTyIIHLTM qIIHOM

( ,  l n r - l n s )

4( ' , " )= l  4  |
[ 0  1 )

t(r,0) = e(r) (3)

Tyr ro 1 11 1 ... < rn Aoninrne po:6rrrx nporr.rixxy [16,40 ]
4ificxoi oci OR Ha n qacwtt, d; - xapaxrepprcrrrqHa <$yrxqix

df

ri4pisra fr,,r,*rf , ttu -r),t' - xnasinoxi4ua [2]. floxna4errro,
n-l n-1

wo 1(r) t Z 4e,, c(r) p(r) = 2"i p,oi.
' : j=0 j=0

Posr'xsyeanHx sa4a.ri (l), (2), (3) upouoarErrrMeMo 3a
Hacrynnoro cxeuorc [3]:

1. Po3s'r3or t(r,c) nyxaerbc, MeroAorra peayxqii y
rurur-r4i

t  ( r , r )  = u ( r , r )+v(r , r )  f+ l

2. .{nr o4uiei s $yarqifi (nanpr.rrna4 wo u(r,r)1
posn'x:yerrca ruasicraqionapna rpafiora 3aAaqa

I  d (  " d u ( r , r l )
; d,l '" d, )=u, 

(5)

s rpaiiorunax yMoBaMr.r (2) xtw rbynxqii u{r,r) ,ro6ro

I aorou (ro, r) - ultt (ro,r) = aoroy o(r),

la,r,u(r",c) + ut t (r,,c): a,r,ty,(r), 
(oJ

2. I . Pose'nsyeauun rpailoeoi' sadaqi (5), (6).

Bne4eruo Beroop u = (", urt)' ra Marprrqro
( r \
t 0  |

A(r) =l r).(r) l.
[ o  o )

,{na 4oainrno.o fr )l nosgaq1a1ao

4
B (r*  r ,  )  = B o _,  ( ro,  r r  _r) .  B o _,  ( ro,  ro _r) .  .  .  B,  (4 _r ,  4) .  e2)

Crpyrrypa (l l) rr.rarpuqi 4 (r,r) Aae naoxnzsicrr
BcraHoBurr.r crpyKrypa ru*T, (12), acaue

,u-,,,r=l' Iryl (r3)
[ 0  1 )

Ha roxnolay s nponaixrin fr,,4*r) po:a'rlor sagaui (5),
(6) uae Br.nurA

u,  ( r , r )  :  B, ( r ,a) .8(4,10) .po(r ) ,  (14)

r re o"( r )=(r+9.a(r , , , i ) ) - ' .A(r )=

f  r ,  i 1 rn4_ ,  - t n r  ) l - '  ,  ,=l["* ;'l.f ' :)l ' 4-T ll ["'.'.1'l]=
L, 

o o ) \a.r. ' i[o 
, 
', 

)] 1".,.v.@)

( (o,r"o, + l) a orory o (t ) + a,r,V, k \\

= l  
a ' r ' + l +ao ro (a , r , o ,+ l \  

|
1 aoa,r,r,(v" (r)_rr, (r)) I
| ;.,..t;;nA.,," +t) )

Brpas (14) Ao3Bome 3anrcarrr poln'rsox u(r,c) Ha
npouixry lro,r,f suAorroMororc xapaKrepncrnunux $ynrqifi

( l  l )
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0, y r.urr,t!.i

n-1

u(r , r )= Iu ,  ( r , r )0 , .

3. AtA rby'rqii v(r,r)'=o ot"tr.to

HeoAHopiIHy 3a&aqy

( n -l-)
R', = l ,  .R,, ,q, (r) =l ,1, l .  

(24)

\-*,P,' o )

Marpnqx Korui Br (r,s,rtt) cprcreMr (24) wae nacrynuzfi

BIITJI{A

n,(, . , .r \=(Fl '  4 ' ' . ] .  e5)\ '  /  \ f ' '  F " )

n4a,s (J, (a,s). N o (a,r) - J o (a,r). N, (a,s))

24,

.  o(Jo(o,r ) .  No (a, r ) -Jo(a,r ) . , rur(a,s))

tr,

d v ( r , c )  |  a ( , a v ( r , r ) )  d u ( r , r \
cp*=-= l  r1# l - rp- - ) - .  (16)

or  ro r \  o r  )  o r

3 HynboBr,rMr{ rcpaioemur.r )rMoBaMI{ a-rrx <[ynruii v(r,r) ,

!aoror( ro,c)-v t ' l  
(6 , r )  = o,

la,r,v (r,, t) + vltt (r,, r) = 0,

i noqarroeorc )rMoBoIo

(  15)

rrlinrary

(17)

orpr4MaeMo

(21)

(22)

Ae,  Fn=

nf; al rs (t, (o,r) . w, (o, t) - t,( a,s ) . .rr, ( a, r ) )v(r ,0) = " f  (r)= rp(r)-u(r ,0).  (18)

3.LBidorcpeanenua suiuuux mq sadaua Ha enacui
3HAqEHHfl.

Poss'ssor o4uopi4noro 4u$epenqialrHoro piewnnx

} v ( r , r \  t a ( . a u ( r . r ) )
L U -  ,  t v -  |'  0 r  r d r [  0 r  )

IrlyKarr.rMeMo y BI4IJI-g 4l

v ( r , r ) : s - " 'R ( t ) ,

Ae a -napaMerp,a R(r) - nenigoua$ynruir.

fli4cranrrroun Q0) y (19),
(xnasi)auSepesuiarrse pienruHx

(il.R') ' + atcprR:0,

s rpafionuuu )MoBaMI{

laoroR(r)- 
Rt"(to) = 0,

laori,R(4) + R"'(r,) : 0.

3aAaqa (21),(22) - KJIac?IqHa 3aAarla na sracHi 3HaqeHHt.

Bsiauu xrarinoxi4xy i l ' l !r) 'R', Berffop n =(n. Rtrl )r

(  l )
I  U  - l

i var:pr4ro e(r) =l rAlr) 
l, 

3BeAeMo

l-a"p, 0 )
(rnasi)ar.u[epenqiamse pion*urr (21) Ao ersieaneHrHoi
crrcreMr,r 4r,r$epenqia.nurrx pinnxxr I -ro rtops,4Ky

F n =

fr, =

21,

u"

(1e)

(20)

Ty. /o , J, w No, N, - $ynrqii Eeccenx i Heinrana

rrylboBoro ra nepuoro po.uy ei4noni4no.

rA,a,s (J,(qr). lr, (o,t) - J o(","). lr, (qr))

flosHa.rln{o:

a @, r" ,  a4' !  11 B,- i  (4-t  * , ,  4, ,  a),

n (r, ro, QliB, (r, q, at). B (4, r0, at). 0,,

lr + q a (,,,,,, rn1!?:' (,:), :' t'l'l' )  
[ 4 '  ( ' )  b r r ( t ) )

Poss'ssor cr{creM[ (23) uryrcarnrueuo y rrEmx4i

R(r, ar) = B lr,ro, at)' C,

ae, C = (C,, Cr)' - ;ierxwil nenynronni Beroop.

(26)

(27)

(28)

(2e)

R ' = l R . (23)

Ha roxuolry s nponrixxia fr,,r,*r) cucreMa (23) Iuarurue

BI{ilUI/I

3acrocyeaaruu 4o pinnocri (29) rpaftori yruonn (22) ra
nicrx nepetnopeub orpr4MaeMo

l r+g.n(r, ,6,r)] .c = o. (30 r

,{na icryeannr BeKropa C s (30) ueo6xi4no I{ AocrarHbo
BI,IKOHaHHt )'lr{OBrr

aetlr + g' a (r,, ro, c,t)]: 0. ( 3 1 t

Xaparrepucrnvne pienxuxx saAa.ri Ha sracHi gHa.reruu
(21), (22) ruae nrn-nag (3 1).

Buxog.ruu 3 yr!{oBn (30), neuynrooufi nerrop C rta€
BEflI,III
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"=(J-  ,  r l ' .
\ ao'ir )

(32)

B.rracrri Bercropn ctrcreMr4 4r.rsepenqianbuux piBHrHb (23) 3
KpafioBnMn yMoBaMr.r (22) uawrt HacryrrHy srpyroypy

Ro (r,at*) = E(r,ro,a) ( +, l l ' ,  k =r,2,3,.. .  .(33)
\ aotb )

BnacHi $yuruIii &(r,ro), ax nepnri KoopAnHarr.r BrracHr{x

nerropiu Ro (r, alo ) , Mo)KHa so6pasvu,r Hacrymrr.rM rrnHoM

Rn(r,ato)=(r,  0).8(r ,ro,ar,  
[* ,  

l ) ' ,  
e4)

t ' ?
g n = 

;:-,i I c pg (r) R^ (r, ri.o) rdr =
i l&i l - ;

1  a - l  \ t l

= 
no ,eZ",p,l  s,(r)no,(r,a^)rdr.
l l 'v  l l  '="  I

3ayeaxnuo, rqo llRoll' 
-rnaapa, HopMn

(3e)

Ocrfurrrn

BrIIuII,IBae, uo

Rr(r,a4) =

= (1 ,  0 ) .8 , ( r ,q ,a to ) .8 ( r , , ro ,ao)  (  J - ,  l l . '
\aoti, )

3.2. Memod zracHux Qyuxyiil.

Poss'ssor rr,riuranoi saAa.ri (16)-(lg) 6y4eirao rtryKarr,l
sLlrr.ffni

v (r,r) = Zrr k). ar (r, ro),

rc To(r) - nesiAo\,ri rbynrqii.

. o u
LrcKlJrbKr,r - BxoAarb y lpaBy qacrr.rny pianxnnx (16),

OT
po3BuHeMo iI n pxg @yp'e 3a BrracHr,rMa Qynrqixulr
Ro (r,ao).

A u g_  -  ) - unp ) .Ro ( r , ao )o" 
- 
1=,

Caia sayBaxurr4, rqo po3BnHeHH_,r rby"*qii S(r) 
"

@yp'e sa Brracur.rMr.r r[ynrqixrura Ro(r,atr) saaavi (21),
MAC BI,IruI']I

s(r)=i"-  & (r , ru) ,
k=l

4e roe$iqienrn @yp'e & 3uaxolrrbcx sa (poprvrynoro

k  =1 ,2 ,3 , . . . .

n-l

Ro(r,roo)=IR" (r,ato)e,, ro is (34)

(35)

(36)

Qrr*uffi 4
' L  

, - t  l r r

llR*ll' = Jcprn!(r,.oYr=2",r, ! fi(r,royar. (40)

mo"tu"rrxro"u (36) y trOl oa"p=*y.rJpi*"t"r"

-?
cp . \ r ;Q ) .Rn ( r , a to )=

r € - ,  ,  ,  ^ : : ,  r , ,  e -  
( 4 1 )

= - LT* (c ). ( i l , n'r (r, rr )) - c pZu r (r). R o (r, a *).r i : i ' " '  "  * = ,

. Bpaxonyrovr.r pirnicm (20), uiclx neperBopeHb o.qep)rsMo
cn1BButHotrIeHHt

f lr i 1')+rrrn(r)+uo(r)l R- (r,ao)=0. (42)
; - i L ^ "  "  ' )

Ilpupienrorouu xoeQiqienrv Oyp,e psay (42) ao uyls,
nprrxoAr4Mo 4o necriuvennoi cyxynnocti 4n{epenqiamnr.rx
pirnrns

Ti (r)+ aoTr(r)+uo(") = o, k =1,2,3,.. .  .  (43)

3araaurufi posg's3or Ko)KHoro r qro< pinuxnr Ma€ Br{flrrr

ro(")=C^.e-. t ,  - i "-* t , -" t  . ro(ryr,  (44)
o

Ee Ct - ueri4onta craJra BeJrr.rrrrrrna. .{nx ii snaxo4xennx
Br,rKopr{craeMo po3Br{HeHrrn Sytt*tlii f (r) s noqarxogoi
proau (18) n pxg lDyp'e

v(r,o) = f (r)=t _tror(r,r).  (45)

Iicns nopienxnr 
"rorrojii** roeQiqienrie @yp,€,

qprr(oAr{Mo Ao BucHoBKy, r4o Ct = .fr.

Orxe posr'xsox DriruaHoi sagiui (16)-(lg) o4epxyerr.ro y
nrruxgipx,ry

v (r, t\= 
:f, 

. 
"-*, 

-! 
"-.,{.-ar* (") a"]. Ro (r, ar) =

BJIACHI{X

(46)

(37)

ptA

Q2)

(38)

n-l

=lv, ( r , r ) .0 , ,

Bfaxoayro.rn :o6paxenm (4) ra rloprrayaz (15) i (a6)
posr'xsor rraiuranoi sa4avi (1)-(3) orprar,rieolo y rprrargi
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t (r, t) =llu, (r,) + v, (r,r)) 0,.

III. MOAENbHA 3AAAqA

B srocri uo,qeruroi saga.ri po:rnrHeMo qornplrurapowtft
rpy6onpoeig, sxufi snxonanrEfi s isorpomrux nrarepianin
pa4iycanrr.r: ro = 0,15 u, \ : O,154 a, rz = 0,164 tt,

rz = 0,214 u, rq = 0,216 u. Heo6xi,qno Bu3HaqI4rI'I pornoAin

uecraqioHapnoro reMlepaltypHoro [oJIx ra rycrt{Hy
TerrJroBoro floroKy no rosrqr,IHi rpy6onpoeo4y, tKruo 3
sosHilrHroi cropoHl{ si,q6yBasrrcs floxexa, relrueparypa axoi
3MlHIOeTbCt 3AKOHOM

t *" (")= 660 (1 - o, o 8'7 ea'32' - 0, 3 13e-3'8' ) + 1 8, a ncepe4nni

nporircae pi4una 3 reMneparypolo 180C. B noqarroeufi

MoMeHT qacy reMneparypa KoHcrpyxqii cranosrru 180C.
Tennorexni.{Hi xapaxrepr,lcrraxu rraarepiania HaBeAeHo y
ra6nnqi l.

BuroprEcrorynqfi 3a[ponoHogaHa[ aBTopaMI4 MeroA, Ta
nporpaMue ga6esne.reuHt Maple 13 oAepxyeMo po3B's3oK

nocraereHoi saAaqi npo porno4in xecraqionapnoro
TeMIIepaTypHOrO IIOJIfl Ta ryCTI'rHIlr TeIIJIOBOTO IOTOKy y

surnr,4i rpa$ir ie (Puc. I  iPuc.2)raradlr 'u' l2 i3.

Pnc. 1. Pornoail rgMnepar,?Horo noJlt

Pfic. 2. Posno.qir rycrHHH TerroBofo rroroxy
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