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!5A<>B@O =0 1>;LH>5 @07=>>1@0785 7040G ?> :8=5<0B8:5, <>6=> ?@54;>68BL A;54CNI89 
0;3>@8B< 8E @5H5=8O: 

1. %45;0BL AE5<0B8G5A:89 @8AC=>:, 87>1@0782 =0G0;L=>5 ?>;>65=85 B5; 8 8E 
=0G0;L=>5 A>AB>O=85, B.5.  . 

2. �K1@0BL A8AB5<C >BAGPB0 =0 >A=>20=88 0=0;870 CA;>288 7040G8. �;O MB>3> =C6=> 
2K1@0BL B5;> >BAGPB0 8 A2O70BL A =8< A8AB5<C :>>@48=0B, C:0702 =0G0;> >BAGPB0 
:>>@48=0B, =0?@02;5=85 >A59 :>>@48=0B, <><5=B =0G0;0 >BAGPB0 2@5<5=8. #@8 
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2K1>@5 ?>;>68B5;L=KE =0?@02;5=89 @C:>2>4AB2CNBAO =0?@02;5=85< 42865=8O 
(A:>@>AB8) 8;8 =0?@02;5=85< CA:>@5=8O. 

3. %>AB028BL =0 >A=>20=88 70:>=>2 42865=8O A8AB5<C C@02=5=89 2 25:B>@=>< 2845 
4;O 2A5E B5;, 0 70B5< 2 A:0;O@=>9 D>@<5, A?@>5F8@>202 =0 :>>@48=0B=K5 >A8 MB8 
25:B>@=K5 C@02=5=8O 42865=8O. #@8 70?8A8 MB8E C@02=5=89 A;54C5B >1@0B8BL 
2=8<0=85 =0 7=0:8 "+" 8 "-" ?@>5:F89 2E>4OI8E 2 =8E 25:B>@=KE 25;8G8=. 

4. "B25B =5>1E>48<> ?>;CG8BL 2 2845 0=0;8B8G5A:>9 D>@<C;K (2 >1I5< 2845), 0 2 
:>=F5 ?@>8725AB8 G8A;>2K5 @0AGPBK. 

5. #@8 @5H5=88 7040G =0 42865=85 <0B5@80;L=>9 B>G:8 ?> >:@C6=>AB8 =5>1E>48<> 
4>?>;=8B5;L=> CG8BK20BL A2O7L <564C C3;>2K<8 8 ;8=59=K<8 E0@0:B5@8AB8:0<8. 
 

�D<@9DO D9L9A<O ;484K 

�040G0 1. �5;>A8?548AB, 54CI89 A> A:>@>ABLN 18 :</G, =0G8=05B A?CA:0BLAO A 3>@K. 
"?@545;8BL A:>@>ABL 25;>A8?548AB0 G5@57 6 A, 5A;8 CA:>@5=85 @02=> 0,8 </A2

. 

 

�0=>: %�:                                              $5H5=85: 
0 = 18 :</G = 5 </A 

 

t = 6 A  

α = 0,8 </A2
  

!09B8:  �2865=85 25;>A8?548AB0 @02=>CA:>@5==>5, B.5. α >0. 
-?  "AL 0x =0?@028< ?> =0?@02;5=8N 42865=8O 25;>A8?548AB0. 

  %:>@>ABL <>6=> >?@545;8BL ?> D>@<C;5 = + t. 

  % CGPB>< 7=0:>2 ?@>5:F89 =0 >AL 0x D>@<C;0 A:>@>AB8 ?@8<5B 
284: . 

  �KG8A;8< 7=0G5=85 A:>@>AB8: 
  =5+0,8·6=9,8 </A 
 "B25B: =9,8 </A 
 

�040G0 2. #>574 G5@57 20 A ?>A;5 =0G0;0 42865=8O ?@8>1@5B05B A:>@>ABL 0,6 </A. +5@57 
A:>;L:> 2@5<5=8 >B =0G0;0 42865=8O A:>@>ABL ?>5740 AB0=5B @02=0 3 </A? 
 

�0=>:                                           $5H5=85: 
t1=20 A      �2865=85 ?>5740 =>A8B @02=>CA:>@5==K9 E0@0:B5@, A:>@>ABL 

=0      '25;8G8205BAO, CA:>@5=85 ?>AB>O==> 8 ?>;>68B5;L=>. 
=0,6 </A      !094P< CA:>@5=85 42865=8O: , B. :. =0, B> . 

=3 </A       #>;L7COAL D>@<C;>9 CA:>@5=8O, =094P< 2B>@>9 ?@><56CB>: 
2@5<5=8: 

!09B8: 

 
t2 -? t2=  

  

  

"B25B: t2=100 A 
 



10 

 

 

�040G0 3. %:>@>ABL 02B><>18;O 70 10 A C<5=LH8;0AL A 10 4> 6 </A. !0?8A0BL D>@<C;C 
7028A8<>AB8  A:>@>AB8 >B 2@5<5=8, ?>AB@>8BL 3@0D8: MB>9 7028A8<>AB8 8 ?> 3@0D8:C 
>?@545;8BL A:>@>ABL G5@57 20 A. 
 

�0=>: $5H5=85: 
t1=10 A    %:>@>ABL 02B><>18;O C<5=LH05BAO, A;54>20B5;L=>, 42865=85 

@02=>70<54;5==>5, B.5. αx<0. !0?@02;5=85 A:>@>AB8 42865=8O  
=10 </A ?@>B82>?>;>6=> =0?@02;5=8N CA:>@5=8O. '@02=5=85 ?@>5:F88 A:>@>AB8 

= 6 </A ?@8<5B 284:   . 

t2=20 A    'A:>@5=85 02B><>18;O =094P< ?> D>@<C;5: . 

!09B8: =
2 

-? '@02=5=85 A:>@>AB8 42865=8O:      . 

-? #>AB@>8< 3@0D8: 7028A8<>AB8. �>AB0B>G=> >?@545;8BL 425 B>G:8, B.:.   
�@0D8:>< A:>@>AB8 O2;O5BAO ?@O<0O ;8=8O.  >6=> A>AB028BL B01;8FC: 

t 0 5 

  10 8 
 

 

 

 

 

 

 

 

 

 +5@57 20 A A:>@>ABL 02B><>18;O 1C45B @02=0 2 </A. 
"B25B: = 2 </A, . 

 

�040G0 4. #>574 42865BAO A> A:>@>ABLN 20 </A. #@8 B>@<>65=88 4> ?>;=>9 >AB0=>2:8 >= 
?@>HP; @0AAB>O=85 2 200 <. "?@545;8B5 2@5<O, 2 B5G5=85 :>B>@>3> ?@>8AE>48;> 
B>@<>65=85. 
 

�0=>: $5H5=85: 
=20 </A     �2865=85 ?>5740 @02=>70<54;5==>5, A;54>20B5;L=>, 2 C@02=5=8OE 4;O  

=0 ?@>5:F88 A:>@>AB8 8 ?@>5:F88 ?5@5<5I5=8O ?5@54 ?@>5:F859 CA:>@5=8O 
S=200 < 15@PBAO 7=0: "-". 

!09B8:      �0?8H5< A8AB5<C 87 42CE C@02=5=89 8 @5H8< 5P >B=>A8B5;L=> 
?@><56CB:0 

t-? 2@5<5=8 t, CG8BK20O, GB> =0: 

 

   →     →    

 →  

 �KG8A;8< 2@5<O B>@<>65=8O: 
 t =20 A 
"B25B: �@5<O B>@<>65=8O ?>5740 20 A5:C=4. 

 

�040G0 5. �0:>2 @048CA :@8287=K 70:@C3;5=8O 4>@>38, 5A;8 ?> =59 02B><>18;L 42865BAO A 
F5=B@>AB@5<8B5;L=K< CA:>@5=85< 2 </A2 

 ?@8 A:>@>AB8 72 :</G? 
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�0=>: %�: $5H5=85: 
αFA=2 </A2

  �7 D>@<C;K F5=B@>AB@5<8B5;L=>3> CA:>@5=8O >?@545;8< 

= 72 :</G = 20 </A @048CA :@8287=K 70:@C3;5=8O 4>@>38: 
!09B8:  αFA=  

R-?  R=  

   

"B25B: R=200 <  

 

�484A<9 2.  9L<F9 >B?<K9EF69AAO9 ;484K<. 
 

�040G0 1. #@O<>;8=59=>5 42865=85 42CE B5; 7040=> C@02=5=8O<8 8 
, 345  8  - :>>@48=0BK 2 <><5=B 2@5<5=8 t ?5@2>3> 8 2B>@>3> B5; 

A>>B25BAB25==>. "E0@0:B5@87C9B5 42865=85 B5;. "?@545;8B5 2@5<O 8 :>>@48=0BC 8E 
2AB@5G8. +8A;5==K5 7=0G5=8O 25;8G8= ?@82545=K 2  564C=0@>4=>9 A8AB5<5 548=8F (%�). 
 

 

�040G0 2.  0B5@80;L=0O B>G:0 A =0G0;L=>9 A:>@>ABLN  42865BAO A CA:>@5=85< α 8 G5@57 
2@5<O t 8<55B A:>@>ABL . "?@545;8B5 7=0G5=85 25;8G8=K, >1>7=0G5==>9 «?». �2865=85 
?@O<>;8=59=>5, 24>;L >4=>9 :>>@48=0B=>9 >A8. 
 

 

�040G0 3. �2B><>18;L, 8<52H89 =0G0;L=CN A:>@>ABL , @073>=O5BAO A CA:>@5=85< α 4> 
A:>@>AB8  =0 ?CB8 4;8=>9 l. "?@545;8B5 7=0G5=85 25;8G8=K, >1>7=0G5==>9 «?». %:>;L:> 
2@5<5=8 4;8BAO @073>=? 
 

 

�040G0 4. #> 8<5NI8<AO 2 B01;8F5 40==K< C:068B5  7=0G5=8O CA:>@5=8O 8 =0G0;L=>9 
A:>@>AB8, 0 B0:65 ?>AB@>9B5 3@0D8:8 7028A8<>AB8 ?5@5<5I5=8O, A:>@>AB8 8 :>>@48=0BK 
>B 2@5<5=8 70 ?5@2K5 20 A5:C=4. "?@545;8B5 7=0G5=85 25;8G8=K, >1>7=0G5==>9 «?». 

 

�040G0 5.  0B5@80;L=0O B>G:0 42865BAO A> A:>@>ABLN    ?> >:@C6=>AB8 @048CA><  R, 

8<5O ?@8 MB>< F5=B@>AB@5<8B5;L=>5 CA:>@5=85  aF. �0 2@5<O  t  <0B5@80;L=0O B>G:0 
?@>E>48B @0AAB>O=85  S, ?@8 MB>< A>25@H0O ?>2>@>B =0 C3>;  φ. '3;>20O A:>@>ABL  ω. 
"?@545;8B5 7=0G5=85 25;8G8=K, >1>7=0G5==>9 «?».  
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�D4>F<K9E>4O D45BF4 №2  Д<A4@<>4 < ;4>BAO �PNFBA4 

*5;L @01>BK:  70:@5?8BL C<5=85  ?@8<5=OBL 70:>=K !LNB>=0 ?@8 @5H5=88 7040G. 
�EAB6AO9 CBAOF<O < ;4>BAO 

%CI5AB2CNB B0:85 A8AB5<K >BAG5B0, >B=>A8B5;L=> :>B>@KE ?>ABC?0B5;L=> 
4286CI55AO B5;> A>E@0=O5B A2>N A:>@>ABL ?>AB>O==>9, 5A;8 =0 =53> =5 2;8ONB 4@C385 
B5;0 (8;8 2;8O=8O 4@C38E B5; :><?5=A8@CNBAO). 

 0B5<0B8G5A:8 MB>B 70:>= 70?8AK205BAO 2 2845 4 = 0, 5A;8 F@57 = 0, 345 4 3 CA:>@5=85 

ú
û

ù
ú
û

ù
2E
@

, F@57 3 25:B>@=0O AC<<0 2A5E A8;, 459AB2CNI8E =0 B5;>. #5@2K9 70:>= !LNB>=0 

2K?>;=O5BAO B>;L:> 2 8=5@F80;L=KE A8AB5<0E >BAGPB0. %8AB5<K >BAGPB0, >B=>A8B5;L=> 
:>B>@KE B5;> ?@8 :><?5=A0F88 2=5H=8E 2>7459AB289 42865BAO @02=><5@=> 8 
?@O<>;8=59=>, =07K20NBAO 8=5@F80;L=K<8 A8AB5<0<8. 

%0<> O2;5=85 A>E@0=5=8O A:>@>AB8 B5;0 8;8 A>AB>O=8O ?>:>O ?@8 :><?5=A0F88 
2=5H=8E 2>7459AB289 =0 B5;> =07K20NB 8=5@F859. #>MB><C ?5@2K9 70:>= !LNB>=0 
=07K20NB 70:>=>< 8=5@F88. 

#@8 2>7459AB288 >4=8E B5; =0 4@C385 B5;0 87<5=ONB A2>N A:>@>ABL 3 ?@8>1@5B0NB 
CA:>@5=85. #@8 MB>< @07=K5 B5;0 ?@8 40==>< 2>7459AB288 ?@8>1@5B0NB @07=>5 CA:>@5=85. 

%2>9AB2> B5; ?@8>1@5B0BL >?@545;P==>5 CA:>@5=85 ?@8 40==>< 2>7459AB288 
=07K205BAO 8=5@B=>ABLN. �=5@B=>ABL 3 MB> A2>9AB2>, ?@8ACI5 2A5< B5;0<.  0AA0 B5;0 3 
:>;8G5AB25==0O <5@0 53> 8=5@B=>AB8. +5< 1>;LH59 <0AA>9 >1;0405B B5;>, B5< <5=LH55 
CA:>@5=85 >=> ?>;CG05B ?@8 2708<>459AB288. #>MB><C 2 D878:5 ?@8=OB>, GB> >B=>H5=85 
<0AA 2708<>459AB2CNI8E B5; @02=> >1@0B=><C >B=>H5=8N <>4C;59 CA:>@5=89. 

                                                                    1

2

2

1

4
4

m

m


 
!LNB>= AD>@<C;8@>20; 206=59H89 70:>= 42865=8O, B> 5ABL II 70:>= !LNB>=0, 

:>B>@K9 3;0A8B: 2 8=5@F80;L=>9 A8AB5<5 >BAGPB0 CA:>@5=85 B5;0 ?@O<> ?@>?>@F8>=0;L=> 
25:B>@=>9 AC<<5 2A5E 459AB2CNI8E =0 B5;> A8; 8 >1@0B=> ?@>?>@F8>=0;L=> <0AA5 B5;0: 

                                                     
m

F
a   

         &@5B89 70:>= !LNB>=0: B5;0 459AB2CNB 4@C3 =0 4@C30 A A8;0<8, @02=K<8 ?> <>4C;N 
8 ?@>B82>?>;>6=K<8 ?> =0?@02;5=8N. 
        -B>B 70:>= A2845B5;LAB2C5B > B><, GB> A8;K 2 ?@8@>45 2A5340 2>7=8:0NB ?0@0<8, :0: 
@57C;LB0B 2708<>459AB28O <564C 42C<O B5;0<8. 
�B0:, B@5B89 70:>= <>6=> 70?8A0BL <0B5<0B8G5A:8 A;54CNI8< >1@07><: 

                                                        21 FF   

%8;K, 2E>4OI85 2 B@5B89 70:>= !LNB>=0, ?@8;>65=K : @07=K< B5;0<. %8;0 F1 

=07K205BAO A8;>9 @50:F88 ?> >B=>H5=8N : F2, 0 A8;0 F2 3 A8;>9 @50:F88 ?> >B=>H5=8N : 
F1. 

 

�040=85 1. "B25BLB5 =0 2>?@>AK: 
1.   �0:85 >A=>2=K5 70:>=K 48=0<8:8 2K 7=05B5? 
2.   �0:85 A8AB5<K =07K20NBAO 8=5@F80;L=K<8 A8AB5<0<8 >BAGPB0? 
3. +B> B0:>5 8=5@F8O? 

4. +B> =07K205BAO 8=5@B=>ABLN? 
5. +B> B0:>5 <0AA0 B5;0? 
 

�D<@9DO D9L9A<O ;484K 
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�040G0 1. +5;>25: <0AA>9 80 :3 ?>4=8<05BAO 2 ;8DB5 @02=>70<54;5==>, 25@B8:0;L=> 225@E, 
A CA:>@5=85< 2 </A2. "?@545;8B5 A8;C 402;5=8O G5;>25:0 =0 ?>; :018=K ;8DB0. 
 

�0=>: $5H5=85: 
m=80 :3 

  

α=2 </A2 

g=9,8 </A2
 

!09B8: %8;0 402;5=8O G5;>25:0 =0 ?>; :018=K ;8DB0 @02=0 25AC G5;>25:0. 
P -? !0 G5;>25:0, =0E>4OI53>AO 2 :018=5 ;8DB0, 459AB2C5B A8;0 BO65AB8 mg 8 

 A8;0 @50:F88 ?>;0 :018=K 3N. 

 &.:. 42865=85 ;8DB0 @02=>70<54;5==>5, B> CA:>@5=85 42865=8O =0?@02;5=>  
 25@B8:0;L=> 2=87. 
 �0?8H5< 2 25:B>@=>< 2845 C@02=5=85 2B>@>3> 70:>=0 !LNB>=0: 
 + =m  

 �K15@8< >AL y 2 =0?@02;5=88 42865=8O ;8DB0. !0G0;> :>>@48=0B A>2<5AB8< 

 A F5=B@>< BO65AB8 G5;>25:0. 
 �0?8H5< C@02=5=85 2B>@>3> 70:>=0 !LNB>=0 2 ?@>5:F8OE =0 >AL y: 
 N-mg= -mα → N=mg-mα=m(g-α) 
 !0 >A=>20=88 B@5BL53> 70:>=0 !LNB>=0 25A G5;>25:0 ?> <>4C;N A8;5 
 @50:F88 ?>;0 :018=K: P=N. 
 &>340 P=m(g-α)=80(9,8-2)=624 ! 

"B25B: P=624 ! 

 

�040G0 2. �2B><>18;L <0AA>9 5 B B@>305BAO A <5AB0 A CA:>@5=85< 0,6 </A2. !09B8 A8;C BO38, 
5A;8 :>MDD8F85=B A>?@>B82;5=8O 42865=8N @025= 0,04. 
 

�0=>: %�: $5H5=85: 
m=5 B 5000 :3 

 

0=0  

α=0,6 </A2 
 

g=9,8 </A2
  

=0,04  

!09B8:  #> 2B>@><C 70:>=C !LNB>=0: + +m + =m  

FBO38 -?  "x: FB-FB@=mα 
  "y: N-mg=0 → N=mg 
  FB=FB@+mα 
  #> >?@545;5=8N: FB@= N=  

  &>340: FB= mg+mα=m( g+α) 
  FB= 5000 (0,04·9,8+0,6)≈5000 != 5 :! 

"B25B: FBO38=5 :! 

 

�040G0 3. �2B><>18;L <0AA>9 1 B ?>4=8<05BAO ?> H>AA5 A C:;>=>< 300
 ?>4 459AB285< 

A8;K BO38 7 :!. !09B8 CA:>@5=85 02B><>18;O, AG8B0O, GB> A8;0 A>?@>B82;5=8O =5 7028A8B 
>B A:>@>AB8 42865=8O. �>MDD8F85=B A>?@>B82;5=8O @025= 0,1. 'A:>@5=85 A2>1>4=>3> 
?045=8O ?@8=OBL @02=K< 10 </A2

. 

�0=>: %�: $5H5=85: 
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m=1 B 1000 :3 

 

FBO38=7 :! 7000 ! 

α=300
  

=0,1  

g=10 </A2
  

!09B8:  #> 2B>@><C 70:>=C !LNB>=0: + +m + =m  

α-?  "x:  - mg FB-FB@=mα 
  "y: N-mg =0 → N=mg  

  #> >?@545;5=8N: FB@= N=  

  "BAN40: -mg +FB - =mα 
  α= ≈ 1,13</A2 

"B25B: α≈1,13 </A2
 

 

�040G0 4. &5;56:0 <0AA>9 5 :3 42865BAO ?> 3>@87>=B0;L=>9 ?>25@E=>AB8 ?>4 459AB285< 
38@8 <0AA>9 21 :3, ?@8:@5?;P==>9 : :>=FC =5@0ABO68<>9 =8B8, ?5@5:8=CB>9 G5@57 
=5?>4286=K9 1;>:. "?@545;8BL =0BO65=85 =8B8 8 CA:>@5=85 42865=8O B5;56:8, 5A;8 
:>MDD8F85=B B@5=8O B5;56:8 > ?;>A:>ABL 0,1.  0AA0<8 1;>:0 8 =8B8, 0 B0:65 B@5=85< 2 
1;>:5 ?@5=51@5GL. 
�0=>: $5H5=85: 
m1=5 :3 

 

m2=5 :3 
=0,1 

g=9,8 </A2
 

!09B8: 

T-? � 40==>< A;CG05 @0AA<0B@820NB 42865=85 :064>3> B5;0 >B45;L=>. 
α -? 1) !0 B5;56:C 459AB2CNB A8;K: A8;0 BO65AB8, A8;0 @50:F88 ?;>A:>AB8, 

A8;0 =0BO65=8O, A8;0 B@5=8O. 
 �K15@5< ?@O<>C3>;L=CN A8AB5<C :>>@48=0B x"y; =0?@028< >AL x ?> 
 =0?@02;5=8N 42865=8O B5;56:8, 0 >AL y 3 25@B8:0;L=> 225@E. 
 �0?8H5< 4;O B5;56:8 2B>@>9 70:>= !LNB>=0 2 25:B>@=>9 D>@<5: 
 + + m1 + == m1  

 � ?@>5:F8OE =0 >A8 x 8 y MB> C@02=5=85 ?@8<5B 284: 
 "x: T1-FB@=m1α1 

 "y:N-m1g=0 →N=m1g 

 &.:. FB@= N= . &>340 T1- = m1α1. 

 2) !0 38@N m2 459AB2CNB 425 A8;K: A8;0 BO65AB8 8 A8;0 =0BO65=8O =8B8.  
 #> 2B>@><C 70:>=C !LNB>=0: +m2 =m2  

 �5:B>@ CA:>@5=8O  =0?@02;5= 2=87, ?> =0?@02;5=8N 42865=8O 38@8. �;O 
>?8A0=8O 42865=8O 38@8 4>AB0B>G=> 2K1@0BL >4=C >AL y, =0?@02;5=85 :>B>@>9 
C4>1=> 2K1@0BL 25@B8:0;L=> 2=87. 

 &>340 ?@>5:F8O 25:B>@>2 =0 >AL y 8 2B>@>9 70:>= !LNB>=0 ?@8<5B 284: 
 -T2+m2g=m2α2 8;8 m2g- T2= m2α2 

 #>;CG8;0AL A8AB5<0 87 42CE C@02=5=89: 



15 

 

 

 

 
 'G8BK20O, GB> =8BL, A2O7K20NI0O B5;56:C 8 38@N, =5@0ABO68<0 8 =525A><0, 
 &> A8;0 =0BO65=8O =8B8 2 :064>9 B>G:5 >48=0:>20, B.5. T1=T2=T 8, 
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>?@545;O;0AL 2708<>A2O7L 42CE 4@C38E. 

�AO:>5 87<5=5=85 A>AB>O=8O B5;0 (A8AB5<K B5;) =07K205BAO B5@<>48=0<8G5A:8< 
?@>F5AA><. 

�;O 87CG5=8O 8 A@02=5=8O @07;8G=KE B5@<>48=0<8G5A:8E ?@>F5AA>2 8E 87>1@060NB 
3@0D8G5A:8. 

�7>?@>F5AA0<8 =07K20NB B5@<>48=0<8G5A:85 ?@>F5AAK, ?@>B5:0NI85 2 A8AB5<5 A 
=587<5==>9 <0AA>9 ?@8 ?>AB>O==>< 7=0G5=88 >4=>3> 87 ?0@0<5B@>2 A>AB>O=8O A8AB5<K. 

#@>F5AA, ?@>B5:0NI89 2 3075, ?@8 :>B>@>< >1JP< >AB0PBAO ?>AB>O==K<, =07K205BAO 
87>E>@=K<. 
�0:>= ,0@;O: 402;5=85 3070 40==>9 <0AAK ?@8 ?>AB>O==>< >1JP<5 2>7@0AB05B ;8=59=> A 
C25;8G5=85< B5<?5@0BC@K. 

; ;    ( V=const, m=const). 

  
#@>F5AA, ?@>B5:0NI89 2 3075, ?@8 :>B>@>< 402;5=85 >AB0PBAO ?>AB>O==K<, 

=07K205BAO 87>10@=K<. 
�0:>= �59-�NAA0:0: >1J5< 3070 40==>9 <0AAK ?@8 ?>AB>O==>< 402;5=88 2>7@0AB05B 
;8=59=> A C25;8G5=85< B5<?5@0BC@K. 
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345 t - B5<?5@0BC@0 3070 ?> H:0;5 *5;LA8O;  
V0- >1J5< 40==>9 <0AAK 3070 ?@8 0°%; 
α -B5@<8G5A:89 :>MDD8F85=B >1J5<=>3> @0AH8@5=8O. 

 
#@>F5AA, ?@>B5:0NI89 2 3075, ?@8 :>B>@>< B5<?5@0BC@0 >AB0PBAO ?>AB>O==K<, 

=07K205BAO 87>B5@<8G5A:8<. 
�0:>= �>9;O- 0@8>BB0: 402;5=85 3070 40==>9 <0AAK ?@8 ?>AB>O==>9 B5<?5@0BC@5 C1K205B 
A C25;8G5=85< >1J5<0. 

; ;   (T=const, m=const). 

  
�;O ?@>872>;L=>9 <0AAK m 3070 A <>;O@=>9 <0AA>9 M A?@0254;82> C@02=5=85 

 5=45;5520 - �;0?59@>=0: 
pV= RT, 345 

R=8,31 4 <>;O@=0O (C=825@A0;L=0O) 307>20O ?>AB>O==0O. 
� 4@C3>< 2845 C@02=5=85 A>AB>O=8O 8450;L=>3> 3070 <>6=> 70?8A0BL 2 2845: 
@=nkT, 
345 n=  :>=F5=B@0F8O 3070, B> 5ABL G8A;> G0AB8F 2 548=8F5 >1JP<0 3070, 
NA 3 ?>AB>O==0O �2>304@>, k 3 ?>AB>O==0O �>;LF<0=0. 
�0:>= �0;LB>=0 (402;5=85 A<5A8 E8<8G5A:8 =5 2708<>459AB2CNI8E 307>2): 

õ



N

i

iPp
1

 

345 Pi - ?0@F80;L=>5 402;5=85, N -:>;8G5AB2> 307>2 2 A<5A8. 
�040=85 1. "B25BLB5 =0 2>?@>AK: 

1. �0:>9 ?@>F5AA =07K205BAO 87>B5@<8G5A:8<? 
2. �0:>9 ?@>F5AA =07K205BAO 87>10@=K<? 
3. �0:>9 ?@>F5AA =07K205BAO 87>E>@=K<? 
4. #@8 :0:8E CA;>28OE A?@0254;82 70:>= �>9;O 3  0@8>BB0? �59 3 �NAA0:0? ,0@;O? 

 

�9FB8<K9E><9 G>4;4A<O  
#@8 @5H5=88 7040G =0 307>2K5 70:>=K, =C6=> CAB0=>28BL 87<5=O5BAO ;8 <0AA0 3070 

?@8 ?5@5E>45 87 >4=>3> A>AB>O=8O 2 4@C3>5. �A;8 <0AA0 3070 >AB0PBAO ?>AB>O==>9, <>6=> 
70?8A0BL C@02=5=85 �;0?59@>=0 (C@02=5=8O >1J548=P==>3> 307>2>3> 70:>=0). �A;8 65 ?@8 
?>AB>O==>9 <0AA5 2 40==>< ?@>F5AA5 =5 87<5=O5BAO :0:>9-;81> 87 ?0@0<5B@>2 p, V 8;8 T 

(402;5=85, >1JP<, B5<?5@0BC@0), ?@8<5=ONBAO C@02=5=8O A>>B25BAB2CNI53> 70:>=0 (�59-

�NAA0:0, ,0@;O 8;8 �>9;O- 0@8>BB0). �A;8 2 42CE A>AB>O=8OE <0AA0 3070 @07=0O, 4;O 
:064>3> A>AB>O=8O 70?8AK20NB C@02=5=85  5=45;5520 - �;0?59@>=0. �0B5< A8AB5<C 
C@02=5=89 @5H0NB >B=>A8B5;L=> 8A:><>9 25;8G8=K. 

�;O @5H5=8O 7040G 2A5E 3@C?? <>6=> @5:><5=4>20BL B0:CN ?>A;54>20B5;L=>ABL: 
    -2=8<0B5;L=> ?@>0=0;878@>20BL CA;>285 7040G8, CAB0=>28BL, :0:>9 307 CG0AB2C5B 2 
?@>F5AA5, :0:85 ?0@0<5B@K <5=ONBAO, :0:85 - >AB0NBAO ?>AB>O==K<8; 
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    -A45;0BL, 5A;8 2>7<>6=>, AE5<0B8G5A:89 G5@B56, C:0702 ?@8 MB><, :0:85 ?0@0<5B@K 
E0@0:B5@87CNB :064>5 A>AB>O=85; 
     ->A>1>5 2=8<0=85 C45;8BL ?0@0<5B@0<, 7040==K< =5O2=>; 8=>340 4;O =0E>645=8O 
>1J5<0 3070 =C6=> 8A?>;L7>20BL D>@<C;K 35><5B@88, 4;O =0E>645=8O 402;5=8O 3070 =0 
684:>ABL- 70:>= #0A:0;O 8;8 A>>B=>H5=85  p = p0+Pgh 

    -4;O :064>3> A>AB>O=8O 70?8A0BL =C6=K5 A>>B=>H5=8O 8 @5H8BL ?>;CG5==CN A8AB5<C 
C@02=5=89 >B=>A8B5;L=> 8A:><>9 25;8G8=K. 
� 3@C??C 2K45;5=K 3@0D8G5A:85 7040G8, 4;O @5H5=8O :>B>@KE A;54C5B E>@>H> 7=0BL 
3@0D8G5A:>5 87>1@065=85 =0 ?;>A:>AB8 2A5E 87>?@>F5AA>2 2 @07;8G=KE :>>@48=0B=KE 
>AOE. 
�D<@9DO D9L9A<O ;484K 

�040G0 1. �0= 3@0D8: 87<5=5=8O A>AB>O=8O 8450;L=>3> 3070. #@>G8B0BL 53> 8 ?>AB@>8BL 
3@0D8: MB>3> ?@>F5AA0 =0 4803@0<<5 P,&; V,T. 
 

 

$5H5=85: 

#@>F5AA 87<5=5=8O A>AB>O=8O 3070 ?@>8AE>48B ?@8 ?>AB>O==>< >1JP<5: V=const 3
87>E>@=K9 ?@>F5AA. �02;5=85 2>7@0AB05B P2>P1. 

%>3;0A=> 70:>=C ,0@;O: . %;54>20B5;L=>, T2>T1, 307 87>E>@=> =03@5205BAO. 

#>AB@>8< MB>B ?@>F5AA 2 :>>@48=0B=KE >AOE V,T. 

&.:. >1JP< =5 87<5=O5BAO, B> 87>E>@0 87>1@0605BAO ?@O<>9 ;8=859, ?0@0;;5;L=>9 >A8 "&. 

'G8BK20O, GB> 2 @57C;LB0B5 MB>3> ?@>F5AA0 B5<?5@0BC@0 C25;8G8205BAO, @0AAB028< B>G:8 
=0G0;0 ?@>F5AA0 3 B>G:0 1 3 8 >:>=G0=85 ?@>F5AA0 3 B>G:0 2. 

 

�7>E>@=>5 =03@520=85 2 :>>@48=0B=KE >AOE P,& 8<55B A;54CNI89 284: 
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�040G0 2. !0 @8AC=:5 87>1@065=K ?@>F5AAK 87<5=5=8O A>AB>O=8O =5:>B>@>9 <0AAK 3070. 
!07>28B5 MB8 ?@>F5AAK. �7>1@078B5 3@0D8:8 ?@>F5AA>2 2 A8AB5<5 :>>@48=0B P,T 8 V,T. 

 

$5H5=85: 

1) �07 ?5@5E>48B 87 A>AB>O=8O 1 2 A>AB>O=85 2. 
V=const, >1JP< =5 <5=O5BAO, ?@>F5AA 87>E>@=K9. �7 3@0D8:0 284=>, GB> 402;5=85 3070 
C<5=LH05BAO, B.5.P1>P2. %>3;0A=> 70:>=C ,0@;O: , ?>;CG05<, GB> B5<?5@0BC@0 

C<5=LH05BAO, B.5. T1>T2. 

%;54>20B5;L=>, ?5@5E>4 3070 87 A>AB>O=8O 1 2 2 3 87>E>@=>5 >E;0645=85. 

2) �07 ?5@5E>48B 87 A>AB>O=8O 2 2 A>AB>O=85 3.  
P=const 3 402;5=85 =5 <5=O5BAO. "1JP< 3070 C25;8G8205BAO, V3>V2. 

%>3;0A=> 70:>=C �59-�NAA0:0: , ?>;CG05<, GB> T3>T2. -B> 87>10@=>5 @0AH8@5=85 

3070.  
#> @8AC=:C 284=>, GB> T1=T3 3 B>G:8 ;560B =0 87>B5@<5, B.5. 2 A>AB>O=8OE 1 8 3; 

B5<?5@0BC@0 3070 >48=0:>20. 

1) �>>@48=0B=K5 >A8  P, T. 

#5@5E>4 1→2. "B<5B8< B>G:8 P1 8 P2, CG8BK20O, GB> P1>P2. #>AB@>8< 87>E>@C 1-2. "B@57>: 
2-0 87>1@06P= ?C=:B8@>< 21;878 01A>;NB=>3> =C;O B5<?5@0BC@.  

#5@5E>4 2→3. �7>10@=K9 ?@>F5AA 2-3 87>1@078BAO ?@O<>9 ;8=859, ?0@0;;5;L=>9 >A8 "&, 
?@8 MB>< B5<?5@0BC@0 3070 C25;8G8205BAO. 'GBP<, GB> B5<?5@0BC@0 3070 2 A>AB>O=8OE 1 8 3 
>48=0:>20, B> T1=T3. #>MB><C B>G:8 1 8 3 4>;6=K =0E>48BLAO =0 >4=>9 25@B8:0;L=>9 
;8=88. 

 

2) �>>@48=0B=K5 >A8 V, T. 

#5@5E>4 1→2. �7>E>@=K9 ?@>F5AA 1-2 87>1@078BLAO ?@O<>9, ?0@0;;5;L=>9 >A8 "&, 
CG8BK20O, GB> B5<?5@0BC@0 C<5=LH05BAO. "B<5B8< B>G:C V2, ?@8GP< V2<V3. 

#5@5E>4 2→3. �7>10@0 ?@>E>48B G5@57 B>G:8 0 8 2 4> ?5@5A5G5=8O A ?@O<>9 T1,3-1. +0ABL 
87>10@K 0-2 87>1@065=0 ?C=:B8@><. 'GBP< B0:65, GB> T1=T3. 
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�040G0 3. !0 @8AC=:5 40= 3@0D8: 87<5=5=8O A>AB>O=8O 8450;L=>3> 3070 2 :>>@48=0B=KE 
>AOE V, T. #@54AB02LB5 MB>B ?@>F5AA =0 3@0D8:0E 2 :>>@48=0B=KE >AOE P, V 8 P, T. 

 

$5H5=85: 

1) 1→2: P=const 3 87>10@=K9 ?@>F5AA. V1<V2 3 >1JP< C25;8G8205BAO. T1< T2 3 
B5<?5@0BC@0 C25;8G8205BAO. -B> 87>10@=>5 @0AH8@5=85 3070. 

2→3: T=const 3 87>B5@<8G5A:89 ?@>F5AA. V2>V3 3 >1JP< C<5=LH05BAO. P2<P3 3 402;5=85 
C25;8G8205BAO. -B> 87>B5@<8G5A:>5 A60B85. 

3→1: V=const, >1JP< =5 <5=O5BAO, ?@>F5AA 87>E>@=K9. T3>T1- B5<?5@0BC@0 C<5=LH05BAO. 
P3>P1 3 402;5=85 C<5=LH05BAO. -B> 87>E>@=>5 >E;0645=85 3070.  

2) #@54AB028< MB>B 70<:=CBK9 ?@>F5AA 2 :>>@48=0B=KE >AOE P, V. 
�7>10@=K9 ?@>F5AA 1-2 87>1@078BAO ?@O<>9 ;8=859, ?0@0;;5;L=>9 >A8 0V. �=0G5=8O V1 8 
V2 >?@545;8< ?> 7040==><C 3@0D8:C. �=0G5=85 P1 <>6=> 27OBL ?@>872>;L=>. �7>B5@<0 2-3 

3 MB> 38?5@1>;0, ?@8 ?>AB@>5=88 :>B>@>9 CGBP<, >1JP< 3070 C<5=LH05BAO. �7>E>@=K9 
?@>F5AA ?@8 C<5=LH5=88 B5<?5@0BC@K A>?@>2>6405BAO C<5=LH5=85< 402;5=8O, ?>MB><C 
=0 3@0D8:5 >= 87>1@06P= 25@B8:0;L=>9 ;8=859 3-1, ?0@0;;5;L=>9 >A8 0P. 

 

3) #@8 ?>AB@>5=88 3@0D8:0 2 :>>@48=0B=KE >AOE P, T A=0G0;0 >B<5B8< B>G:8 T1 8 T2, 

7=0G5=85 P1 2K15@5< ?@>872>;L=>. �7>10@=K9 ?@>F5AA 1-2 87>1@078BAO ?@O<>9 ;8=859, 
?0@0;;5;L=>9 >A8 0T. �7>B5@<0 2-3 87>1@078BAO 25@B8:0;L=>9 ;8=859, ?@8GP< >1JP< 
C<5=LH05BAO, 0 402;5=85 C25;8G8205BAO. &>G:0 3 4>;6=0 =0E>48BLAO =0 87>B5@<5 T2 3 2 8 
=0 87>E>@5, G0ABL :>B>@>9 0-1 87>1@065=0 ?C=:B8@><. #@>4>;60O  ?@O<CN 0-1 4> 
?5@5A5G5=8O A ?@O<>9 T2 3 2, =094P< B>G:C 3. #>A;5 MB>3> OA=>, GB> 87>E>@=K9 ?@>F5AA 
87>1@078BAO >B@57:>< 3-1. 
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�484A<9 2.  9L<F9 >B?<K9EF69AAO9 ;484K< 

�040G0 1. !0 @8AC=:5 87>1@065=K 2 >4=>9 87 B@PE 2>7<>6=KE A8AB5< :>>@48=0B (pV, VT, 
pT) 3@0D8:8 ?@>F5AA>2 A 307>< =5:>B>@>9 <0AAK. !0G5@B8B5 3@0D8:8 ?@>F5AA>2 2 42CE 
4@C38E   A8AB5<0E :>>@48=0B. !><5@0 20@80=B>2 C:070=K ?>4 3@0D8:0<8. 
 

 

 

�040G0 2. !0 @8AC=:5 87>1@065=K 2 >4=>9 87 B@PE 2>7<>6=KE A8AB5< :>>@48=0B (pV, VT, 
pT) 3@0D8:8 ?@>F5AA>2 A 307>< =5:>B>@>9 <0AAK. !0G5@B8B5 3@0D8: ?@>F5AA0, 
?@8254P==K9 2 20H5< 20@80=B5,  2 42CE 4@C38E   A8AB5<0E :>>@48=0B. !><5@0 20@80=B>2 
C:070=K ?>4 3@0D8:0<8. 
 

 

�040G0 3. #@54AB02LB5  7040==K9 3@0D8: 2 =54>AB0NI8E :>>@48=0B0E (PV, PT, VT). 
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�D4>F<K9E>4O D45BF4 №7  9L9A<9 ;484K CB F9@9 «Э?9>FD<K9E>B9 CB?9» 

*5;L @01>BK:  
- 70:@5?8BL C<5=85 ?@8<5=OBL D>@<C;C =0?@O6P==>AB8 M;5:B@8G5A:>3> ?>;O, 70:>= 
�C;>=0, 70:>= A>E@0=5=8O M;5:B@8G5A:>3> 70@O40 8 ?@8=F8? AC?5@?>78F88 ?>;59  
?@8 @5H5=88 7040G; 

- A?>A>1AB2>20BL @0728B8N C<5=8O ;>38G5A:>3> <KH;5=8O; 
- A?>A>1AB2>20BL @0728B8N ?>7=020B5;L=KE A?>A>1=>AB59, A0<>AB>OB5;L=>AB8, 
>B25BAB25==>AB8. 

�EAB6AO9 CBAOF<O < HBD@G?O 

-;5:B@>AB0B8:0 3 @0745; D878:8, 87CG0NI89 =5?>4286=K5 M;5:B@8G5A:85 70@O4K.  
-;5:B@8G5A:89 70@O4 3 25;8G8=0, E0@0:B5@87CNI0O A?>A>1=>ABL G0AB8FK 25I5AB20 : 

M;5:B@8G5A:><C 2708<>459AB28N. 
�0:>= A>E@0=5=8O M;5:B@8G5A:>3> 70@O40: 2 70<:=CB>9 (M;5:B@8G5A:8 87>;8@>20==>9) 

A8AB5<5 0;351@08G5A:0O AC<<0 70@O4>2 2A5E G0AB8F >AB0=5BAO =587<5==>9. 
�0:>= �C;>=0: A8;0 2708<>459AB28O 42CE =5?>4286=KE B>G5G=KE 70@O4>2 ?@O<> 
?@>?>@F8>=0;L=0 ?@>872545=8N <>4C;59 70@O4>2 8 >1@0B=> ?@>?>@F8>=0;L=0 :204@0BC 
@0AAB>O=8O <564C =8<8: 
F= ,        k = ,  345      k  - :>MDD8F85=B ?@>?>@F8>=0;L=>AB8 2 %�; 

- 48M;5:B@8G5A:0O ?@>=8F05<>ABL A@54K;  - M;5:B@8G5A:0O ?>AB>O==0O: 
 = 8,85·10-12(/< 

 !0?@O65==>ABLN 2 40==>9 B>G:5 M;5:B@>AB0B8G5A:>3> ?>;O  =07K20NB 25:B>@=CN 
D878G5A:CN 25;8G8=C, @02=CN >B=>H5=8N A8;K, 459AB2CNI59, 2 40==>9 B>G:5 =0 
B>G5G=K9 ?@>1=K9 70@O4, : MB><C 70@O4C. 

= ,  

345 F - A8;0, A :>B>@>9 ?>;5 459AB2C5B =0 ?>;>68B5;L=K9 B>G5G=K9 70@O4 qo, ?><5I5==K9 
2 MBC B>G:C. 

#@8=F8? AC?5@?>78F88 ?>;59: 5A;8 2 40==>9 B>G:5 ?@>AB@0=AB20 @07;8G=K5 
70@O65==K5 G0AB8FK A>740NB ?>;O, =0?@O65==>AB8 :>B>@KE E1, �2..., �n, B> @57C;LB8@CNI0O 
=0?@O65==>ABL ?>;O 2 MB>9 B>G:5 

=  +  +& + . 

#>25@E=>AB=0O ?;>B=>ABL M;5:B@8G5A:>3> 70@O40 
Ã= q/S,  345 q - 70@O4, @02=><5@=> @0A?@545;5==K9 ?> ?>25@E=>AB8 B5;0 ?;>I04LN S. 

!0?@O65==>ABL M;5:B@>AB0B8G5A:>3> ?>;O B>G5G=>3> 70@O40 q =0 @0AAB>O=88 r >B 
=53> 
E= ,   345  - 48M;5:B@8G5A:0O ?@>=8F05<>ABL A@54K. 

!0?@O65==>ABL M;5:B@>AB0B8G5A:>3> ?>;O 15A:>=5G=>9 @02=><5@=> 70@O65==>9 
?;>A:>AB8  
E= ,  345   -  ?>25@E=>AB=0O ?;>B=>ABL M;5:B@8G5A:>3> 70@O40. 

!0?@O65==>ABL M;5:B@>AB0B8G5A:>3> ?>;O <5B0;;8G5A:>9 70@O65==>9 AD5@0 @048CA0 
R =0 @0AAB>O=88 r > R >B F5=B@0 AD5@K 

E= , 345 q-70@O4 AD5@K. �=CB@8 AD5@K (r<R) �=".                                                                                           

�040=85 1. "B25BLB5 =0 2>?@>AK. 
1. +B> B0:>5 M;5:B@8G5A:89 70@O4? �48=8F0 87<5@5=8O M;5:B@8G5A:>3> 70@O40? 
2. %D>@<C;8@C9B5 70:>= �C;>=0. 
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3. %D>@<C;8@C9B5 70:>= A>E@0=5=8O M;5:B@8G5A:>3> 70@O40. 
4. +B> =07K205BAO =0?@O6P==>ABLN M;5:B@8G5A:>3> ?>;O? �0:>2> =0?@02;5=85 
=0?@O6P==>AB8 M;5:B@8G5A:>3> ?>;O? �0: @0AAG8BK205BAO =0?@O6P==>ABL ?>;O 
B>G5G=>3> 70@O40? 

5. � GP< A>AB>8B ?@8=F8? AC?5@?>78F88 ?>;59? 
�9FB8<K9E><9 G>4;4A<O 

�040G8 ?> M;5:B@>AB0B8:5 C4>1=> @0745;8BL =0 425 3@C??K. � ?5@2>9 3@C??5 <>6=> 
>B=5AB8 7040G8 =0 @0AGPB A8;>2KE 8 M=5@35B8G5A:8E E0@0:B5@8AB8: M;5:B@>AB0B8G5A:>3> 
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