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BJIIDlHHE K03<P<PHIUlEHTA HCIIAPEHlUI HA ,lI;BIDKEHHE 

JIETYQEH A3P030JIbHOH ~CT~I B nOJIE rp~EHTOB 


KOlIQEHTPAII;HH C y.{ETOM nODPABOK HA quCJIO 

KHYJ];CEHA B 6HHAPHOH rA30BOH CMECH. 


1O.H.HJlaM06, M. f./J.EapuHo6a, O.B.CmaBl(e6a 

nOCTaHOBKa 3a.r.a'lH 

. PaccMa'rpHBaeTCH YCTaHOBHBlIIHecH ,IlBHiKeHHe YMepeHHO KpymIOH JI~eH KaIIJIH 

lepHqeCKOH cl>OPMhI P8.WIYca R B HeO)J;lIOpo)J;lIO:H no KOHIJ;eHTpanIDlM KOMllOHeHTOB 

!HapHOH r830BOH CMecH. OrHOCHTeJlbHhle KOHIJ;eHTpa.IUm KOMllOHeHTOB CMecH paBHhI 

n(e) n(e) 
(e) = 'I _ C(e) = _2_ rrre n.(e) H n!e) - 'IRCJIa MOJIeTrVJI COOTBeTCTBeHHO JIP'rVUero~ H
I (e)' 2 (e)' ..... •• '-l "J _AJA

nO no 

:cymero KOMnOHeHTOB r830BOH CMeCH B e.lUiHHue 06'beMa; n6e) =n}e) + n~e) . 

Ha 60JIbmOM paCCTOmHH OT qaCTHI(hl IIo,zmepiKHBaeTCH nOCTOmHhlM rp8,lJ;HeHT 

lHUelITpauHH Ac. 
TaK KaK KaIIJlj{ HMeeT cq,epWleCK)'IO q,0PMY, pemeHHe 3a.na'IR ueJIeC006p83HO 

)OBO,IlHTh B cq,epWlecKoH CHCTeMe Koop.mmaT, HaqanO KOTOPOH COBMemeHO C ueHTpOM 

iIIJIH, a HaIIpaBJIeBlle OCH Z = r COS () COBna.naeT C HanpaBJIeHHeM BeKTOpa Ac. 
TIona.nruI B nOJIe rp8,lJ;Hema KOHUeH'I'paUHH, a3P030JIbHruI qacnma HClThlThmaeT 

:HCTBHe .lUiq,q,ymoq,OpeTWlecKoH CIDIbI, KOTOpruI 06YCJIOBJIeHa HecKoMneHCHpOBaHHblM 

.mYJlbCOM, nepe,IlaBaeMblM qaCTHIJ;e MOJIeK)'JIaMH Heo,Z:llIOPO)J;llOH no KOHueHTPaIUill 

L30BOH CMeCH. 

TIPH YCTaHOBHBmeMcH ,IlBIDKeHHH, cyMMa CHJI ,IleHCTByroIllHX Ha KanJIIO paBHa HYJIlO: 
F= FTF + FDF + Fa + Fcr+ Fv = 0, 
r,Ile F - pe3YJIbTHpyromruI CHJIa, FTF - TePMoq,o~ecKruI CHJIa, FDF 

'lq,q,Y3Hoq,opeTWleCKruI CHJIa, Fa - peaKTHBHruI CHJIa, Fcr - TepMOKa.IIRJI.JUIPHruI CHJIa, F v 
rna ~DKoro conpOTHBJIeHHH cpe.IlbI. 

OrHocHTeJIbHble nepena.nbI TeMIIepaTYPbI B oKpeCTHOCTH KaIIJIH MaJIbl. 31'0 
J3BOJIHeT Cq}{TaTh K03q,q,HUOeHThI nepeHoca (K03q,q,HUHeHTbI BDKOCTH, 

mJIOIIpOBO,lJ;llOCTH, .lUiq,q,Y3HH) IIOCTOHHHhIMH BeJm'lHBaMH. 

~e) A(e) 

.nrrx yMepeHHo KpyrrHbIX KaneJlb, TO 'IRCJIa KHY,IlCeHa -- H _2- Y,IlOBJIeTBOpmoT 
R R 

)OTHOmeHHHM: 

~e) ~e)
oS -- S 0,3 H 0 s -- s 0,3,

R R 
ne ~e), ~e) _ cpe.zume .z:ullnn,I cB060)J;lloro np06era r830BbIX MOJIeK)'JI nepBoro H BToporo 

opTa. 
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Pacnpe.ueJIeHHe CKOpOCTeM, .uaBJIeHHM H TeMneparyp BHe H BHYTpH Ka.IIJ1H, 

pacnpe.ueJIeHHe KOHI.~eHTpauHH BHe KallJIH 6y.ueM HCKaTI:. C IIOMOIIJ;b1O CHCTeMbI 

JIHHeapH30BaHHb~ ypaBHeHHH HaBbe-CTOKC~ HenpepbffiHOCTH, TeIIJIOIIpOBO,UHOCTH H 

.uHq,q,Y3HH: 

div v(e) =0, div v(i) =0, 
I1T(e) =0, 

JIHHeapH3auID1 OCYIUeCTBJIeHa Ha OCHOBe npe,UllOJIO)KeHIDI Ha.JI:WIIDI MaJIOrO 

IIapaMeTpa 

p,(e)UR 
~~e) « 1, 

KOTopbm 06eCIIe'IHBaeT OTHOCHTeJIbHYIO MaJIOCTb H3MeHeHIDI TeMIIeparypbI H KOHUeHTpruum 

Ha pacCTOIDIIDIX, CpaBmtMb~ C pa3MepaMH KamIH. 

B 3a,UaQe HCCJIe.uYeTclI B.JIIDIHHe K03cpcpHUHeHTa HcnapeHIDI a Ha ,UHHaMHKy KaIIJIH. 

rpaHHllHLIe YCJIOBHH 

Ha 6ecKoHe~oCTH IIpH r ~ 00 BbIIIOJllI1IlOTClI ycnoBIDI: 


v~e) = IUlcosO, v~e) = -~UlsinO, 


p(e) =p~e), T(e) =Ta(e), C?) = Cl~) + AcrcosO. 


YcnOBIDI Ha rpruIH~OM nOBepxHocTH Karum npH r = R: 

CKOJIb)KeHHe ra30BOM CMeCH [4] 


v(e) _ v(e) =c·(r~(v~e)J+! 8v~e») + K'lS' (1 + fiT ) aT(e) + KDSID12 (1 + fiD) ac1(e) . 
8 8 ar r r ao To(e) R R ao TR R ao 

HenpepbffiHOCTb Pa,UHaJIbHOH COCTaBllill<m~eH TeIDopa HaIIpll)Kemlli [5] 

_ p(e) + 217(e) 8v;e) _ ~ au I (T(i) _ r,(i»)- 2ul = _p(i) + 217(i) 8v;i) . 
o ar R aT(') :r<')=1(Ii) 0 R :r<')=1(I1) 0 ar 

c[')=Cw Cii)=c~:) 

HeIIpepbffiHOCTb KaCaTeJIbHOH COCTaBlliIlOmeH TeH30pa HaIIp1l)KeHHH [5]

18v(e) 8v(e) vIe) J 1 au II aT(i) . (1 8v(i) 8v(i) VIi) J71(e) __,_+_8___8_ +_ _=71(') ' __,_+_8___8_ 
"/0 (r ao ar r R aT(i) T(i)=TJ') ao "/0 r ao ar r' 

Cii)=C~:) 

HenpepbffiHOCTb nOTOKa IIepBOrO (JIeryqero) KOMnOHeHTa npH q,a30BOM nepexo.ue [6] 
D «e»)2 ac(e)

n~e)v(e) _ 12 no m2 1 = n(e)av{C(e) _c(e»)
" r (e) a 0 ~ sl 1

Po r 
HeIIpOH~aeMOCTb,U.illl BTOpOrO KOMnOHeHTa ra30BOM CMeCH [3] 

e»)2 ac(e)D(e) (e) _ 12 «nO ml 1 - 0
112 Vr ( ) - • poe Or 

HeIIpepbffiHOCTb pa,UHaJIbHOrO nOTOKa Tenna [6] 

aT(e) . aT(i) . 


_x(e)_.- + x t,)-- = -llt)avLm l (c<~) _ c~e»).
a1" &r S 

CKaQOK TeMnepaTypbI B CJIoe KHy.uceHa [2] 
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8c(e)
T(e) _ T(I) = K(T)r,(e) __1 _ 

n 0 8r 

IIOBHe ,nIDI pa,lUHUIbHOH cocTaBmuomeH CKOPOCTH [3] 

v;i) = 0. 


,3HQecIGrii CMbICJI rpaHWIHbIX YCJIOBHH OnHCaH B pemeHHH 3a.na~ 0 

)MOcpopeTHqeCKOM ,nBIDKeHHH YMepeHHo KpynHoH JIe~eH KamIH. 

Onpe~eJleHHe CKOPOCTH ~HcI""y3Ho.ope3a qaCTH"bl. 

06rrurIi BH,n oCeCHMMeTpIf'IHbIX pemeHHH CHCTeMl>I ypaBHellltit: CTOKCa, 

PaJpbmHOCTH H flamIaca B ccpep~ecKHx KOOp.rumaTax MO:>KeT 6bITb npe,nCTaBJIeH B 

IpMe [1]: 

v(e)=I(jlcose+r.+~(_n+1A + n+1 B_n-I)pfe\ (1)
r 	 L... n+2 -II-I 2(2 -1) n n\:"r n~1 r 	 n r 

oo 

(e)-Iu-I· e I ( A_I1_ 1 n-2 B_I1 _ I)dP,,(e)v - - Sill + -------,--..,-	 (2) 
() 	 n~1 rn+2 2(2n-1) rn de' 

ee) =nee) ~ B_n_1 p (e)+ pee)P	 (3)·/0 £... ,,+1 nO' 
n~1 r 

v(i) =v(i) + ~(HLl ril-l + n B rn+l)p (e\ 	 (4) 
r rO ~ '"'-'n 2(2n+3) n n" 

(i) = ~(Ll 11-1 n+3 B n+l) dp"(e)rv(} L... H"r + ( 	 X ) n , (5)
,,~O 2 n+1 2n+3 de 

p(i) = 17~i) I00 

B"rnPn(e) + p~i), 	 (6) 
n~ 

<Xl r(e) 
T(e) = r,(e) +~ _,,_ p (e) + <PI 

o L... ,,+1 n , 	 (7) 
n~ r r 
<Xl 

T(i) = r,(i) + ~r(i)rnp (e)o £"'n n , 	 (8) 
n=1 

00 'P(e)
c(e) =c(e) +~_n_p(e)+ Ll rcose+ <P2 

I 10 L... n+1 n "'C . 	 (9) 
. ~r r 

B CPOPMYJIax (1) - (9) Pn(e) - nOJIHHOM fle:>Krumpa nopj{)U(a n; A_n-], R n-], Arb Brb fIJ], flJ2, 
r(e) r(i) 'P(e) 'P(i) - KOHCTaHTbI 3HaqeHIDI KOTOPbIX Heo6xol'TUU'o HaRTHn'n' n' n' 	 "'''''•.LU...,.... .. 

l1cnOJIb3yg YCJIOBHe OpTorOHaJIbHOCTH nOJIHHOMOB fle:>KaH.Lq>a 

1C 	 {O' m ::f:. n, 
(10)!Pm (e)p" (e) sin e de = 	 _2_, m = n, 

2n+1 

MO:>KHO nOKa3aTb, ~O HeHYJIeBbIMH 6y,nYT JIHillb qrreHbI, co,nep:>Ka.II{He P1(B) H _d_'P.=-1(:..-.f},;...) 
df} 

TaKHM 06pa30M pemeHIDI (1) - (9) MO:>KHO nepenHCaTb B BH,IJ;e: 

v;e) = (~ +B +Iul)cose+ r, 	 (11) 
r r r 
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v(e) = (~-~-lul)SinB (12) 
8 2r3 2r ' 

P(e) = p(e) + 77(e) ~COS B (13)o 0 2 ' r 

V~i) =(Q + Dr2 )cosB, (14) 

V~) = -(Q + 2Dr2 )sin B, (15) 

.p(i) = p~i) +1077~i)Dr cos B, (16f 

T(e) = T,(e) + J.lI cos B+ !Ii (17) 
o r2 r ' 

T(i) = 1'o(i) + J.l2rcosB, (18) 

c(e) = C(e) + A r cos B+ J.l3 cos B+ (jJ2 (19I 10'~ 2 ' r r 
r,ne BBe,neHDI 0603HaQeHIDI 

-2A_2 = A, B_2 =B, Al = Q, BI = 10D, 
'1'(e) _ IL '1'(i) _ II \TJ(e) _ II 

11 - ra' 11 - r2' T 1 - r3· (20) 


OrnoCHTeJIbH)'IO KOHneHTpaumo HaCbIIIJ;eHHhlX napoB Pa3JIO:>KHM B pjl,l( TeHJIOpa: 
ac(e)

C(e) = c(e) + _s_1 (T(i) _ T,(i)). (21.1 slO aT(I) 0 

IIo,nCTaBHM pemeHlUI B rp<lllWlHbIe YCJIOBHjI H no.rryqHM CHcTeMY JIHHeHHbIX: 
anre6paH'IeCKHX ypaBHeHHH 

_1_+ 3C·JA-~-lul+Q+2DR2 + KTSJ (1+ fJT)n + K DSJ DI2 (1+ fJD)1I = ( 2R3 R4 2R T,(e) R3 R ra R3 R r3 
o (22) 

= -DI2 KDS{1 + P; )Ac; 
(e) 3 (e) a6-3LA- _770 B-2~ =-6 (i)RD· (23 )R4 R2 aT(i) ~ 770 , 

(e) a3~A a -3 (i)RD·R4 + aT(i) J.l2 - 770 , (24) 

(e) (e) ac(e) (2D ( (e»2 (e) J!!LA!!LB (e)lu-l_ (e) R__s'_ 12 nO m2 no av _
R3 + R + nl no av aT(i) J.i2 + p~e)R3 + R2 J.l3 

(25 
D ( (e»2 m2 J= 12 no _ n(e)avR jA • 

(
 (e) 0 ,~, 


Po 
(e) (e) 2D ( (e»2 ( (e»2D!!LA+!!LB+ 12 nO ml = 12 nO ml A(e)lul_ . 

R3 R fl2 (e) R3 J.l3 (e) ,~, (26) 
Po Po 

(27) 

(28 

(29) 
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llocJIe ,l(JIlITeJThHhIX rrpeo6pa3oBaHHH, C )'1.J:eTOM COOTHOmemUI mln~e) + m2nie) = pcie) 

rrpHXO)UiM K CHCTeMe YPaBHeHHH: 

e
 
3 3C' 17ci )JI-I (KTSI ( PT J R aO" J 


( -2-R- 17cii ) u + ro(e) l+R + 317cii ) aT(i) J.l2 + 

e
+[KDSI DI2 (1 +PD J- 2KTSIK~T) (1 +PTJ+2D12 (r/oe)i ml (!+3C' +17ci )JJ = (30)

R3 R R4 R nee) nee) R3 2 R n(l) J.lJ 
2 ro "/0 

e e 
=-[K D (1 +Po J+KTSIK/~T) (1 +PTJ- D12 (nci »)2 ml (!+ 3C' +17ci )JJ Lf •

DSI 12 R R R (e) (e) 2 R (I) ~"C,
Po n2 170 

ac(e) (2D (n(e»)2 n(e)avn(e) Jn5e)n(e)avR--s1-IL _ . 12 0 + 0 2 = (-D (n(e»)2 +n(e)n(e)avR\" " (31)/I 
"-l 0 aT(I) r'l R3 R2 r3 12 0 0 2 Y1c, 

,Tac(e) J (4K(T)T(e) (e) (e) J(e) (i) (e) ,T R __sl- _ n 10 Ko nO aVLml _2Ko +Ko +no aVLml (.) J.l2 4 + 2 J.l3 ( aT ' R R 
(32)e
 

= (n(e)aVLm R - 2Kci ) K(T)T,(e)J Lf 

o 1 R n 0 ~'C 

PemruI ypaBHeHIUI (31), (32) MeTO,n;OM KpaMepa, HaxO,lUlM 3HaqeHHa HeH3BeCTHbIX 

rrOCTOIDIHbIX J1.2 H J1.3 

6. 1 6.2 
Ji2 = 6. Ji':3 = 6. 

3,n;eCb 

6. = n6") ((n.(e) (2K~e) + ,.;.<tl) + "' (D .n(e)2Lm _ 21l~e)J{,~nTJej K6<')) ac!~.)) (\11+
R2 .2 U (I - 12 (I 1 R DT(i) , 

2D (el )uno .(2 _(el.(i»)+ R Ko + KO , 

. (.,) ,(e) je) T.-",(T)T.,:e) e)2 ) , A ~ 
:3110 (2n2 KO 1\.1> 0 _ n~ D12Lm1 Ql/~'"1C,

.6. 1 = R2 R 

(D 
 , ? .(e) T.r(T)T(e), (e) :-'C(e) . ) 

.A _ (e)R (e)2 

L 
. ~I-LO 11" .LO nZ ) Vs1 ,(e) (.(e).(t») , 

.:..l2 - nO (( 1Z n Oln1 - R DT(i) - n z 21-L + "'0 nll+ 

D . (e) )
UnO (.).cd + _(1).) A+ R ~h.o "'0 c· 

llO,n;CTaBHM HaH,n;eHHbIe 3HaqeHHa III H 112 B (30) H, rrepexoM B CHCTeMY Koop,n;HHaT, 

CBa3aHHyro C UeHTPOM ra3a H K BeKTOpHbIM BeJIHqRHaM, HaH,n;eM CKOPOCTb 

,n;H<P<PY3Ho<p o pe3a 
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ITpB 

0)('* /7(C))-1(( ( 2 2K(l') ]\AT )T.(C) /'1(€) ),:jC(C) 
oJ .. ' 0 3 D (e) L 0 11 02 v ' s1 
2+ R + (if . ( W uno WI - R oT(i) + 


170 

3D !.o) ) 3 
+ . 12116 (2 ,..(e) + h(l») (1 + ~)D 0 f( ~ +ROO R 12 Ds\ 

2,' (c) ,jd ]\, (T )rr(el 2 ) }\,(T ) ) ( ('~_ ) 
• '"2 "0 n .L o (el (d ( Ie) (i») n ,J!, ._ 

( R - nO ' DuLml + Hz 2Ko +"'0 R 1 + Ii 1\TSl+ 

. R 2 (e ) Je) },(T)rr(e) 0 ::} 

nv .( n 2 KO \." .La (e) 2D L ) va 
+ rt6i) R - no 1Z inl BTU) 

o '* . (e) (e)2) 
3 . (2 .(e) J i}) (1 3C ' 70 ) Duno Tnl Ac (:3.3 ) 

- 0 all 1--.:0 + KO "2 + Ii: + (i) (e) Z' 
170 Po 

.) «:)}-{T )rr(e) ) to ) :"1 c(e» ) 2D. (e) 
) c) ,(ll) ')(D . (,,) 2L _/1.2 \" .LO K·O )_U_S1_ . 12 nO ( ,(e) .i" 

2KO +KO +- UnO ml- R BT(i ) OV+ R 2Ko +1\0 

(33) BTOPOH qneH CBjJ:3aH C TerrnOBbIM CKOnb)KeHHeM, Bhl3BalnlI:.DI 

rrOKa.JThHbIM rpa,zuIeHTOM TeMrrepaTYPbI. 3TOT qneH rrporropUHoHaneH K Tsl H,Uaer BKJIa,n . 

CKOPOCTh, HarrpasneHH)'IO B CTOPOHY rra,u:eHIDI KOHl.{empaUHH. 

CKOPOcm (33), 06YCnOBJIeHHDrn JJ:HlPlPY3HOHHbIM CKOnb)KeHHeM • 

KosI, BbI3bmaeT ,UBIDKeHHe, HanpasneHHe KOTOpOro 3asHCHT or 

ECnH ml<m2, TO KDsl>O, H HarrpaBJIeHHe ,UBlI)KeHRjI OT 3TOro '1.JIeaa 

npoTHBonOnO)I(HO Ac. EcnH )Ke ml>m2, TO KDSI<O, II ,UBH)KeHHe HarrpasneHo B CTOPOHY 

cnaraeMoe 06ycnOBJIeHO nepeMeHHI>IM Me)KlPa3HhIM nOBepXHOCTIIbIM 

OIllICbIBaeT peaKTHBH}'lO qacn, 

HMrrynbca, KOTOPbrn ,UeHCTBYeT Ha qacnmy H CBjJ:3aH C lPa30BbIM nepeXO,UOM. 

qneHOB KanJljJ: CTpeMHTcjJ: ,UBHTaTbCjJ: rro HanpasneHHIO rpa,nHeHTa 

1 rrpe,UCTasneH xapa.KTep 3asHCHMOcm CKOPOcm .I{HlPlPY3HOlPOpe38 

llHCneHHbrn aHanH3 rrpoBo,UHJlCH JUUI rrapO-B03.uymHOH CMeCH «Bo,Ua - a30T», 

3TOM HCn0nb30BaJIHCb crre.n;yroInHe 3HaqeHIDI rrapaMeTpoB [3], [7], [8]: 

K~ ; a =72,04. t 0-3 H ; Kae
) =0,0257 Bm ; K~i) =0,561 Bm ; 

M M M' K M' K 
2 

(i) - 8 2.10-4 n . . D - 2 4 ·1 0-6 M . K -1123'a c, 170 - , a c, 12 - , -, TSI -, , 
c 
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c (3
[: D = -

( 
1

o+ .3nv rJe) 

r,Ue 

( 
_ . (e )(

Z - 112 

AlIaJlH3 pe3YJlbTaToB. 

B lPopMyne 

lIneH B 

rrPOnOPUHOHanbHbrn 

3HaKa KOSI. 

pOCTaKOHl.{eHTpaqaH. 

TpeTbe 

HaTjJ:)KeHHeM Ha nOBepXHocm KannH. llernep'I'brH '1.JIeH 

3a CqeT 3TI1X 

KOHUemp~. 

Ha pHcYHKe 

KarrnH BO,Uhl B a30Te. 

pae
) =1,25.10-3 

(e) -1 79 10-6 n . ' 170 -,' 
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UD0 .003 

0.0025 

0.002 

0.0015 

0.001 

0 .0005 

a 

o 0."2 0."4 0.6 0.8 

PHc.1 

)l;emUl rrpe~eJlbHbIH rrepexo~ K KpynHOH neryqeH qaCTHl{e (KOJCPCPHlUIeHT CKa~a 
TeMrrepa-ryphI nOnaraeM paBHhIMH HYJIIO), nonyqaeM O.l{HH H3 pe3YJlbTaTOB pa60ThI [6]. 

3C* (e:) -1 (( . 2 iX-·k )~ 3 . '10 . Ie) . 51 
UD = -(2" + R + 11~i») .30vD12no L1111 OPi) + 

:3D12I1'i;i (.) .(e) JD)D}3d)) (1
+ R -1..:0 +1\0 +If 12 \051

? 2'3 . (e)-D L "L R (e) D L ::) 
. 011110 12 ml ( oiJT)F 0'11 nO 12 Tnl va 

- r,(e) 1 + Ii \TSI - (i) aT(i) 
o ~ 

.* (e) (e)2) 
_ 3 (2 .<e) + .. (i») (~ + .3C +~) D121l0 ml Ac (3,1)

0'// KO flO 2 R (i) (e) Z ' '1 

'10 Po 

. aC(e») 2D . (e.) 
<0 e {i (€o 2 >. . 12 n e i

Z = 11}) (2K~ ) + KO») + 2Dl2 nO ) Lml aT(~) n.v + D 0 (2K~ ') + K6»).( 

I10naraSI a = 0, cpopMyna (33) rrepeXO,LUIT B H3BeCTHDrH pe3ym:,TaT ,WUI CnyqaSI 
KpynHOH HeneryqeH qaCnnU)I [3] 

'3 (e). ~ . 170 , 
hm UD = (i) (e)DI2l\DSIAc. (35) 
<~~O :3-1]0 + 2-110 > 

. (i) ~,(e) 
I1pH '70 k '70 H3 (35) MO:>KHO I10n~Th KnaCCHQeCKYIO cpopMyny ~JUI. CKOPOCTH 

,LUICPCPY3HO<pope3a KpyrrHOii Heneryqeii TBep~oii QaCTHUhI 

lim UD = -D12J(DSIAc . 
0-0 

~~<)/7I~i)_O 
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