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������� ��������� 

 
 �#�)(&��)  0(8�) 901 ! "� 9)$3&,%$ 0�#101 5�:��1&)101 �-90 ��01 
&� 0�%-3. 
 � �-:-&  [9] ! "9)�2()- *(�(!�51 *#�)(&��)18 *(�("�2, 9�9)�2()  -:#�-
%&  ;8),-5- 9�%&-%'!�))$   )�!("()- 0(&-"1�' %1)&(9'. 
 �� � )(0�&12)101 0-/#1!-%&$01 !%   %)'32  %8(01 *#�)(&��)18 0(-
8�) 90 ! '0-!)- 0-/)� �-9" #1&1 )� "!  5�'*1 - +( *#�)(&��)  0(8�) 901 &1-
*' �/(0%�   &1*' ��!1"�. 
 �(�7  8����&(�19'3&,%$ 9!12�.)101 � )(0�&12)101 0-/#1!-%&$01, 
�#( 0�3&, !1%-�1. 

�,   !1�-�1%&�))$ %8(0 �/(0%� ! � 9)-0�) &)18 0(8�-
) 90�8 )( %*�121)$< ) $�18 )(*�1<0)18 )(%*-" !�)-�. 

��'5  ! "� 9)$3&,%$ !(#1�101 � )(0�&12)101 0-/#1!-%&$01, �#( 9�-
%&-%'!�))$ ;8 :(9 �(&(#,)-5- �)�# 9' . -:5�')&'!�))$ 0-/( *�19!(%&1 "- 
*�-!�#' *�-(�&'. 
 � �-:-&  [9] "�)- & #,�1 �(+(*&1 =-"- !1�-�1%&�))$ 0(8�) 90 ! �/(-
0%�   ��!1"� &� )�!("()- -� <)&-!)  9)�2())$ 

�. �( :(9'0-!)- "�< 0-/-
#1! %&, �-)%&�'�&-�' "-%&�&),- '*(!)()- !1�-�1%&-!'!�&1 !%  %8(01 *#�)(-
&��)18 0(8�) 90 !, �#( & #,�1 ! 9�9)�2()18 ��0��8. 
 
-)%&�'�&-�, �-9�-:#$321 *�-(�&, *-!1)() 0�&1 : #,7 )�" .)  "�)  9  
9)�2(), 

�, ) / &  �(+(*&'�)  9!("())$, =- )�!-"$&,%$ ! � 9)18 "/(�(#�8, 
' &-0' 21%#    ! �-:-&  [1]. �� /�#,, ' # &(��&'�  � "�- 9'%&� 2�<&,%$  )6-�-
0�+ $ 9 0(&-"1�1 �-9��8')�' 

�  *#�)(&��)18 0(8�) 90 !, � $�=- <, &- ! 
-:0(/()-0' -:%$9 . 	%� #,�1 9�"�2' !1:-�' &1*' 0(8�) 90' *(�("�2  "-!--
"1&,%$ !1� 7'!�&1 9�9"�#(5 ",, &-:&- "- %�#�"�))$ ��(%#(), 0�.:'&),-; 0�-
71)1, � &10 *�2( "- ;; !1*�-:'!�),, !(#1�-5- 9)�2())$ )�:'!�< *1&�))$ * "-
!1=())$ &-2)-%&  &(-�(&12)-5- *�-5)-9'!�))$ !(#121)1 

� *(�("�2 &-5- 
21  )7-5- &1*'. 
 � !��9 !��8 �-95#$)'&- *1&�))$ �)�# &12)-5- !19)�2())$ 

� *#�)(-
&��)18 0(8�) 90 ! �/(0%�   ��!1"� ! � 9)18 !�� �)&�8, $�  "-%1&, 71�-�- 
9�%&-%'3&,%$ ! %'2�%)18 0�71)�8, )�*�1�#�", ' 5 "�-0(8�) 2)18 *(�("�2�8 
�!&-0-: # !.  

��)  !��9 !�1 *�19)�2()  "#$ *-5#1:#()-; * "5-&-!�1 %&'"()& ! *�1 
�'�%-!-0' *�-(�&'!�))  &� !1!2())  &(-�(&12)-5- �'�%'.  
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1. �������� ��	
��	��
�� ���
�� ��	���� ��	��
��	�� ���

	��
�� �
-
�
����. �����
	���

� ������

� 

 
 �(�7 ) / �-95#$"�&1 *1&�))$ �)�# &12)-5- !19)�2())$ 

� 0(8�) 9-
0 ! *#�)(&��)18 *(�("�2, )(-:8 ")- '!�/)- *(�(5#$)'&1 &� 9�%!-;&1 0�&(� -
�# *. 3.2.2  [7]. �1/2( :'"( !1�-�1%&-!'!�&1%, 9�9)�2()�  )6-�0�+ $ :(9 

-%-:#1!18 "-"�&�-!18 
(*-!&-�)18) *-$%)(),. 

��.*�-%& 7101 0(8�-
) 90�01 *#�)(&��)18 
9':2�%&18 *(�("�2 !!�/�-
&10(0- &�� , $�  '&!-�()  )( 
: #,7( ) / "!-0� 9':2�%-
&101 9�2(*#())$01. 
 ��5�"�<0-, =- 
)�.*�-%& 7  0(8�) 901 *#�-
)(&��)18 9':2�%&18 *(�("�2, 
"- %�#�"' $�18 !8-"$&, "!� 
� 9)-9)��-!  (-")( 9-!) 7)< 
&�  -")( !)'&� 7)<) 9�2(*-
#())$, 0�3&, 9�5�#,)' )�9!' 
*#�)(&��)18 0(8�) 90 ! 

�/(0%� (�1%. 1, �   �). �8(0� � < 2�%&�-!10 !1*�"�-0 %8(01 �, �-#1 z2 = z3. 

-#1 / "- %�#�"' 0(8�) 90' !8-"$&, "!� 9�2(*#())$ -")-5- . &-5- / 9)���  
(�:- "!� 9-!) 7) , �:- / "!� !)'&� 7) ), &-"  &��  0(8�) 901 0�3&, 9�5�#,)' 
)�9!' *#�)(&��)18 0(8�) 90 ! ��!1"� (�1%. 2, �, �   �). 
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�1%. 3. ��#(/) %&,        �("'�&-� ! �/(0%�
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! " 9)�2())$ 0

4 6 108
(4)

12

u
1614

0

�8(0�    (�1%. 1)
�8(0� �

�

1

 �(8�) 901 �/(0%� 0�3&, 9�5�#,)( � !)$))$ �'8' (6-�0'#' � ## %�), � 
&��-/, $� +( :'"( )�!("()- )1/2(, 9�5�#,)  6-�0'#1 "#$ �-9��8')� ! 

� ' 
�(/10  �("'�&-��   9�5�#,)  6-�0'#1 "#$ �-9��8')� ! 

� ' �(/10  *�1-
%�-�3!�2�. 

 �( / %�0( 0-/)� %��9�&1   ' ! ")-7())  "- 0(8�) 90 ! ��!1"�. 
 �-0' )1/2( :'"( �-95#$)'&- !1!("())$ 6-�0'# "#$ �-9��8')� ! 

� 
)� -%)-!   #17( "!-8 %8(0 (�1%. 1, � &� �1%. 2, �).  
 �1%(#,)  / �-9��8')�1 9)�2(), 

� "#$  )718 %8(0 :'"( 9" .%)()- 9 
'��8'!�))$0 ;8 -%-:#1!-%&(.. 
 �(�(" &10, $� �-9*-2�&1 �-95#$" *1&�))$ �)�# &12)-5- !19)�2())$ 


� 0(8�) 90 ! *#�)(&��)18 *(�("�2, )�!("(0- ;8 � )(0�&12)  9�#(/)-%&  ' 
!15#$"  6-�0'# � ## %� &� ! "*-! ")18 ;0 5��6 � !. 
 

2. ��

��	��
� ���
�
��	� �
��
����� 
������	����  
���

	��
�� �
�
��� 

 
2.1. ������	
 ���

� � ����
� ��������� 

 
 >-�0'#� � ## %� "#$ 0(8�) 90 ! �/(0%� ! �(/10  �("'�&-�� 0�< !1-
5#$" 

)h()(
h ii 41

4
1 1 −− −= ,                                                       (1) 

  03142
)(
41 )()( uzzzzi h −=⋅⋅−=− .                                 (2) 

� 6-�0'#  (2) 21%(#,)( 9)�2())$ ! ")-7())$ 3142 zzzz ⋅⋅ , *-9)�2()( $� 
*(�("�&-2)( 21%#- 
u0, !!�/�&10(0- ! -
"-010. � #,7 &-5-, 
*�1.0(0- !(#121)' 
u0  9� ��5'0()&, ! 9�-
#(/)-%&  ! " $�-5- ! 
*-"�#,7-0' !19)�2�-
&10(0- 

� 0(8�) -
90 ! *#�)(&��)18 *(-
�("�2. �( :'"( -%-:-
#1!- *�1.)$&)10 "#$ 
0(8�) 90 ! ��!1"�, 
&-0' =- u0  "#$ +18 
0(8�) 90 !, $� ! "-0-, 
2�%&- 0�#- ! "� 9)$-
<&,%$ ! " 1, ! &-. 2�%  
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$� *(�("�&-2)( ! ")-7())$ *#�)(&��)-; *(�("�2  0-/( )�:'!�&1 :'",-$�18 
9)�2(), (&(-�(&12)- ! " - ∞  "- + ∞). 
 �-"  6-�0'#' (1) 9 '��8'!�))$0 (2) *(�(*17(0- ' !15#$"  

0
4

1 1 ui )(
h +=− .                                                      (3) 

 ���6 2)- +3 9�#(/) %&, (3) *-��9�)- )� �1%. 3. 
 

2.2. ������	
 ���

� � ����
� ���
�������� 
 

 � "*-! ")- "#$ *�1%�-�3!�2� �/(0%� 6-�0'#� � ## %� )�:'!�< !15#$-
"' 

)1(1 0
)4(
1 uih +=− .                                                    (4) 

 ���6 2)- 9�#(/) %&, (4) *-��9�)- )� �1%. 4. 

�1%. 4. ��#(/) %&,       *�1%�-�3!�2 ! 

h1�

0.2

0 2

0.4

0.6

0.8

1.0

(4)

�8(0� �

0�/(0%� ! " 9)�2())$

84 6

h1� u(4)
10 12 1614

u0

��8(0�    (�1%. 1)

 
2.3. ������	
 ������ (���� – ������) 

 
 >-�0'#� � ## %� "#$ 0(8�) 90 ! ��!1"�, �-#1 9� !8 ")' #�)�' *�1.)$-
&- 
!-"1#- h 0�< !15#$" 

)1(1 )(
41

)4(
1

h
h ii −− −= ,                                                 (5) 

"(                      o
h uzzzzi +=⋅⋅+=− )( 3142

)(
41 .                          (6) 

 � '��8'!�))$0 (6) 6-�0'#� (5) )�:'!�< !15#$"' 

)1(1 0
)4(
1 uih −=− .                                                   (7) 

 ���6 2)- 9�#(/) %&, (7) 9-:��/()� )� �1%. 5. 
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 ��9)�210-, =- )� �1%. 5 *-0 2()  &�1 9-)1. � 9-)  I 0(8�) 901 ��!1"� 
 %)'3&, ' �(/10  �("'�&-�� 9 "-"�&)10 )(-:0(/()10 9)�2())$0 *(�("�&-2-

)-5- ! ")-7())$ 
)(

hi
4

1−  ()�*�$0�1 -:(�&�))$ !8 ")-; &� !18 ")-; #�)-� 9: -
5�3&,%$). 

-2

i�1%. 5. ��#(/) %&, *(�("�&-2)-5- ! ")-)-7())$

-6

-4

0u0(8�) 90 ! ��!1"� ! " 
h1
(4)

0

2

4

(4)i
6

h1 I

1 2 3 4 65

II III

u06 6

 
 � 9-)  II 0(8�) 901 ��!1"�  %)'3&, ' �(/10  �("'�&-�� 9 ! "’<0)10 
)(-:0(/()10 9)�2())$0 *(�("�&-2)-5- ! ")-7())$ ()�*�$0�1 -:(�&�))$ 
!8 ")-; &� !18 ")-; #�)-� *�-&1#(/) ). � 9-)  III 0(8�) 901 ��!1"�  %)'3&, 
' �(/10  *�1%�-�3!�2� 9 -:0(/()10 ! "’<0)10 9)�2())$0 *(�("�&-2)-5- 
! ")-7())$. 
  

2. 4. ������	
 ������ (����� – ������) 
 

 >-�0'#� � ## %� "#$ 0(8�) 90 ! ��!1"�, �-#1 !-"1#- *�1.)$&( 9� !1-
8 ")' #�)�', 0�< !15#$" 

0
)4(

1 1 ui h −=− .                                                         (8) 
 ���6 2)- 9�#(/) %&, (8) 9-:��/()� )� �1%. 6. �'& &(/ *-0 2()- &�1 9--
)1. � 9-)  I 0(8�) 901 ��!1"� 0-/'&,  %)'!�&1 ! �(/10  *�1%�-�3!�2� 9 

"-"�&)10 )(-:0(/()10 9)�2())$0 *(�("�&-2)-5- ! ")-7())$ )(
hi 4

1− . 
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�1%. 6. ��#(/) %&, *(�("�&-2)-5- ! ")--

7())$        0(8�) 90 ! ��!1"� ! "

u

i1h
(4)

0

1h
(4)i u0

I II III
1

0

-1

-2

-3

1 2 3 4

 � 9-)  II 0(8�) 901 ��!1"� 0-/'&,  %)'!�&1 ! �(/10  *�1%�-�3!�2� 9 
! "’<0)10 )(-:0(/()10 
9)�2())$0 *(�("�&-2)-5- 

! ")-7())$ )(
hi 4

1− . 

 � 9-)  III 0(8�) 901 
��!1"� 0-/'&,  %)'!�&1 ! 
�(/10  �("'�&-�� 9 
! "’<0)10 -:0(/()10 
9)�2())$0 *(�("�&-2)-5- 

! ")-7())$ )(
hi 4

1− . 
 �� !1")-, 0(8�) 901 
��!1"� 0�3&,, )� *(�71. 
*-5#$", "'/( *-91&1!)  
� )(0�&12)  0-/#1!-%& . 
�3 ;8)3 !#�%&1! %&,, 
&�(:� !1�-�1%&-!'!�&1 
-:(�(/)-, -%� #,�1 !-)� 
*�19!-"1&, "- 9)�2)-; 9�-
#(/)-%&  !(#121)1 

� 
! " 9)�2())$ uo, (-%-:#1!- 
*�1 uo= 1). 

 
 

3.  �����


�, ����
�	� ��� �
���	��
��� ���
��


� ��! 
 �
��
����� ���

	��
�� �
�
��� 

 
 � "-0-, =- 7� "#1!  !1&��&1 *-&'/)-%&  ! 0(8�) 2)18 *(�("�2�8 
."'&, )� *-"-#�))$ %1# &(�&$ ! � )(0�&12)18 *���8, %(�(" $�18 0-/)� %�#�-
%&1 "!  5�'*1: %1#1 &(�&$ ! 9':2�%&18 9�2(*#())$8   %1#1 &(�&$ ! * "71*)1-
��8. 
 
� 0 &-5-,  %)'3&, 7� "#1!  !1&��&1 *-&'/)-%&  )� *(�(0 7'!�))$ 
0�%&1#� (&�� 9!�)  :��:-&�/)  !1&��&1). 	%&�)) , 9!12�.)- 0�#- *-0 &)  ! 
9�5�#,)-0' :�#�)%  !1&��&, %&�3&, "-%1&, *-0 &)101, �-#1 *#�)(&��)� *(�(-
"�2� *-!) %&3 9�)'�()� ! 0�%&1#-. ��=- / 90�='!�))$ *(�("�2  9�:(9*(2(-
)- & #,�1 ! 0 ) 0�#,)- )(-:8 ")18 0(/�8 (0�%&1#,)10 &'0�)-0, �:- / 
%&�'0()(0 ! " %*(+ �#,)-5- )�%-%'), &-"  :��:-&�/)101 !1&��&�01 0-/)� 
)�! &, 9)(8&'!�&1. 
 � !%$�-0' ��9  !19)�2())$ :��:-&�/)18 !1&��& - +( -��(0( *1&�))$, 
$�( &�(:� !1!2�&1 -��(0-   $�( &'& )( �-95#$"�<&,%$. 
 ��=- ! *(�("�2  9�%&-%-!�)- * "71*)1�1 �-!9�))$, &- !1&��&1 )� *--
"-#�))$ &(�&$ ! )18 0�3&, !(#1�1. " �*�9-) 0-/#1!18 9)�2(),, 9�#(/)- ! " 
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0�&(� �#' * "71*)1��, &1*' 0�%&1#�, �-:-2-; &(0*(��&'�1, ! ")-%)-; 7!1"-
�-%&  71* !   * "71*)1� !, %*-%-:' *-"�2  0�%&1#� ! * "71*)1�1   &.  ). �( 
&(/ *1&�))$ "#$ -��(0-5- "-%# "/())$. 
 ��=- / ! *(�("�2  9�%&-%-!�)  * "71*)1�1 �-2())$, &- &-"  "-%1&, 
#(5�- !��8'!�&1 !1&��&1 ! )18, &-0' =- 8����&(�1%&1�1 -*-�' �-2())3 ! 
&��18 * "71*)1��8 0�3&, %&�#1. 8����&(�   "-:�( !1!2() . 
 � 9':2�%&18 9�2(*#())$8 9� '0-! ���&(�)-5- 90�='!�))$ %1#1 &(�&$ 
&��-/ 0�3&, "-%1&, %&�#  %&�&1%&12)  8����&(�1%&1�1   ;8 0-/)� )�" .)- 
*(�(":�21&1. 
 ���10 21)-0, %6-�0'#3<0- ����� ����������: :��:-&�/)101 !1&��-
&�01 )(8&'<0-, � !1&��&1 ' 9�2(*#())$8   * "71*)1��8 �-2())$ !!�/�<0- 
! "-0101 9 *-*(�("),-5- "-%! "' (%&�&1%&12)  "�)  !1&��& ! 9�2(*#())$8 &� 
! * "71*)1��8 �-2())$ )�!("() , )�*�1�#�", ' "-! ")1��8   ! )�!2�#,) . # -
&(��&'�  9 �'�%' "(&�#(. 0�71)). 
 ���, -")( 9-!) 7)< $� %)( 9�2(*#())$ %&�#(!18 9':+ ! * " 2�% �-:-&1 
*-5#1)�< )� "-#�))$ &(�&$ :#19,�- 2% (&� 0()7() *-&'/)-%& , $�� *(�("�-
<&,%$ +10 9�2(*#())$0.  
 �)'&� 7)<  9�2(*#())$ *-5#1)�< :#19,�- 1% (&� 0()7() *-&'/)-%& , 
=- )10 *(�("�<&,%$. 
 � * "71*)1��8 �-2())$ ! "*-! ")  !1&��&1 *-&'/)-%&  )( *(�(!1='-
3&, (0,5...1)% ' �-9��8')�' )� �-/)' *��' * "71*)1� !.  
 �( *-!) %&3 0-/)� ! ")(%&1 "- * "71*)1� ! �-2())$, )� $�  -*1��<&,-
%$ %�&(# & �:- :#-� %�&(# & !. 
 ? - / "- !1&��& ' * "71*)1��8 +()&��#,)18 !�# ! *#�)(&��)-; *(�(-
"�2 , &- &'& 0-/)� 9�9)�21&1 "!� 0-/#1!  !�� �)&1: 
 1. ��=- 21%#- %�&(# & ! k≥3, � %-)$2)( 9':2�%&( �-#(%- 0�< %�0-!%&�-
)-!#())$ (: #,7 %&, �-)%&�'�+ . -:#�")�)- %�0( &��), &- ��" �#,)  )�!�)&�-
/())$ * "71*)1� ! +()&��#,)18 !�# ! 0-/)� !!�/�&1 ! "%'&) 01, � !1&��-
&�01 )� *-"-#�))$ &(�&$ �-2())$ ! &��18 * "71*)1��8 0-/)� -:5�')&-!�)- 
9)(8&'!�&1. 
 2. ��=- 21%#- %�&(# & ! k=1 ()�*�1�#�", ! %8(0  �1%. 2, �), &- !1&��&1 
*-&'/)-%&  )� "-#�))$ &(�&$ ! * "71*)1��8 �-2())$ +()&��#,)18 !�# ! &�(-
:� !��8-!'!�&1, &-0' =- !-)1 &��-/ 9)�8-"$&,%$ * " ��" �#,)10 )�!�)&�-
/())$0, $�   * "71*)1�1 -%  %�&(# &� (21 :#-�' %�&(# & !). 
 ����� ���������� %&-%'<&,%$ !*#1!' )� !1&��&1 *-&'/)-%&  ! "+()&-
�-!18 %1#  )(�+ ; %�&(# & !.   
 �  %1#1 "-"�&�-!- )�!�)&�/'3&, * "71*)1�1 -%(. %�&(# & !, =- *�1-
9!-"1&, "- 9: #,7())$ !1&��& )� *-"-#�))$ %1# -*-�' ;8 �-2())3. 
 �1)1��< *1&�))$, )�%� #,�1 +  !1&��&1 *-0 &)  ! 9�5�#,)-0' :�#�)%  
!1&��& *-&'/)-%&  )� *-"-#�))$ %1# &(�&$ ! 0(8�) 90  *(�("�2 ? 
 � 7!1"� %)18 *(�("�2�8, �-#1 "-+()&�-!( *�1%�-�())$ -%  %�&(# &� 
"-%$5�< "(%$&� !   )�! &, %-&(), g, ! "+()&�-!  %1#1  )(�+ ; 0-/'&, :'&1 %'-
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0 �)101 9 �-�1%)101 -��'/)101 %1#�01, =- " 3&, )� -%  %�&(# & !. 	&/(, 
!1&��&1 *-&'/)-%&  )� *-"-#�))$ %1# -*-�' �-2())3 0-/'&, *-"!-;&1%,   
)�! &, 9: #,71&1%, ' "(� #,�� ��9 !. � �-)��(&)18 !1*�"��8 +  "-"�&�-!  !1-
&��&1 *-&'/)-%&  0-/)� !��8'!�&1. 
 � &18-8 ")18   %(�("),-7!1"� %)18 *(�("�2�8 !1&��&1 *-&'/)-%& , 
-:'0-!#()  ! "+()&�-!101 %1#�01  )(�+ ; %�&(# & !, 0�#-*-0 &)  ! 9�5�#,)--
0' :�#�)%  !1&��& *-&'/)-%&  )� *-"-#�))$ %1# &(�&$ ! 0(8�) 90    )101 
0-/)� 9)(8&'!�&1. ��(:� 9�9)�21&1, =- )�!("()  !1=( 0 ��'!�))$ :(9*-%(-
�("),- ! ")-%$&,%$ "- !1*�"�', �-#1 %8(01 0(8�) 90 ! �/(0%� &� ��!1"� 
!1�-�1%&-!'3&,%$ $� *�-%&  )(*#�)(&��) , &-:&- 9� '0-!1 )(�'8-0-%&  !--
"1#� h.  
 ���  !1*�"�1 9'%&� 2�3&,%$ )� *���&1+ . ��*�1�#�", %8(0' 0(8�) 90' 
�/(0%� 9 )(�'8-010 !-"1#-0 h 9�%&-%-!'3&, ' :-�&-! . *(�("�2  �!&-0-: -
# ! ��� &�  ). �8 ")-3 #�)�-3 :-�&-!-; *(�("�2  < %-)$2)(  �-#(%- 1, !18 -
")-3 #�)�-3 < �-�-))( 9':2�%&( �-#(%- 4, �  %�&(# &1 2  ! " 5��3&, �-#, 
*�-%&18 *���91&)18 �-# % ("1!. $� )� *�-&-&1* :-�&-!-; *(�("�2  )�  �1%.1, � 
). 
        � ")-%)- / *#�)(&��)18 !�� �)& ! !1�-�1%&�))$ %8(0 0(8�) 90 ! �/(-
0%�   ��!1"� (&-:&- �-#1 !-"1#- h �'8�<&,%$) 9�9)�210-, =- )�!("()  !1=( 
0 ��'!�))$ *-!)-3 0 �-3 0-/)� 9�%&-%'!�&1 #17( *�1 �-95#$"  +18 -:(�-
)()18 0(8�) 90 !, &-:&- &18, $�  %*-%&(� 5�3&,%$ * %#$ )�"�))$ 0(8�) 90�0 
"-"�&�-!-; �'&-!-; 7!1"�-%&    -ω� . 
 �)7101 %#-!�01, :'"(0- !!�/�&1, =- 

�  -:(�)()-5- 0(8�) 90'  η(h) 
0-/( :'&1 "-%1&, &-2)- %*�-5)-9-!�)( )� -%)-!  ! "-018 (0* �12)18 "�)18. 
 ���, "#$  %8(01 �/(0%� 9 -")-! )+(!101 %�&(# &�01 (�1%.1, �) 0-/)� 
*�1.)$&1 η(h)≥ 0,96.   
 �#$ %8(01  �/(0%�  9 "!-! )+(!101 :#-��01  %�&(# & ! (�1%. 1, �) 0-/-
)� !!�/�&1 η(h) ≥ 0,96…0,95. 
 �#$ %8(01 ��!1"�  9 "!-0� 9-!) 7) 01 9�2(*#())$01 (�1%. 2, �) 0-/)� 
*�1.)$&1 η(h)≥0,94...0,95.  
 �#$ %8(0 ��!1"� 9 "!-0� !)'&� 7) 01 9�2(*#())$01 (�1%. 2, �, �) 0--
/)� !!�/�&1 η(h) ≥0,97… 0,98, *�12-0' 9 )�:#1/())$0 9)�2())$ uo "- 1 !(-
#121)� η(h) 9�-%&�<. �( -:'0-!#3<&,%$ &10, =- 9 )�:#1/())$0 21%(# 9':+ ! 
�-# % ' !)'&� 7),-0' 9�2(*#())  ! ")-%)� 7!1"� %&, %�-!9�))$ 9':+ ! 90(-
)7'<&,%$. 
 ��!("()  !1=( %(�(")  9)�2())$  

� -:(�)()18 *#�)(&��)18 0(8�) -
90 ! )( ! ")-%$&,%$ "- 7!1"� %)18 0(8�) 90 !, $�  *-&�(:'3&,  )"1! "'�#,-
)-5- * "8-"', &-:&- !��9�)  9)�2())$ η(h) !19)�2()  :(9 '��8'!�))$ !*#1!' 
! "+()&�-!18 %1#  )(�+ ; %�&(# & ! )� !1&��&1 *-&'/)-%& . 
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 ���� 
��
�� ���
�
����� �������� ����������, &- 0-/)�  )7101 
%#-!�01 9�9)�21&1: ��	����� 	�
��� � 
�
����� 
�� �� 	����
��� ����
�� � 
������ � ��������
��
� ����������
� �������� �������� ��    ��������
� 
�������� ����
� ������� ����
 � ��
 ��. 

� ")-%)- 7!1"� %)18 *#�)(&��)18 *(�("�2 9�9)�210-, =- * "8 " "- 
9�"�2  0-/)� 9�#171&1 &��10 /(, �#( ! "*-! ")  9)�2())$ η(h) &�(:� "(=- 
9)191&1, ! 9�#(/)-%&  ! " �-90 � ! *(�("�2  &� �'&-!18 7!1"�-%&(. ;; !�# !.  

 !��������� 
"��
�������� ���� ����������, ��	����
� ������ �� 
	���������� ##� ����������� 
�����	
��. 

	%� #,�1 !1&��&1 *-&'/)-%&  (*-&'/)-%&  %1# &(�&$) 9�#(/�&, & #,�1 
! " %1# (0-0()& !)   ! ")-%)18 7!1"�-%&(., � +  !(#121)1, !��8-!'321 *�1-
.)$&  *�1*'=())$, "#$ *#�)(&��)-5-   -:(�)()-5- ()(*#�)(&��)-5-) 0(8�) -
90 ! 9�#17�3&,%$ -")��-!101, &- 

$%
&'

()
&' NN = , 

"(  )(NN ()
()()

&' η−= 1  - *-&'/) %&, %1# &(�&$ *#�)(&��)-5- 0(8�) 90', 
)(NN $%

$%$%
&' η−= 1  - *-&'/) %&, %1# &(�&$ -:(�)()-5- 0(8�) 90'. 
���10 21)-0, 0�<0- )(N)(N $%

$%
()

() ηη −=− 11 , 
9! "�1 �-(6 + <)& �-�1%)-; " ; *#�)(&��)-5- 0(8�) 90'  

                               )(
N
N

$%()

$%

() ηη −−= 11                                                (�) 

 ��9)�210-, =- N$%   N() – +( !8 ")  *-&'/)-%&  -:(�)()-5-   *#�)(&�-
�)-5- 0(8�) 90 !. 
 �(*(� 0-/)� *(�(.&1 "- %�#�"�))$ 0�&(0�&12)18 0-"(#(. "#$ !19)�-
2())$ 

� *#�)(&��)18 *(�("�2. 

 
 

4. �������
�� ��! ��� 
������	���� ���

	��
�� ������	�� �
��
��-
��� !�
���.  �������

� ���"��
�� ���
�
��	
� 

  
 �� !/( :'#- !��9�)-, -:1"!  %8(01 0(8�) 90 ! �/(0%� *-&�(:'3&, -"-
)-5- . &-5- / 0�&(0�&12)-5- * "8-"', &-0' �-95#$)(0- -")' 9 )18, )�*�1-
�#�", %8(0' 9 "!-! )+(!101 %�&(# &�01. 
 �(8�. !8 ")-3 #�)�-3 0(8�) 90' (�1%.7) < %-)$2)( �-#(%- 1, � 
!18 ")-3 - !-"1#- h. �-"  0-0()& �'7 .)18 %1# &1 )� !("'2-0' �-#(%  1 
:'"( %*�$0-!�)1. ! : � �'&-!-; 7!1"�-%&  ω1. �5 ")- 9 6-�0'#-3 (3) *(�(-

"�&-2)( ! ")-7())$ 11 0
)4(

1 >+=− ui h , &-:&- 0(8�) 90 9� !��9�)18 !1=( 
'0-! :'"(  %)'!�&1 ! �(/10  �("'�&-��  
 �( -9)�2�<, =- �'&-!� 7!1"� %&, ωh<ω1, &� �� 0 &-5-, )�*�$0�1 �'&--
!18 7!1"�-%&(. ω1 &� ωh 9: 5�3&,%$. 
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�1%. 7. ��*�$0�1 9-!) 7) 8 0-0()& ! 
%1# ' �("'�&-�  �/(0%�

'

' '

1T

T =T1 �

Th

hh

h1

1 1

h4

1

4

h

 �-0()& %1# -*-�' &h )� 
!("() . #�)+  :'"( 0�&1 
)�*�$0-�, *�-&1#(/)1. 
)�*�$0�' �'&-!-; 7!1"�-%&  ωh, 
� .-5- !(#121)� :(9'0-!)- :'"( 
: #,7(, ) / !(#121)� 0-0()&' 
%1# )� !8 ") . #�)+ , &-:&- 
 &h> &1. 
 �� '0-!1 *-%& .)-%&  
*-&-�' *-&'/)-%& , =- 
*(�("�<&,%$ 0(8�) 90-0, 
9-!) 7)  0-0()&1 %1# &1, &h   &4, 
*�1�#�"()  "- !8 ")-;, !18 ")-; 
#�)-� &� "- )(�'8-0-5- �-#(%� 4 
(&-:&- �(��&1!) . 0-0()& %1# 
&�= &4), :'"'&, 9)�8-"1&1%, ! 
� !)-!�9 .  

 �-"  0-/)� 9�*1%�&1 
&1+ &�= &h.                                                   (9) 

 � !)$))$ (9) 0-/)� *-$%)1&1 &��: �(��&1!)1. 0-0()& %1# &� 0�< &��' 
!(#121)'   &��1. )�*�$0-�, =- ! ) ��9-0 9 0()710 0-0()&-0 %1# &1 "-� !-
)3< : #,7-0' 0-0()&-!  %1# &�   !� !)-!�/'< .-5-. �-0' )� �1%. 7 �(��&1!-
)1. 0-0()& &� %*�$0-!�)1. ' : � !8 ")-5- 0-0()&' &1. 
 ��1.)$&  !1=( *�1*'=())$ "-9!-#$3&, !!�/�&1 0-0()&1 %1# &1, &h   
&� )(90 ))101 * %#$ -:(�)())$ 0(8�) 90' (!)�%# "-� "-"�&�-!-; 7!1"�-%&   
-ωh, =- )�"�<&,%$ !%,-0' 0(8�) 90-! ). 
 � "'/��8 )� �1%. 7 9�*1%�)- �'&-!  7!1"�-%&  #�)-� -:(�)()-5- 0(8�-
) 90'. �8 *-9)�2()- ! "*-! ")- 7&�18-0. 
 �-95#$" -:(�)()-5- 0(8�) 90' "-9!-#$< 9�-:1&1 !1%)-!-�, =- ! ),-5- 

#�)�� 1 9�#171#�%, !("'2-3 (�'&-!� 7!1"� %&, ω1
1
0�< &-. /( )�*�$0-�, =- 

  ω1, $�1. 9: 5�<&,%$ 9 )�*�$0�-0 0-0()&' %1# &1). 
 	%� #,�1 !-"1#- h ! -:(�)()-0' 0(8�) 90  )(�'8-0( )0( ' =hω , 0-0()& 
%1# &h %*-%&(� 5�<&,%$ ! ),-0' ! �-#  �(��&1!)-5-. 
 �':2�%&( �-#(%- 4 ! -:(�)()-0' 0(8�) 90  %*-%&(� 5�<&,%$ $� !("()(: 
0-0()& %1# )� ),-0' &4=&� %*�$0-!�)1. ' *�-&1#(/)1. : � ' *-� !)$))  9 

�'&-!-3 7!1"� %&3 .1
4 hωω −=  

 	:(�)()1. 0(8�) 90 0�< ! "-01. 

� η(h), %(�(")  9)�2())$ $�-5- )�-
!("()- !1=(.  
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&��)-5- �("'�&-�� �/(0%� ! " 
�1%. 8. ��#(/) %&, 

�         *#�)(-  

0 1 2 3

(h
)

(4)
1h

1,0

1h
u0

54
(4)

u0

�-)� 0-/#1!18 9)�2(), 0u

 �(. 

� 0-/)� �-9*1%�&1 $� ! ")-7())$ !18 ")-; *-&'/)-%&  "- !8 -
")-; )� 9':2�%&18 �-#(%�8 -:(�)()-5- 0(8�) 90': 

)( 11

�)(

h

’h

&

&

ωω
ω

η
−⋅

⋅
= .                                            (10) 

 �)�."(0- 9 !1��9' (10) 9 '��8'!�))$0 6-�0'#1 (3) )(! "-0( ! ")-7()-
)$ 

.)11( 0
)(

0
1)(

1

� uu
&

& hh

’

’h ⋅=−+=−⋅= ηη
ω

ωωη                  (11) 

 �(*(� �-95#$)(0- *#�)(&��)1. 0(8�) 90 �/(0%�. �-5- )(! "-01. 



� 
)4(

1 h−η  &(/ 0-/)� �-9*1%�&1 
2(�(9 ! ")-7())$ !18 ")-; 
*-&'/)-%&  "- !8 ")-;: 

.
11

)4(
1 ω

ωη
⋅
⋅=−

&

& hh
h                    (12) 

 � !1��9' (12) 9 '��8'!�))$0  (9) 
  (11) -"(�/10- 

.
1

1

0

0
)(

)4(
1 +

+⋅=− u
uh

h

ηη              (13) 

 �� �1%. 8 *-��9�)- 9�5�#,)1. !15#$"  9�#(/)-%&  
)4(

1 h−η  ! " 9)�2())$  

��. �1")-, =- 9  9: #,7())$0 ��  9)�2())$ 
)(

h
4

1−η  �%10*&-&12)- )�:#1/�<&,-

%$ 9!(�8' "- !(#121)1 η (h). 

 �� *���&1+  !1�-�1%&-!'3&,%$ �("'�&-�1 �/(0%� 9 u0 ≥ 2, ! $�18 
)()4(

1
h

h ηη ≈ . 
 � &�:#. 1   2 )�!("()- 21%(#,)  9)�2())$ 

� �("'�&-� ! �/(0%�, �-9-
��8-!�)  9� 6-�0'#-3 (13). 

 
� � : # 1 + $  1 



� �("'�&-�� �/(0%� 9�#(/)- ! " u0 9� '0-!-3 η (h)=0,96  
 

u0 2 4 6 8 
)4(

1 h−η  0,973 0,968 0,9657 0,9644 
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�1%. 9. ��*�$0�1 9-!) 7) 8 0-0()& !
%1# ' *�1%�-�3!�2  �/(0%� 

' '

' h4

T =T4 �

hT
h

1T

1

1 1 h
h

1
h

4

 �� :�210-, �("'�&-� �/(0%� -")-! )+(!101 %�&(# &�01  0�< !1%-�1. 


�. ��!"$�1 +,-0' &� !)�%# "-� ! ")-%)-; *�-%&-&1 .-5- '%&�-3 ! ) 0�< 
71�-�( 9�%&-%'!�))$.  
 ��:#. 2 %! "21&,, *�- &( =- �("'�&-� �/(0%� 9 "!-! )+(!101 %�&(# &�-
01 0�< !1%-�1. 

�. �-5- 0-/)� &��-/ !1�-�1%&-!'!�&1 :(9 :'",-$�18 9�-
%&(�(/(),. 
 

� � : # 1 + $  2 



� �("'�&-�� �/(0%� 9�#(/)- ! " u0 9� '0-!-3 η (h)= 0,95 
(9 "!-! )+(!101 %�&(# &�01) 

 
u0 2 4 6 8 10 12 14 16 

)4(
1 h−η  0,967 0,96 0,957 0,956 0,9546 0,954 0,9533 0,9529 

  
 �(*(� �-95#$)(0- *�1%�-�3!�2 �/(0%� (�1%. 9). 
 �("'2-3 #�)�-3 *#�)(&��)-5- *�1%�-�3!�2� �/(0%� < !-"1#- h: )� 

),-0' )�*�$0�1 ωh   &h 
9: 5�3&,%$. 
 �("()-3 #�)�-3 &-"  :'"( 
%-)$2)( 9':2�%&( �-#(%- 1: )� 
.-5- !�#  )�*�$0�1 ω1   &1 
*�-&1#(/) . 
 �(��&1!)1. 0-0()& &� )� 
)(�'8-0-0' 9':2�%&-0' �-#(%  4 
��9-0 9 0()710 0-0()&-0 %1# 
&1 !� !)-!�/'< : #,71. 0-0()& 
%1# &h, &-:&-   &'& %*��!("#1!� 
9�#(/) %&, (9). 
 �#( / ! -:(�)()-0' 
0(8�) 90  &(*(� !("'2-3 #�)�-3 
:'"( %*-%&(� 5�&1%, ! )+(!( 
�-#(%- 4. �("()-3 #�)�-3 :'"( 
9�#17�&1%, &( / %�0( %-)$2)( 
�-#(%- 1. 
 �#$ -:(�)()-5- 0(8�) 90' 

! "-01. 

� η(h) 0-/)� �-9*1%�&1 $� ! ")-7())$ *-&'/)-%&(. )� !8-"  &� 
)� !18-" , &-:&-  

h

hh

&

&

ω
ωωη

⋅
−⋅=

�

11)( )(
.                                          (14) 
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&��)-5- *�1%�-�3!�2� �/(0%� ! " 
�1%. 10. ��#(/) %&, 

�         *#�)(-  

0 1 2 3

(4)
h1

1,0

h1
u0

54
(4)

u0

(h
)

�-)� 0-/#1!18 9)�2(),u0

 � !1��9' (14) 9)�."(0- )(! "-0( ! ")-7())$ 

)(
00

)(
1

1

� 11
h�

h
h

h uu
&

&

ηηωη
ωω =−+=

⋅
−=

.                           (15) 

 �(*(� 9)-!' *-!(�)(0-%$ "- *#�)(&��)-5- *�1%�-�3!�2� �/(0%�.  

 �-5- )(! "-01. 

� 
)4(
1−hη  &(/ �-9*17(0- $� ! ")-7())$ !18 ")-; &� 

!8 ")-; *-&'/)-%&(.:  

.11)4(
1

hh
h

&

&

ω
ωη

⋅
⋅=−                                                (16) 

 � %#$ * "%&�)-!�1 ! (16) !1��9 ! (9) &�  (15) 9)�."(0-  

o
h

h

h u
u

+
+=− )(

0
)(

)4(
1

)1(
η

ηη .                                                 (17) 

 
 �� �1%. 10 *-��9�)- 

9�5�#,)1. !15#$" 9�#(/)-%&   
)4(
1−hη  

! " 9)�2())$ u0. 
 �'& :�210- 9�#(/) %&, "'/( 
%8-/' )� &', $�' :'#- !1=( 
9)�."()- "#$ �("'�&-� ! �/(0%�.  
 �!12�.)- 21%(#,)  9)�2())$ 
&'& :'"'&, "(=-  )7 , �#( / 
9�5�#,)  !1%)-!�1 :'"'&, &  / %�0 : 
*�1%�-�3!�2  �/(0%� 0�3&, 
!1%-�1. 

�   ;8 0-/)� :(9 9�.!18 
9�%&(�(/(), 71�-�- 
!1�-�1%&-!'!�&1, =- . �-:1&,%$ )� 
*���&1+ . 

 � &�:#. 3   4 )�!("()- 21%(#,)  9)�2())$ 

� *�1%�-�3!�2 ! �/(0%�, 
$�  �-9��8-!�)  9� 6-�0'#-3 (17). 
 

� � : # 1 + $  3 



� *�1%�-�3!�2� �/(0%� 9�#(/)- ! " u0 9� '0-!-3 η (h)=0,96 
 

u0 2 4 6 8 
)4(
1−hη  0,973 0,968 0,9655 0,9643 
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�1%. 11. ��*�$0�1 9-!) 7) 8 0-0()& ! %1# 
' �("'�&-�  ��!1"� (I 9-)� 9 �1%. 5), 

1
4 p

h

h'
h

1

h1' 1
4' h

1

h

4

�-#1 0 0...1u =

 

� � : # 1 + $  4 



� *�1%�-�3!�2� �/(0%� 9�#(/)- ! " u0 9� '0-!-3 η (h) =0.95  
("!-! )+(!101 %�&(# &�01) 

 
u0 2 4 6 8 10 12 14 16 

)4(
1−hη  0,966 0,96 0,957 0,955 0.954 0,9537 0,9532 0.9528 

 
5. #
���� ���
�
��	� ��! ���

	��
�� ������	�� �
��
����� !�-

���� ��� �
�
��	��
��� ����� ��
�


�� �
�
���� u0 
 
 �� :'#- 9�9)�2()- !1=(, !%  &�1 %8(01 0(8�) 90 ! ��!1"� 0�3&, %* -
#,)( 0�&(0�&12)( 9�:(9*(2())$, &-0' �-95#$)(0- -")' 9 )18, )�*�1�#�", 
%8(0' 9 "!-0� 9-!) 7) 01 9�2(*#())$01. 
 �(8�. !8 ")-3 #�)�-3 0(8�) 90' (�1%. 11) < !-"1#- h.  
 �9 �1%. 5 :�210-, =- *�1 +,-0' 0-/( :'&1 &�1 �(/101 �'8'. 
 �-95#$)(0- %*-2�&�' 9-)' I (u0 = 0...1), ! $� . 0(8�) 90 ��!1"�  %)'< 
! �(/10  �("'�&-�� 9 "-"�&)101 *(�("�&-2)101 ! ")-7())$01. � "*-! ")- 
"- +,-5- )� �1%. 11   *-��9�)- )�*�$0�1 �'&-!18 7!1"�-%&(. &� 9-!) 7) 8 
0-0()& ! %1#. 

 

� *#�)(&��)-5- 0(8�) 90' ��!1"� 
)4(
1−hη  "#$ 9�9)�2()18 '0-! !19)�-
2�&10(0- $� ! ")-7())$ 
*-&'/)-%&  )� !18 ")-0' 
!�#  �-#(%� 1 "- *-&'/)-%&  
)� !8 ")-0' !�#  !-"1#� h: 

hh
h T

T
ω
ωη

⋅
⋅=−

11)4(
1 .          (18) 

 � !)-!�5� 9-!) 7) 8 
0-0()& ! %1# :'"(  %)'!�&1, 
�-#1 

TH+T�=T1.                 (19) 
 �#$ -:(�)()-5- 
0(8�) 90' ��!1"�, !("'2-3 
#�)�-3 !1$!1&,%$ �-#(%- 1, � 
!("()-3 - �-#(%- 4, ! "-01. 


� η(h) �-9*17(0- $� 

)( 11

�)(

ωω
ω

η
−⋅

⋅
=

h

hh

T

T
. (20) 
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' �("'�&-�  ��!1"� (II 9-)� 9 �1%. 5), 
�1%. 12. ��*�$0�1 9-!) 7) 8 0-0()& ! %1# 

h

1

4 p

h'

0

h1

1' h 1

4' h

u =1...2

1

h

4

�-#1

 � !1��9' (20) 9 '��8'!�))$0 (7) 9)�."(0- )(! "-0( ! ")-7())$ 

0
)(1)(

1

� u
T

T h

h

hh ⋅=−= η
ω

ωωη
.                         (21) 

 � %#$ * "%&�)-!�1 ! (18) !1��9 ! (19) &� (21) 9 '��8'!�))$0 (7) -"(�-
/10- 6-�0'#' "#$ �-9��8')�' 

� �("'�&-�� ��!1"� (! 9-)  I): 
 

0
)(

0)4(
1 1

1
u

u
hh ⋅−

−=− η
η

.                                     (22) 

 �(*(� *(�(."(0- "- 9-)1 II (u0 = 1...2), ! $� . 0(8�) 90 ��!1"�  %)'< 
&(/ ' !15#$"  �("'�&-��, �#( 9 *�-&1#(/)101 )�*�$0��01 -:(�&�))$ !8 ")--
5- !�#� !-"1#� * &� !18 ")-5- !�#� �-#(%� 1 (�1%. 12). 
 

� )4(

1−hη    !  +,-0' !1*�"�' 9)�8-"1&10(0- 9� !1��9-0 (18). 
 	%� #,�1 !8 ")1. 0-0()& %1# &h &� !18 ")1. 0-0()& %1# &1 %*�$0-!�-
)  ! -"1) : �, � !)-!�5� 9-!) 7) 8 0-0()& ! %1# :'"( %*-%&(� 5�&1%, 9� '0--
!-3 

&�=&h+&1.    (23) 
 	:(�)()1. 0(8�) 90 "#$ 
9-)1 II, $� +( !1")- 9 �1%. 12, 
0�&10( !8 ")' #�)�' �-#(%- 4, 
� $� !18 ")' #�)�' - �-#(%- 1. 
 �-5- ! "-01. 

� η(h)  
0-/)� �-9*1%�&1 $�  

h

hh

T
T

ω
ωωη

⋅
+⋅=

�

11)( )(
.  (24) 

 � !1��9' (24) 9 
'��8'!�))$0 (7) 9)�."(0- 
)(! "-0( ! ")-7())$ 

)(
01 // h

� uTT η= .  (25) 
 � %#$ * "%&�)-!�1 ! (18) 
!1��9 ! (23) &� (25) 9 
'��8'!�))$0 (7) -"(�/10- 
6-�0'#' "#$ �-9��8')�' 

� 

�("'�&-�� ��!1"� (! 9-)  II): 

)(
0

0
)(

)4(
1

)1(
h

h

h u
u
η

ηη
−

−⋅=− .                                      (26) 
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 �(*(� *(�(."(0- "- 9-)1 III (�1%. 5).  
�(9!�/�321 )� &(, =- ! 9-)  III 0(8�) 90 ��!1"� 9 !8 ")-3 #�)�-3 h  %)'<  
$� *�1%�-�3!�2, "#$ ),-5- *-!) %&3 * " ."'&, �1%. 11   9�#(/)-%&  (23), (24), 
(25)   (26).  �( -:'0-!#()- 9:(�(/())$0 )�*�$0� ! !% 8 �'&-!18 7!1"�-%&(. 
&� )�*�$0� ! 9-!) 7) 8 0-0()& ! %1#. 

 �� �1%. 13 *-��9�)- 9�5�#,)1. !15#$" 9�#(/)-%&  
)4(
1−hη  ! " 9)�2())$ u0 

"#$ !% 8 &�,-8 9-), �-9��8-!�)-; 9� 6-�0'#�01 (22) &� (26). 
 

1,0

0,8

0,6

0,4

0,2

0 1 2 3 4 5

I II III

�1%.13. ��#(/) %&, 

�         *#�)(&��)18 0(8�) 90 ! ��!1"� ! "

0

(4)
h-1

h-1
(4)

0

(h
)

 

 �)�# 9 9�#(/)-%&  
)4(
1−hη  ! " u0 *-��9'<, =- �-#1 u0→1, &-"  

)4(
1−hη →0. 

��1 +,-0' *(�("�&-2)( ! ")-7())$  
)4(
1−hi →∞. 

 ��-!("(0- 21%(#,)  �-9��8')�1 

� 
)4(
1−hη  9� 6-�0'#�01 (22) &� (26) 

"#$ 0(8�) 90 ! ��!1"� -��(0- 9� %8(0�01 �1%. 2, �, �   �. �(9'#,&�&1 �-9��-
8')� ! )�!("()  ! &�:#. 5   6. 

� � : # 1 + $  5 



� 
)4(
1−hη  0(8�) 90' ��!1"� 9 "!-0� 9-!) 7) 01   

9�2(*#())$01 9�#(/)- ! " u0 9� '0-!-3 η (h) =0,94 
 

u0 0 0,5 0,9 0,99 0,999 1 1,1 1,5 2 5 11 
)4(
1−hi  1 2,0 10 100 1000 �� -10 -2 -1,0 -0,25 -0,1 
)4(
1−hη  1 0,94 0,65 0,14 0,016 0 0,59 0,84 0,89 0,926 0,934 
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 �)�# 9 �(9'#,&�& ! �-9��8')� ! *- &�:#1+$8 5   6 *-��9'<, =- �-#1 *(-

�("�&-2)( ! ")-7())$ )(
hi

4
1−  9�-%&�<, &- &-"  

� �("'�&-�� 9)1/'<&,%$. �( 

-%-:#1!- )�5#$")- *�-$!#$<&,%$, $�=- 

� )( *#�)(&��)-; *(�("�2   η(h) 
)(!1%-�1.. � "-0-, =- 

� 0(8�) 90' 9 "!-0� !)'&� 7) 01 9�2(*#())$01 
!1=1., ) / ' 0(8�) 90' 9 "!-0� 9-!) 7) 01 9�2(*#())$01. ? -: * "��(%#1&1 

!*#1! η(h) )� 

� *#�)(&��)-5- 0(8�) 90', "#$ 0(8�) 90' 9 "!-0� !)'&� -

7) 01 9�2(*#())$01 :'#- *�1.)$&- η(h) = 0,98, � "#$ 0(8�) 90' 9 "!-0� 

9-!) 7) 01 9�2(*#())$01 η(h) = 0,94. 
 � � : # 1 + $  6 



� 
)4(
1−hη  0(8�) 90' ��!1"� 9 "!-0� !)'&� 7) 01 9�2(*#())$01 

 9�#(/)- ! " u0 9� '0-!-3 η(h) = 0,98 
 

u0 0 0,5 0,9 0,99 0,999 1 1,1 1,5 2 5 11 
)4(
1−hi  1 2,0 10 100 1000 

�
� -10 -2,0 -1,0 -0,25 -0,1 

)4(
1−hη  1 0,98 0,85 0,34 0,05 0 0,82 0,94 0,96 0,97 0,97 

 

 � &�:#1+  5 :�210-, =- )�! &, *�1 9�-%&�))  |i| )(
h

4
1−  "- 10  

� 

)(
h

4
1−η  

%&�< "-%1&, )19,�10 (:#19,�- 0,6). �( )�! &, 9)�2)- 5 �7(, ) / 9)�2())$ 


� 2(�!’$2)-; *(�("�2 . �-0' ! %1#-!18 *(�("�2�8 �("'�&-�1 ��!1"� 9 
"!-0� 9-!) 7) 01 9�2(*#())$01 !1�-�1%&-!'!�&1 )( �(�-0()"'<&,%$. 
 � %&�!#())$ �(9'#,&�& ! �-9��8')� !, )�!("()18 ' &�:#1+$8 5   6, *-��-
9'<, =- *#�)(&��)1. 0(8�) 90 ��!1"� 9 "!-0� !)'&� 7) 01 9�2(*#())$01 
0�< 9)�2)- !1=1. 

�, ) / *#�)(&��)1. 0(8�) 90 ��!1"� 9 "!-0� 
9-!) 7) 01 9�2(*#())$01.  

 ���, ' 9-)  *�-!�#' (*-:#19' u0=1) .-5- 

� 
)4(
1−hη  *�1:#19)- !&�12  

: #,71.. ��1 ! ""�#())  ! " 9)�2())$ u0=1 (! -:1"!� :-�1) *(�(!�5� *#�)(-
&��)-5- 0(8�) 90' ��!1"� 9 "!-0� !)'&� 7) 01 9�2(*#())$01 90()7'<&,%$, 

�#( 9�#17�<&,%$ %'&&<!-3. ��*�1�#�", �-#1 0�<0- 10)4(
1 =−hi , 

� �("'�&-�� 

��!1"� 9 "!-0� !)'&� 7) 01 9�2(*#())$01 *(�(!1='< 0,8 (&-:&- %'0 �)1. 9 


� 2(�!’$2)-; *(�("�2 ), ! &-. /( 2�%, $� 

� �("'�&-�� ��!1"� 9 "!-0� 
9-!) 7) 01 9�2(*#())$01, $� !/( :'#- %��9�)- !1=(, "-� !)3< *�1:#19)- 
0,6. 
 ��!("()  "�)  "-9!-#$3&, 9�-:1&1 !1%)-!-� *�- &(, =- 0(8�) 90 ��-
!1"� 9 "!-0� !)'&� 7) 01 9�2(*#())$01 0-/)� �(�-0()"'!�&1 "#$ 9�%&-%'-
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' *�1%�-�3!�2  ��!1"� (I 9-)� 9 �1%. 5), 
�1%. 14. ��*�$0�1 9-!) 7) 8 0-0()& ! %1# 

1
4 p 'h

h

1

'1
'

1h

4 h

h

�-#1 u  =0 0...1

1

h

4

!�))$ ! %1#-!18 *(�("�2�8 )(!(#1�-;   )�! &, %(�("),-; *-&'/)-%& , �-#1 

9)�2())$ 
)4(
1−hi  )( *(�(!1='< 100. 

 �%  &�1 %8(01 0(8�) 90 ! ��!1"� ! �(/10  *�1%�-�3!�2�, �-#1 

25,0)4(
1 =−hi &� 0()7(, 0�3&, "-%1&, !1%-�  9)�2())$ 

� )4(

1−hη  - ;8 0-/)� 9�-
%&-%'!�&1 &��-/   ! %1#-!18 *(�("�2�8 :(9 :'",-$�18 -:0(/(),. 
 �(*(� �-95#$)(0- %8(01 0(8�) 90' ��!1"� ' !1*�"�', �-#1 !("'2-3 
#�)�-3 < 9':2�%&( �-#(%- 1 (�1%. 14). 

� �1%. 6  :�210-, =- *�1 
+,-0' 0-/( &��-/ :'&1 &�1 
�(/101 �'8'. 
 �-95#$)(0- %*-2�&�' 
9-)' I (u0=0...1), ! $� . 
0(8�) 90 ��!1"�  %)'< ! 
�(/10  *�1%�-�3!�2� 9 
"-"�&)101 *(�("�&-2)101 
! ")-7())$01. 
 � "*-! ")- "- +,-5- )� 
�1%. 14   *-��9�)- )�*�$0�1 
�'&-!18 7!1"�-%&(. &� 9--
!) 7) 8 0-0()& ! %1#. 
 

� *#�)(&��)-5- 

0(8�) 90' ��!1"� 
)4(
1−hη  "#$ 

9�9)�2()18 '0-! :'"(0- 
!19)�2�&1, $� ! ")-7())$ 
*-&'/)-%&  )� !18 ")-0' 

!�#  !-"1#� h "- *-&'/)-%&  )� !8 ")-0' !�#  �-#(%� 1: 

11

)4(
1 ω

ωη
⋅
⋅=− T

T hh
h .                                             (27) 

 � !)-!�5� 9-!) 7) 8 0-0()& ! %1#  %)'!�&10(, �-#1 
&h+&'=&1.                                              (28) 

 �#$ -:(�)()-5- 0(8�) 90' ��!1"�, ! $�-0' !("'2-3 #�)�-3 !1$!1&,%$ 
�-#(%- 4, � !("()-3 – �-#(%- 1, ! "-01. 

� η(h) �-9*17(0- $� 

h

hh

T
T

ω
ωωη

⋅
−⋅=

�

11)( )(
.                                    (29) 

 � !1��9' (29) 9 '��8'!�))$0 (8) 9)�."(0- )(! "-0( ! ")-7())$ 
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*�1%�-�3!�2  ��!1"� (II9-)� 9 �1%. 6), 
�1%. 15. ��*�$0�1 9-!) 7) 8 0-0()& ! %1# '

1

4 p

u  =0

'h

h

1

h

1' 1 h

4' h

�-#1 1...2

1

h

4

)(
0

)(
1

1

� )(
h

h
h
h u

T

T

ηωη
ωω =

⋅
−= .                                  (30) 

 � %#$ * "%&�)-!�1 ! (27) !1��9 ! (28)   (30) 9 '��8'!�))$0 (8) -"(�/1-
0- 6-�0'#' "#$ �-9��8')�' 

� *�1%�-�3!�2� ��!1"� (! 9-)  I): 

)1( 0
)(

0
)(

)4(
1 u

u
h

h

h −⋅
−=− η

ηη .                                       (31) 

 �(*(� *(�(."(0- "- 9-)1 II (u0=1...2), ! $� . 0(8�) 90 ��!1"�  %)'< 
&(/ ' !15#$"  *�1%�-�3!�2�, �#( 9 *�-&1#(/)101 )�*�$0��01 -:(�&�))$ 
!8 ")-5- !�#� �-#(%� 1 &� !18 ")-5- !�#� !-"1#� h (�1%. 15). 

 

� 
)4(

1 h−η    ! 
+,-0' !1*�"�' 
9)�8-"10- 9� !1��9-0 
(27). 
 	%� #,�1 !8 ")1. 
0-0()& %1# &1   
!18 ")1. 0-0()& %1# &* 
%*�$0-!�)  ! -"1) : �, 
� !)-!�5� 9-!) 7) 8 
0-0()& ! %1# :'"( 
%*-%&(� 5�&1%, 9� '0--
!-3 (23). 

 	:(�)()1. 
0(8�) 90 "#$ 9-)1 II, $� 
+( !1")- 9 �1%. 15, 0�&1-
0( $� !8 ")' #�)�' 
�-#(%- 1, � $� !18 ")' 
#�)�' - �-#(%- 4. 

�-5- ! "-01. 

� η(h) 0-/)� �-9*1%�&1 $�  

)( 11

�)(

h

hh

&

T

ωω
ω

η
+⋅

⋅
= .                                                (32) 

 � !1��9' (32) 9 '��8'!�))$0 (8) 9)�."(0- )(! "-0( ! ")-7())$ 

0
1

1
u

T

T )h(

h

h)h(� ⋅=
+

⋅= η
ω

ωωη
.                                (33) 

 ��'!�/10-, =- ! 6-�0'#  (33) ! ")-7())$ 
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1,0

0,6

0,4

0,2

0
1 2 3 4 5

I II III

�1%.16. ��#(/) %&, 

�        *#�)(-
&��)18 0(8�) 90 ! ��!1"� ! "

(h
)

0u

0u

(4)
1-h

1-h
(4)

00
11 1)1(1 uu
hh

h =+−=+=+
ω
ω

ω
ωω

.                         (34) 

"( !1��9 

1|)1(||1| 000
11 −=−−=−== uuu
hh ω

ω
ω
ω

,                          (35)  

!9$&- :(9 '��8'!�))$ 9)��' “0 )'%” (-%� #,�1 u0 > 1), &-0' =- *�1 -:21%#()-
)$8 

� ! ")-7())$ 7!1"�-%&(. :(�(&,%$ & #,�1 9� !(#121)-3 :(9 '��8'-
!�))$ ;8 )�*�$0� !. 

� %#$ * "%&�)-!�1 ! (27) !1��9 ! (33) 9 '��8'!�))$0 (8), (34) &� (35) 
-"(�/10- 6-�0'#' "#$ �-9��8')�' 

� *�1%�-�3!�2� ��!1"� (! 9-)  II) 

1
1

0

0
)(

)4(
1 −

−⋅=− u
uh

h

ηη
.                                            (36) 

 �(*(� *(�(."(0- "- 9-)1 III (! "*-! ")- "- �1%. 6).  
�(9!�/�321 )� &(, =- ! 9-)  III 0(8�) 90 ��!1"� 9 !8 ")-3 #�)�-3 1 

 %)'< $� �("'�&-�, "#$ ),-5- *-!) %&3 * " ."( �1%. 14   9�#(/)-%&  (23), (32), 
(33), (34), (35)   (36). �( -:'0-!#()- 9:(�(/())$0 )�*�$0� ! !% 8 �'&-!18 

7!1"�-%&(. &� )�*�$0� ! 9-!-
) 7) 8 0-0()& ! %1#. 

�� �1%. 16 *-��9�)- 

9�5�#,)1. !15#$" 9�#(/)-%&  
)4(

1 h−η  

! " 9)�2())$ u0 "#$ !% 8 &�,-8 9-), 
�-9��8-!�)-; 9� 6-�0'#�01 (31) &� 
(36). 

�(�7(, =- &�(:� ! "9)�21&1 
9 �-95#$"' �1%. 16, - +( )�$!) %&, 
-:#�%&  %�0-5�#,0'!�))$ 9 

� 

)4(
1−hη < 0 (*-:#19' 0(/  9-) I   II). 

           �$ -:#�%&, 9# !� -:0(/()� 
9)�2())$0 u0 = η(h),� %*��!� – 
9)�2())$0 u0 = 1/η(h). 

 � &�:#. 7   8 )�!("()- �(9'#,&�&1 21%(#,)18 �-9��8')� ! 9� 6-�0'#�01 
(31) &� (36) 

� *#�)(&��)18 0(8�) 90 ! ��!1"� 9 �-#(%-0 1 $� !("'2-; #�)-
�1. 
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� � : # 1 + $  7 



� 
)4(

1 h−η  *#�)(&��)-5- 0(8�) 90' ��!1"� 9 "!-0� 9-!) 7) 01 9�2(*#())$-

01, 9�#(/)- ! " u0 9� '0-!-3 η(h)= 0,94  
 

u0 0 0,5 0,75 0,9 0,94 1,0 1,064 1,25 1,5 5 11 
)4(

1 hi −  1 0,5 0,25 0,1 0,06 0 -0,036 -0,25 -0,5 -4,0 -10 
)4(

1 h−η  1 0,94 0,81 0,43 0 -∞ 0 0,7 0,82 0,92 0,93 
 

�)�# 9 �(9'#,&�& ! -:21%#(),, =- 0 %&$&,%$ ! &�:#. 7   8, *-��9'< !1%--
�  !1&��&1 *-&'/)-%&  )� *-"-#�))$ &(�&$ ! *�1%�-�3!�2�8 ��!1"�, -%-:#1-
!- ! 0(8�) 90  9 "!-0� 9-!) 7) 01 9�2(*#())$01. �-5- 

� *�1 9)�2())   

1,0)4(
1 =−hi  %&�)-!1&, !%,-5- #17( 43,0)4(

1 =−hη . ��1 +,-0' 

� *�1%�-�3-
!�2� ��!1"� 9 "!-0� !)'&� 7) 01 9�2(*#())$01 0�./( !"! 2  : #,71.   %&�-
)-!1&, 0,82. 	%&�)) . 0-/)� 9�%&-%-!'!�&1 )�! &, ' %1#-!18 *�1%�-�3!�2�8 
()( : #,7(, ) / 9 "(%$&1���&)10 *�1%�-�())$0).  

� �(/10  �("'�&-�� (9-)� III, �1%. 6   15) 

� !% 8 &�,-8 *#�)(&��)18 
0(8�) 90 ! ��!1"� "-%1&, !1%-�1.,   !-)1 0-/'&, 9�%&-%-!'!�&1%, :(9 :'",-
$�18 9�%&(�(/(),. 
 

� � : # 1 + $  8 


�   0(8�) 90' ��!1"� 9 "!-0� !)'&� 7) 01 9�2(*#())$01  

9�#(/)- ! "  u0  9� '0-!-3 η(h) = 0,98 
                                                                                 

u0 0 0,5 0,75 0,9 0,98 0,99 1 1,02 1,25 1,5 2,0 11 
)4(

1 hi −  1 0,5 0,25 0,1 0,02 0,01 0 -0,02 -0,25 -0,5 -1,0 -10 
)4(

1 h−η  1 0,98 0,94 0,82 0 -5,3 -∞ 0 0,9 0,94 0,96 0,98 
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1. �-95#$)'&  0�&(0�&12)  0-"(#  !1&��& *-&'/)-%&  )� "-#�))$ &(�&$ 

! )�.*�-%& 718 *#�)(&��)18 9':2�%&18 0(8�) 90�8 9� %8(0�01 �/(0%� &� 
��!1"� "-9!-#1#1 !1!(%&1 *�-%&  9�#(/)-%&  "#$ �-9��8')� ! 

� +18 0(-
8�) 90 ! ("1! &,%$ 6-�0'#1 (13), (17), (22), (26), (31)   (36) &� ;8 �)�# 9). 

2. ��1.)$&  *�1*'=())$ "-9!-#1#1 !1�-)�&1 21%(#,)  �-9��8')�1 


� *#�)(&��)18 9':2�%&18 0(8�) 90 ! �/(0%� &� ��!1"� ! �(/10�8 �("'�-
&-� !    *�1%�-�3!�2 ! ' *-!)-0' " �*�9-)  0-/#1!18 *(�("�&-2)18  ! ")--
7(), ("1!. &�:#. 1, 2, 3, 4, 5, 6, 7   8 &� ;8 �)�# 9).  

�� -%)-!  -"(�/�)18 9)�2(), 

� *#�)(&��)18 0(8�) 90 ! 0-/)� 
9" .%)1&1 -:5�')&-!�)1. !1: � &1*' 0(8�) 90' *�1 �-9�-:+  *(�("�2 0�-
71), =- *�-(�&'3&,%$. 

3. �6-�0'#,-!�)  9�%&(�(/())$, $�  "-9!-#$&, 9�*-: 5&1 !1�-�1%&�)-
)3 *#�)(&��)18 0(8�) 90 ! 9 )(*�1*'%&10- )19,�101 9)�2())$01 

�   )�-
! &, &��18 !1*�"� !, �-#1 *#�)(&��)  0(8�) 901 0-/'&, %�0-5�#,0'!�&1%, 
("1!. �1%. 16 &� .-5- �)�# 9). 

4. 	9)�.-0#())$ 9 0�&(� �#-0 �-9�-:�1 :'"( �-�1%)( *�1 !1!2())  
%&'"()&�01 �-9" #' ��� «�(8�) 901 *(�("�2». �-)- "-9!-#1&, *-5#1:1&1 
9)�))$ 9 *1&�))$ *#�)(&��)18 9':2�%&18 *(�("�2, $�( )("-%&�&),- !1%! &#(-
)- ! * "�'2)1��8 9 ���   &-0' -:'0-!#3< )(5#1:-�' * "5-&-!#() %&, 0�.-
:'&) 8  )/()(� ! =-"- +,-5- *1&�))$. 

5. ��&(� �#1 �-9�-:�1  :'"'&, �-�1%)101 * " 2�% �'�%-!-5- *�-(�&'-
!�))$ 9 *1&�))$ %1)&(9' *#�)(&��)18 *(�("�2. 
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