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2
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. 2.1. 
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dx
daa

dx
dpp

. 2.1. 

,  ( ,
), ,

 ( , 1 2).
, .

, ,
,  F, 

 ( ,  1 ), 
 a+(da/dx). , ’ ,

’ ,

.
dx
da

V
dV     (2.2) 

,

const,pVk     (2.3) 

 – , ;
k – 

’ .
 (2.3), 
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.
dx
dak

V
dVk

p
dp    (2.4) 

0p ,
, . 2.1, 

dx
dakppp 00 .    (2.5) 

, , ,
’  F  p+(dp/dx). 

, ,
’ ,

.
dx

adkp
dx
dpK 2

2

0    (2.6) 

,
’

,
dt

adk
dx

adkp 2

2

02

2

0    (2.7) 

0  – / 3.
 (2.7) :

,
dx

adpk
dt

ad
2

2

0

0
2

2
    (2.8) 

 (2.1), 
 (2.8) 

. ,
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,pkc
0

0      (2.9) 

 k – 
’ ;

0p  – , , ;

0  – / 3.
 (2.9) 

,
d
dpkc2      (3.10) 

 = const/V, 

.
dV

Vdpkc2      (2.11) 

 (-1/V)(d/dp) – , ,
,  (2.9) 

,kc      (2.12) 

(
). 

2.3. 

 [14]. 
,

( . 2.1.) ,
 (2.1) 

,
c
x-tsinAa     (2.13) 
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 – .

 (2.13)  f =( /2 ), 
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, , .
 – const,  (2.13) 

,-tsinAa     (2.14) 

 = /  – .
 (2.14) 

, .
, 1 2,

, .

2)-(t-]-)T[(t ,  (2.15)  

 f – , ;

,
T
1f     (2.16) 

 (2.13)  t - ,

,
c
x-Asina     (2.17) 

.
,

, ’



30

.2
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x--

c
x-     (2.18) 

,
f
c      (2.19) 

 –  ( ) , .
,  (2.13) 

.xct2Asinx-
T
t2Asina   (2.20) 

, . ,
,

, ,
.

,  t (2.13)  (2.14) 

.x
T
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T
2

c
x-tAcosU    (2.21) 

,
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.U-A-B 2      
 (2.24) 

, :
–

;
–
 ( , ).

2.4. 

 – 
 ( . 2.1.). ,
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.  « »

, ,
,

 (
)

 (
, -

), 
.

, ,
. ,

,
.

, ,
, ’

.
c
x-tcosA

2
1U

2
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2
1Af2A

2
1E 22222   (2.28) 
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, ’ ,

, . , ,

.
,

. ,
, ,

, .
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.
 – 

.

2.5. 

’
 F.  F ,

,
.

,
,  1 2,

/ . ’
3, ,  1 3

,
c
FEV    (2.29) 
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.
cU2
1Bc

2
1Ac

2
1cEF 2

2
2

22
V   (2.30) 

 (2.30), ,

U. / 2.
 F / 2  S, 

,
E ,

.FdSE
S

    (2.31) 

E , .
 F , , ,

2 ,
.

,
.

 (2.30), 
, .

 D 
. ,

’  b ,
’ ,

,  d/dx. 

,
dx
dDb     (2.32) 

 (2.23) 

.
dx
dD

c
xtAsin- 2   (2.33) 
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 (2.33) ,
 D 

,
c
xtcoscADD 0    (2.34) 

D0  – , .

cU,AcDA   (2.35) 

AD  – , .

AD  (2.30) 
,

.

.
2

UD
c2

DF A
2
A    (2.36) 

,
,

. ,
 (2.34) 

.
c
xtsin

c
D

c
xtinscA

dx
dD 2   (2.37) 

D

,B2D     (2.38) 

D  – , / 2,
 – / 2.



36

.

, .  , 
« ’ », « »  ( ), ,
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.
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.
A
DQ ..A     (2.39) 

..AQ
, ’ ,

 « » .
 –  ( ) ,

 « »
. , ,

 RA. AR ’
:  – 

 – ,

.
U
DcRA    (2.40) 

’
« »   – AR .  (2.40), 

AR · -2· -1.
,

 [34], AR
.

,
U
DRA    (2.41)  



37
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AR  « »
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AR
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. AR
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,Ek)(lS     (2.42) 

 k – 
’ ;

E  – / 3.
S , – , / 2.

, ,
(2.42) S  = 0. ,

. ,
.

,
.
, ,

.

.
,

,  – 
, .

 ( . 2.1), 
xA ; dA  dx 

 dx; 

dx,A-dA xA      (2.43) 

A  – .
,

x],exp[-AeAA 0
-dx

0x    (2.44) 

0A  – =0;  
 – ,

.
 (2.44) ,

,  (
):
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x],[-2expPePP 0
x2

0x    (2.45) 

x2  – .
 (2.45) ,

, ,
, ,

.
 (2.44)  (2.45), 

,

0

x

12

0

x

12

P
Pln

)xx(2
1

A
Aln

xx
1

   (2.46) 

 (2.44), (2.45)  (2.46), 
,

, ,
.

 : 
 – , / ;
 – , ;

E  –  , / 3 · / 3;
F – , / 2, , ;
E  – ;
D – , ·105  1 / 2;

AR – , · -2· -1;
 – 

, / / .
 «–»,  – /  – / .

2.7. 

 (
) ,
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RR
RR
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1m
1mk

2A1A

1A2A

1122

1122
2

 (2.49) 

 (2.49) k ,
, .

 (2.49), ,
.

Dk

.
1m

m4k1k 2D    (2.50) 

, k , Dk ,
,

.  (2.49)  (2.50) , m
 1/ m , .

k Dk ,
,

,
.

. 2.2 k Dk  m (  1/ m ,
), ,

.
 (2.49)  (2.50), ,

, ,
, ,

 100% [50]. 

,
.
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[93]. 
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 [94], 
T=t2-t1 ’  V 
, ,

,

t
VP  ,   (4.1) 

 t – ,
’ , ;

– , / · ;
 – , / 3;

V – ’ , 3.

,
’

.
 t1,

’  t 
’ . ,

,
,  t2
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–  (  30 );
–  - ;
– - ,

.

,
’

 ( - )
’  ( . 4.3).  
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, .
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, .
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TV
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ii

..    (4.5) 

..V  – ’ , 3;

iV  – ’ ,  i- , 3;

iT  – ,  i- , ° ;
 n – .

,
’ .

,  MathCad ( ),
’ .

,
 15, 22, 35 ,

’
 3.2. 

 (  2) 
,

(  3.3.1., 3.3.2.). 
. 4.2 . 4.11 [97; 98]. 

. 4.11. 
,

,
T=t2-t1 ’  V 

, .
,

, , .
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 4.2 

- 15 22 35

, 10-6  30 70 50 
,  0,102 0,07 0,044 

, / U 2,82 9,67 10,99 
,

106 / 2
B -0,26 -1,34 -2,41 

’ , 104 / 3 0,21 2,43 3,14 

’ , 104 / 3
E 0,41 4,87 6,28 

, 10-9 / 2 F 38,8 3,31 2,56 
,

 10-13
E

68,5 5,85 4,53 

, 107 / 2 D 2,48 1,56 2,48 

, 1011
..AQ 1,51 2,23 3,54 

, / 2
S 87 102 132 

, 103 2 2,025 4,36 11,03 

’  ( ), 103
1 2,025 4,356 11,03 

 ( ),10-4
2 4,5 6,6 10,5 

,
P 51 78 68 

Dk  , k ,

AR ,
 [99; 100], Dk  = 0,93, k = 0,06, 

AR =1,61·106 · -2· -1.
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’ ,
’ .

. ’
, .

’ ,
.

,
, ,

.
,

’  [103; 104]. 

4.3. 

, ’ , ’ ,
.

:  [105; 106]. 
,

 3.2. 
 (4.5) ,

 -1  +1, 
’  [107; 108]. 

3211233223311321123322110321 xaxaxaax,x,xy (4.5) 

1x  –  f, ;

2x – ’  V, 3;

3x – ’  m, ;

4x – , ;
y – , ; F , .

, .
 0 ,

.
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 2(3-1).
 2(3-1) . 4.3 

. 4.4. 

 4.3  
 2(4-1)

V ( 1x ) m ( 2x )  ( 3x ) F (y) (y) 

1 - - - 58 1,9 
2 - - + 32 1,0 

3 - + - 50 1,6 

4 - + + 40 1,2 

5 + - - 58 1,8 

6 + - + 36 1,1 

7 + + - 70 2,2 

8 + + + 37 1,3 

 4.4 

0a 1a 2a 3a 12a 13a 23a 123a

, 1,53 0,09 0,63 -0,36 0,09 -0,04 0,04 -0,09

, F 47,63 2,63 1,63 -11,38 1,63 -2,38 0,63 -3,38

, . 4.5 . 4.6 .
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 4.5  

 V, 3 m, ,· 60 -1, ,
1 3·10-3 0,15 15 1 
2 2,8·10-3 0,14 20 0,9 
3 2,6·10-3 0,13 25 0,8 

0

1

2

3

0 5 10 15 20 25

10,A 3

,60 1

. 4.12. 
-

 4.6  
 F

 V, 3 m, ,· 60 -1,  F ,
1 3·10-3 0,15 15 32 
2 2,8·10-3 0,14 20 30 
3 2,6·10-3 0,14 25 28 

,
’

. 4.12, 4.13: 
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V – ’ , , 3.
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12
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’ -
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. - -

, ’
1 2  0,5 

, , ,
, ’ , .
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 1 2
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 6,  8,  9. 

.  3 

’  4.  3 
,  5. 

 6  2 .



81

. 5.3.  (
 48064 U): 1 – 

; 2 – ’ ; 3 – ;                  
4 – ’ - ; 5 – ;
6 – ; 7 – 

; 8 – ; 9 – .



82

 5 
.

 8 , ’  4 
 5  8 . ,  8 

,  9, 
3 , ,  5 

,  6  3  .
 3  6  5 

.  1 
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,
A

100)4,8(W 2    (5.11) 

1W  – ’  %; 

2W – ’  %; 
 – , ;
 – , 2;

0m  – , .

,WWW 11    (5.12) 
,W100W 22 .   (5.13) 
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2W –  %; 
W  –  %. 
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,  (5.19) 
 [121]. 

,
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T
MSc II

0                                               (5.20) 

. 5.4. :
              1 – ; 2, 7 – 

; 3, 8 – 
; 4 – ; 5 – 
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11 – ’  (N2); 12 – ;
13 – ; 14, 15 – ;
16, 17 – ; 18 – .
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,wMSrwwwc II..32.1. (5.21) 
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132

II3210
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.  F  15 · 60 – 1 
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0,2

0,4

0,6

0,8

1

0 5 10 15 20 25

A/A

,60 1

. 5.5. , ,
-  22 



90

0,2

0,4

0,6

0,8

1

0 5 10 15 20 25

,60 1

F/F

. 5.6. , ,
-        

22 

, ,
, , ,

’ , ’
. ,

,
, , ,

’  [128; 129]. ,

,
,

.
.



91

 5.1  

’

,

· 60 -1,

5 10 15 20 25 

,

103

2,40 2,31 1,48 1,41 1,37 1,33 

, 103  0,15 0,21 0,25 0,29 0,32 0,33 

,

 10-4 -1

5,85 7,95 9,71 10,92 12,3 12,9 

,  261 261 261 261 261 261 

,

103

15,7  9,45 4,75 3,35 2,31 2,25 

, 103  2,39 2,29 1,84 1,84 1,47 1,43 

’ , 105 ·  5,91 4,81 3,91 3,69 3,54 2,19 

’

,·103 ·

7,18 7,09 4,25 3,95 3,22 3,18 

. 5.2 . 5.7, . 5.8 ,
’

’ . ’
 (0…15)·60 -  , '

.
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 5.2  
’

,

· 60 -1,

5 10 15 20 25 

’

, % 35 37 44 48 45 44

, % 65 63 56 52 55 56

’

, % 

26 30 37 40 38 37

, % 

74 70 63 60 62 63

,  6,01 5,75 5,71 5,69 5,67 5,64 

,

’ , ,
’ ’ .

-  (15…25)·60 
’ , [130; 131]. 

,
.

 – 15·60 
,

, .
,

[132; 133].  
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 ( . 5.11). 
 5 

’
’  ( . 5.12, 5.13). 

 ( . 5.14). 
’  ( . 5.15). 

’ .
 ( . 5.12, . 5.13). 

’  20% (26,11  – 
31,47  – )
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.
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’ ’ .
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-
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 „ ” .
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,
. ’ .

.
.

 5.3 

5    
’ , ,10 6 26,11±1,07 31,47±1,99 

’
( ), ,10 6 9,30±0,59 11,66±0,98 

10    

’ , ,10 6 23,81±1,30 25,51±1,45 
’

( ), ,10 6 11,31±1,15 11,14±0,76 

15    

’ , ,10 6 23,29±1,17 23,23±0,74 
’

( ), ,10 6 11,38±0,58 9,70±0,71 

20    

’ , ,10 6 30,06±1,58 22,82±1,18 
’

 ( ), ,10 6 16,35±0,89 11,38±0,70 

25    
’ , ,10 6 37,41±1,18 31,04±1,72 

’
 ( ), ,10 6 23,61±0,67 17,36±1,22 

.
 5 , . 5.25 ,

, ’ ’
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’ –
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,
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.

6.2. 

.
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’ .
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, ,
,  [134; 135]. 

.
. 6.1, . 6.1.  

 7 .
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2

cba      (6.1) 

.105,7
2

10151022a 3
33

   

 d =1,1 a = 8,25 10-3 .  d = -3108
q

 6.1.  
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7.5 22 15 19 75 
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 0,25 
 [137].  
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, 210 1 2 3 4 5 6 7 8 9 10 
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,l1,0r p     (6.25) 
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.
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 COSMOSWORKS  
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1.
2.
3.
4. &
5.
6.
7.
8.

1.
 FEM 

.

, .
.

. COSMOSWorks 
,

.

2.

:

:
D:\

\ .SLDASM 

:
C:\Program 
Files\SolidWorks\COSMOS\work 

:  1 (- -)
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3.

No.

1 -1
[SW] 0.669447 

kg
9.17051e-
005 m^3 

2 -
1 [SW] 0.0251973 

kg
5.47768e-
006 m^3 

4. &

-1 
< -1>

1
.

:

-1 
< -
1>

1
5800 N/m^2 

,

:
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5.

:
:

:
:

: 4 Points
: 4.599 mm 

: 0.22995 mm 
:

: 10682 
: 18198 

( ; ; ): 00:00:04 

: NOROV 

:
: FFEPlus

:

:

: :
298 Kelvin  
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6.

:  - 

7.

1
VON: 

 Von Mises 

1.05269 
N/m^2 

:
16161 

(-29.456 
mm, 
-71.5564 
mm, 
0.95435 
mm) 

57284.6 
N/m^2 

:
15817 

(-
29.3802 
mm, 
-183.07 
mm, 
-2.5 
mm) 

1
URES: -

-
0 m 

:
1234 

(-
40.3802 
mm, 
139.804 
 mm, 
11 mm) 

3.21465e-
008 m 

:
15954 

(-
29.3802 
mm, 
-
190.196 
mm, 
7.5 
mm) 

1
ESTRN:

5.95661e-
012  

:
9829 

(-29.918 
mm, 
-71.2086 
mm, 
0.613364 
mm) 

3.98037e-
007  

:
10107 

(-
30.4752 
mm, 
-
182.301 
mm, 
1.36862 
mm) 
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: [SW]

:

: SolidWorks

:  Solidworks 

:

1.9e+011 N/m^2 

0.26 NA

7.8e+010 N/m^2 
7300 kg/m^3 

4.4808e+008 N/m^2 

2.4128e+008 N/m^2 

1.5e-005 /Kelvin

38 W/(m.K) 

440 J/(kg.K) 
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: [SW]

:  SolidWorks 

:
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1.1e+011 N/m^2 
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4.3e+010 N/m^2 
4600 kg/m^3 

2.35e+008 N/m^2 

1.4e+008 N/m^2 

9e-006 /Kelvin

22 W/(m.K) 

460 J/(kg.K) 
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