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(� �) 45B0;59 ?@8 WE :>=B0:BV 7 :>@>7V9=>-0:B82=8<8 A5@54>28I0<8 (��%) 
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@>1>B8 >1;04=0==O 28=8:0є ?@>1;5<0 70157?5G5==O <V=V<0;ь=8E 28B@0B ?@8 

9>3> 283>B>2;5==V B0 5:A?;C0B0FVW. 

37 



 

�<. �@:. № �>:C<.. #V4?8A �0B

�@:.. 

 

&><C ?@>3=>7C20==O V <5B>48 >FV=:8 4>23>2VG=>ABV B0 =04V9=>ABV 

@>1>B8 B5E=>;>3VG=>3> >1;04=0==O, <0H8= V 0?0@0BV2 E0@G>28E 28@>1=8FB2 

<0NBь 206;825 7=0G5==O. �65 =0 AB04VW ?@>5:BC20==O V 283>B>2;5==O 

45B0;59 =5>1EV4=> <0B8 @>7@0EC=:>2V ?>:07=8:8 =04V9=>ABV B0 4>23>2VG=>ABV 
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<5E0=V7<C ?> @>7@0EC=:>28< ?0@0<5B@0<, 2 40=><C 28?04:C 2>=0 @V2=0 27,5<<. 

'B>G=Nє<> 7=0G5==O <V=V<0;ь=>3> 4>40B:>2>3> :CB0 ?>2>@>BC 

:>@><8A;0. �;O ?>G0B:C ?@89<0є<> r = 0,309·rc. �87=0G0є<> :CB8 73V4=> 

D>@<C;:  

)]sin()/arcsin[( 0 Qrr f ýñ , 

45 ýýý 18309,0arcsin)/arcsin( 0rrQ  

B>4V /202118sin)5,31/60arcsin( ýýñ  

�@C35 7=0G5==O :CB0 2 4@C3V9 G5B25@BV 1C45: 

θ=180˚-21˚40/=158˚40/ 

)( /ññð ý  

�=0E>48<> :CB8 4;O 42>E ?>;>65=ь <5E0=V7<C: 
/222222 621]5,425,622/)5,275,425,62arccos[()]2/()arccos[( ýýý ff rRIrR  

/222

0

222/ 1925]505,622/)5,27505,62arccos[()]2/()arccos[( ýýý rRIrR f  

"AB0B>G=> 7=0E>48<>: 
/////// 3376212031925 ýýý   

 V=V<0;ь=89 :CB ?>2>@>BC :>@><8A;0: 
//

min 334333736 ýý  

,8@8=C A>10G:8 7=0945<> 7 C<>28: g
mb

T



8


 ; 

�2V4:8 7=0E>48<> 7=0G5==O b: 
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�<. �@:. № �>:C<.. #V4?8A �0B
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<b 083,0)1003,010001,0/(1252 6 ý  

?@89<0є<> b=8,5<<. 

,8@8=C :>;5A0 ?@89<0є<> @V2=>N H8@8=V A>10G:8, B>1B> 8,5<<. 

�V0<5B@ >B2>@C :>;5A0 1C45 @V2=89: <<TD k 26125052,0052.0 33 ýýý  

#@89<0є<> 9>3> 73V4=> 7 @O4>< Ra20 =>@<0;ь=8E ;V=V9=8E @>7<V@V2 

@V2=8< 28<< ([3] 4>40B>: 7, AB..248) 

�V0<5B@ V H8@8=C ABC?8FV ?@89<0є<> :>=AB@C:B82=>: 

d=28+2·4=36<<  V  L=20<< 

�>=AB@C:FVO E@0?>2>3> :>;5A0 ?> @>7@0EC=:>28< @>7<V@0< ?@82545=> =0 

@8A.4 

 

5.4.  B;D4IGAB> F4 CV85VD 9?9>FD<KAB7B A47DV64?ьAB7B 
CD<EFDBN 8?O C9DLB7B F4 8DG7B7B 9F4CV6 DB;V7DV6G. 

 

$>7@0EC=>: B0 ?V41V@ 5;5:B@8G=>3> =03@V20;ь=>3> ?@8AB@>N =0 ?5@H><C 

5B0?V @>7V3@V2C. 

� 70;56=>ABV 2V4 B5E=>;>3VG=8E C<>2 =03@V2C 70AB>A>2Cє<> 5;5:B@8G=V 

=03@V20;ь=V 5;5<5=B8. $>7@0E>2Cє<> B5?;>25 =020=B065==O, O:5 A?@89<0є 

?>;VAB8@>;ь=0 AB@VG:0: 

)( 21 ttcmQ ý ; 

45 t1 3 :V=F520 B5<?5@0BC@0 =03@V2C, ˚% 

     t2 3 ?>G0B:>20 B5<?5@0BC@0 =03@V2C, ˚% 

     m 3 <0A0 ?>;VAB8@>;ь=>W AB@VG:8, :3 

                            rVm ý  

45 V 3 >1’є< <0B5@V0;C, <3; 

      r 3 3CAB8=0 ?>;VAB8@>;C, :3/<3. 

#V4AB0282H8 G8A;>2V 7=0G5==O >B@8<0є<>: 

            m=26 · 26 · 0,06 · 1,05=0,043 :3 

 Q=0,043·1,34·1000·(383-293)=51,858 :�6 

$>7@0EC=>: ?>BC6=>ABV B5=C: 

45 
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                      P=Q / t 

45 t 3 G0A =03@V2C, A 

#V4AB0282H8 G8A;>2V 7=0G5==O >B@8<0є<>: 

P=51858 / 2=25929�B 

 

$>7@0E>2Cє<> ?>BC6=VABь >4=>3> =03@V20G0: 

P1=P / # 

45 # 3 :V;ь:VABь =03@V20GV2. 

 

#V4AB0282H8 G8A;>2V 7=0G5==O >B@8<0є<>: 

$1=25929 / 10=2,5:�B 

�81V@ B8?C B@C1G0B8E =03@V20GV2 (B5=). 

�0 @>7@0E>20=>N ?>BC6=VABN =03@V20G0 ?V418@0є<> =03@V20G B8?C &�! 

3 120�13/2,5$220( [4] 

&01;.3) 7 E0@0:B5@8AB8:0<8: 

- <V=V<0;ь=0 ?>BC6=VABь 3 2,5:�B 

- 3010@8B8: 260<< 

- 0:B82=0 4>268=0 - La=240<< 

 

$>7@0EC=>: V ?V41V@ 5;5:B@8G=>3> =03@V20;ь=>3> ?@8AB@>N 4;O 4@C3>3> 

5B0?C =03@V2C. 

$>7@0EC=>: B5?;>2>3> =020=B065==O. 

$>7@0ECє<> B5?;>25 =020=B065==O, O:5 A?@89<0є ?>;VAB8@>;ь=0 

AB@VG:0 =0 ?5@H><C 5B0?V: 

                                                Q=m·c·(tk-t=) 

45 tk V t=- :V=F520 B0 ?>G0B:>20 B5<?5@0BC@8 =03@V2C, K; 

    m 3 <0A0 ?>;VAB8@>;ь=>W ?;V2:8, :3 

 0AC <8 7=0E>48;8 @0=VH5 B=0,043:3 

                            Q=0,043 · 1,34 · 1000 · (428-383)=34,572:�6                                                                                                                          

$>7@0EC=>: ?>BC6=>ABV &�!': 
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                                     $=34572 / 2=17286�B 

$>7@0E>2Cє<> ?>BC6=VABь >4=>3> =03@V20: 

                                           $=17286 / 10=1,73:�B 

#V41V@ B8?C B@C1G0B8E =03@V20GV2 (&�!). 

�0 @>7@0E>20=>N ?>BC6=VABN =03@V20G0 ?@89<0є<> B@C1G0B89 =03@V20G 

&�!-�131 (1,60 220 ( [4] B01;..3,3) 7 B0:8<8 E0@0:B5@8AB8:0<8: 

- =><V=0;ь=0 ?>BC6=VABь 3 1,6:�B 

- 3010@8B8 260<< 

- 0:B82=0 4>268=0 3 La=240<<. 

 

 $>7@0EC=>: ?0@0<5B@V2 720@N20;ь=>W ?;8B8. 

$>7@0EC=>: B5?;>2>3> =020=B065==O, O:5 A?@89<0є ?>;VAB8@>;ь=0 

AB@VG:0: 

Q=c·m·(tk-t?); 

�=0E>48<> <0AC ?>;VAB8@>;ь=>W AB@VG:8: 

                  m=V·r=206 · 0,06 · 20 · 1,05=2603@=0,26:3 

                 Q=0,26·1,34·1000·(473-293)=62172�6 

"48= &�! 40є <>6;82VABь Q=2,5:�B, >B65 G0A =03@V2C: T=Q / Qt 

&5<?5@0BC@0 ?5@H>W ABV=:8: 

Q=(t1-t72) / (δ1 / λ1 + δ2 / λ2)·F ; 

45 t72 – B5<?5@0BC@0 720@N20==O, K 

F – ?;>I0 =03@V2C, <2 

�2V4:8: 

  t1=[Q·(δ1 / λ1 + δ2 / λ2)+t3·b]·F=[2500·(0,002 / 50+0,005 / 55)] / 

0.00412+473=552K 

&5<?5@0BC@0 =0 2V4@V7=><C 5;5<5=BV: 

                                       Q=δ / λ·(t1-t2)·F1 

 

45 F1 – ?;>I0 :>=B0:BC, <2       

t2 – B5<?5@0BC@0 2V4@V7=>3> 5;5<5=B0, K 
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                                  F1=0,002·0,206=0,000412<2 

                             t2=t1 – Q / (δ / λ)·F1 

                           t2=552-(0,005·2500) / 55·0,000412=496˚K=2242 

 

 

&>2I8=0 ?;0AB8=>: 281@0=0 2V@=>, >A:V;ь:8 B5<?5@0BC@=V @568<8 

28B@8<CNBьAO C 2AB0=>2;5=8E <560E. 

 

5.5. �<;A4K9AAO DGLV=ABW E<?<, A9B5IV8ABW 8?O @9I4AV;@G 
HBD@G64AAO GC4>B6B>. 

 

$>7@0EC=>: <0A, I> @CE0NBьAO. 

�8E>4OG8 7 @>7<V@V2 ?@868<C B0@8, 287=0G0є<> 203C G: 

                                         G=G1-G2 ; 

45 G1 3 2030 FV;ь=>3> ?@868<C, H 

                                        G1=(a·b·c)·g 

45 a, b, c 3 @>7<V@8 ?@868<C D>@<C20==O, < 

g=9,81 </ A2
 

#V4AB0282H8 G8A;>2V 7=0G5==O >B@8<0є<>: 

                                       G=(0,237·0,108·7800)·9,81=464,1774 ! 

�030 ?@868<C:  

                              G2=m·g; 

45 B 3 <0A0 ?@868<C, ! 

                              m=q·V; 

45 q 3 ?8B><0 2030, ! / <2 

#V4AB0282H8 G8A;>2V 7=0G5==O >B@8<0є<>:  

                              B=0,2·0,214·7800=32,8632:3 

                                 G2=32,8632·9,81=322,3881 ! 

                                 G=464,1774 - 322,3881=141,7893 ! 

�@0E>2CNG8 <0AC HB>:0 B0 ?>@H=O G=200 H 287=0G0є<> @CHV9=C A8;C 

$@CH. 
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� 72’O7:C 7 B8<, I> ?@8 D>@<C20==V C?0:>2:8 @CHV9=0 A8;0 A?V2?040є 7 

=0?@O<:>< 4VW A8;8 BO6V==O <0є<> 4V9A=5 7=0G5==O: 

                                   $@CH=$>? – G ; 

45 $>? – A8;0 >?>@C D>@<C20==O C?0:>2>: 

                              $>?= 4·FC?0: · σD 

45 F – ?;>I0 C?0:>2:8, <2 

    GD – =0?@C65==O, O:5 ?>B@V1=5 4;O D>@<C20==O C?0:>2:8 28A>B>N 38 

<<, 7 ?>;VAB8@>;ь=>W AB@VG:8 =0 >A=>2V '#  0503. 

 

5.6.  B;D4IGAB> C4D4@9FDV6 A9B5IV8A<I 8?O 6<5BDG 
CA96@BJ<?VA8D4. 

 

$CHV9=C A8;C 287=0G0є<> O:: 

P@CH=Fk · p 

45 @ – @>1>G89 B8A: 2 ?=52<>F8;V=4@V (0,2 3 0,4  #0). 

     Fk – ?;>I0, O:0 є @V7=8F5N ?;>I ?>@H=O V HB>:0, <2 

�8E>4OG8 7 ?;>IV Fk=12,5 A<2 ?V418@0є<> 4V0<5B@ ?>@H=O D B0 4V0<5B@ 

HB>:0 d. 

                            
4

2d
Fш


ý
ð

; 

                          F?>@=Fk+FH 

�V0<5B@ ?>@H=O 1C45: 

                             
ð
F

D
4

ý  

#V4AB0282H8 7=0G5==O >B@8<0є<>: 

                FH=3,14·1,42 / 4=12,5 <<2 

                F?>@=12,5+1,54=14,04 <<2 

                             <<D 48
14,3

03,144
ý


ý  

?@89<0є<> 4V0<5B@ ?>@H=O D=50 <<, 0 4V0<5B@ 4;O 283>B>2;5==O 

@>7?>4V;N20G0 28:>@8AB>2Cє<> =091V;ьH ?>H8@5=89 B0 45H5289 <0B5@V0; %B3 
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7 30@0=B>20=8<8 <5E0=VG=8<8 2;0AB82>ABO<8. �;O 287=0G5==O >?B8<0;ь=8E 

@>7<V@V2 @>7?>4V;N20G0 @>73;O=5<> 9>3> @>7@0EC=:>2C AE5<C C 283;O4V 

:>=A>;ь=>W 10;:8, O:0 =020=B065=0 7 A8;>N ?@8:;045=>N 2 B>GFV � (@8A.3). 

�8EV4=V 40=V: [σ73] 3 <0:A8<0;ь=5 =0?@C65==O ?@8 45D>@<0FVW 738=C; [σ=] 3 

=0?@C65==O =0 :>=B0:B=C <VF=VABь; L 3 28A>B0 @>7?>4V;N20G0; a 3 H8@8=0 

@>7?>4V;N20G0, K=(1,1-1,3) 3 :>5DVFVє=B 70?0AC <VF=>ABV (?@89<0єBьAO 2 

70;56=>ABV 2V4 B>G=>ABV 283>B>2;5==O B0 O:>ABV <0B5@V0;C). 

#5@52V@>G=89 @>7@0EC=>: @>7?>4V;N20G0 ?>B>:V2 =0 738=: 

x

��
з7

w

�
ý ; 

45 σ73 3 4V9A=5 =0?@C65==O ?@8 45D>@<0FVW 738=C, !·<<; 

Wx 3 >Aь>289 <><5=B V=5@FVW ?5@5@V7C ?@8 45D>@<0FVW 738=C, <3. 

�5;8G8=0 <><5=BC 738=C 4>@V2=Nє: 

 73=F·L; 

45 F 3 7CA8;;O, I> AB2>@Nє ?=52<>F8;V=4@, !; 

     L 3 28A>B0 @>7?>4V;N20G0, <<. 

"Aь>289 <><5=B >?>@C ?5@5@V7C ?@8 45D>@<0FVW 738=C: 

32

2
ha

Wx


ý ; 

45 0 3 H8@8=0 @C;>=>B@8<0G0, <; 

h 3 B>2I8=0 2 =5157?5G=><C ?5@5@V7V, <. 

!5157?5G=89 ?5@5@V7 7=0E>48BьAO 2 B>GFV �. 

#V4AB0282H8 2 C<>2C <VF=>ABV >B@8<0є<>: 

2

32

hA

LF
з7 


ý  - 72V4:8 7=0E>48<> h. 

�;O 7=0E>465==O <V=V<0;ь=>3> 7=0G5==O h, 70<V=8<> σ73 =0 <0:A8<0;ь=> 

4>?CAB8<C =0?@C3C ?@8 738=V 4;O 40=>3> <0B5@V0;C: 

<<
a

LF
h

з7

36
120206,0

55,0002,01,132

][

32
ý




ý



ý


 

>B@8<0=5 7=0G5==O >:@C3;Nє<> 4> =091;86G>3> AB0=40@B=>3> h=40<<. 
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#5@52V@>G=89 @>7@0EC=>: ?>25@E=V @>7?>4V;N20G0 ?>B>:V2 =0 :>=B0:B=C 

28B@820;VABь. 

!0?@C65==O, I> 28=8:0NBь ?@8 :>=B0:BV @>7?>4V;N20G0 ?>B>:V2 

287=0G0є<> O:: 

кS

kF 
ý ; 

 

45 σ 3 <VAF525 :>=B0:B=5 =0?@C65==O, !/<<2; 

k 3 =86=O >A=>20 B@0?5FVW, <<; 

0 3 H8@8=0 @>7?>4V;N20G0, <<; 

F 3 7CA8;;O, I> AB2>@Nє 2V4?>2V4=89 ?=52<>F8;V=4@, !; 

Sk 3 ?;>I0 :>=B0:BC ?;V2:8 7 @>7?>4V;N20G5< ?>B>:V2, <<2: 

a
hd

S k 


ý
2

; 

45 d 3 25@E=O >A=>20 B@0?5FVW, <<; 

ahd

Fk




ý
)(

2
 ; 

?5@5B2>@Nє<> >B@8<0=C 70;56=VABь 2V4=>A=> d: 

 

2
2

÷
ø
ö

÷
ø
ö 


ý

h

a

F
d k


; 

4;O @>7@0EC=:C <V=V<0;ь=>3> 7=0G5==O d 28:>@8AB>2Cє<> C<>2C <VF=>ABV, 

2 O:C ?V4AB028<> 4>?CAB8<C =0?@C3C =0 :>=B0:B=C <VF=VABь, B0 22545<> 

:>5DVFVє=B 70?0AC <VF=>ABV: 

2
2][

3 ÷÷
ø

ö
÷÷
ø

ö





ý
h

a

kF
d k


; 

#V4AB0282H8 7=0G5==O >B@8<0є<>: 

<<d 9,82
2

18

90206

0,23,1
ý÷

ø
ö

÷
ø
ö 




ý ; 
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7=0: <-< A2V4G8Bь ?@> B5, I> @>7@0EC=:>20 25;8G8=0 7=0G=> <5=H0 70 

?@89=OBC :>=AB@C:B82=>, B><C 7=0G5==O d=6<<, I> 1C;> ?@89=OB> @0=VH5 

70;8H0є<> 157 7<V=. 
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З@A. АD>. № 8B>G@. #і8C8E �4F
4 АD>. 

 

�2$.�61�")70013.#� 
 

 $B7DB1. �іD8G $. . 
 #9D96іD. #4?4H А.А. 
 �9Dі6A8> 
 

 

 !. �BAFD.  

 З4F69D8. �4664 ". . 

 

�<@B7< 8B @BAF4:G, 
9>EC?G4F4FVW F4 D9@BAFG 

�іF. А>DGHі6 

 

#( !')& 7D.5- А7 

 

6. �<@B7< 8B @BAF4:G, 9>EC?G4F4JVW F4 D9@BAFG 

 

 

�2B><0B  6-"$� ?>ABC?0є V7 702>4C-283>B>2;N20G0 2 7V1@0=><C 

284V, V =5 ?>B@51Cє A:;040;ь=8E >?5@0FV9 ?@8 9>3> <>=B06V.  >=B06 

02B><0B0 2 >A=>2=><C 72>48BьAO 4> B@0=A?>@BC20==O 9>3> 2 7>=C 

<>=B06C; B0:5;06=8< @>1>B0< 2 7>=V <>=B06C; @>7?0:C20==N 

>1;04=0==O; @>7 :>=A5@20FVW; CAB0=>2FV =0 DC=40<5=B 01> =0 G8ABC 

?V4;>3C; 282V@FV 2 3>@87>=B0;ь=V9 01> 25@B8:0;ь=V9 ?;>I8=0E; 

:@V?;5==O 1>;B0<8; 28?@>1C20==O =0 E>;>AB><C E>4V.  

�2B><0B 282V@ONBь 70 4>?><>3>N ?V4:;04>: 01> 2V468<=8E 

@53C;NNG8E 328=BV2, 2<>=B>20=8E 2 >A=>2C (ABV9:8) <0H8=8.  VAFO 

4;O 2AB0=>2;5==O >?>@ ?>28==V 1CB8 ?>?5@54=ь> >G8I5=V, 28@V2=O=V 

?> @V2=N.  

�>@87>=B0;ь=VABь 02B><0B0 ?5@52V@ONBь ?> >1@>1;5=8< 

?>25@E=O< (@V4H5 ?> =5ACGV9 ?;8BV) 2 42>E 270є<=> 

?5@?5=48:C;O@=8E =0?@O<:0E. �5@B8:0;ь=VABь ?5@52V@ONBь ?> 

>1@>1;5=8< ?>25@E=O< @V2=5< V ?V42VA><.  

#5@54 ?CA:>< V =0;04:>N <0H8=C >G8I0NBь 2V4 

0=B8:>@>7V9=>3> ?>:@8BBO, 2AV ?>25@E=V, :>B@V :>=B0:BCNBь 7 

E0@G>28< ?@>4C:B>< >1B8@0NBь, ?@><820NBь 30@OG8< @>7G8=>< 

(<8;ь=8< 01> A>4>28<), 0 ?>BV< G8AB>N 2>4>N V 28B8@0NBь =0ACE>.
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 #5@52V@ONBь =04V9=VABь :@V?;5==O 2AVE 2C7;V2, ABC?V=ь =0BO6:8 

?@82>4=8E ?0AV2. �AV :>=B0:BCNGV 45B0;V 7<0ICNBь C 2V4?>2V4=>ABV 4> 

:0@B8 7<0IC20==O <0H8=8.  

�@CG=C ?@>25@B0NBь H:V2 (<CDBC) 5;5:B@>4283C=0 =0 45:V;ь:0 

?>2=8E >15@BV2 @>1>G8E >@30=V2, O:V, O: ?@028;>, 2AB0=>2;5=V 

702>4><-283>B>2;N20G5< ?> F8:;>3@0<V V @53C;N20==N =5 

?V4;O30NBь. "4=0: 2 70;56=>ABV 2V4 4V0?07>=C @>1>B8 <0H8=8 

@53C;NNBь 707>@8 <V6 @>1>G8<8 >@30=0<8 V ?@>2>4OBь :>=B@>;ь=V 

7206C20==O V 70<V@8 35><5B@8G=8E @>7<V@V2 A8@>28=8, 

=0?V2D01@8:0BV2 B0 3>B>2>W ?@>4C:FVW.  

$5<>=B 45B0;59 B0 2C7;V2 ?@>2>4OBь 73V4=> AE5<8 ##$, 

2AB0=>2;5=V9 =0 ?V4?@8є<AB2V. �=>H5=V 45B0;V 70<V=NNBь, 157 

?>40;ьH>3> 2V4=>2;5==O, 704;O 4>1@>W V 157?5@51V9=>W @>1>B8. 

#VA;O B>3>, O: 02B><0B ?V4:;NG5=89 B0 =0;03>465=89, 9>3> 

<>6=0 5:A?;C0BC20B8. �;O ?CA:C 2 @>1>BV ?>B@V1=> 28:>=0B8 

A;V4CNG8 >?5@0FVW: 

1. 22V<:=CB8 BC<1;5@ <!��$��=, 4;O 2:;NG5==O @53C;OB>@V2 

B5<?5@0BC@8 D>@<>2:8 V 70:C?>@:8. 
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