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2.5. -

.
     , -

    .   
     , 

     r=a(t)  -
  

 

.)1(2

,2

constmahQ

constahmwQ

s

f

             (2.34) 

 

   
a

r   -

 ,       -
,     

 

0

0
)(

0

,

,

e

ef
rr

e

mm

p

pp

     (2.35) 

 
  –   . 

       
  ,   

  ,   t . 
,      

    ,   

...



. . , . . , . .

 42

  R(t)    a(t)  
    .   

      -
  , . . 
 

appf
rr 0   

 
  

)(tar . 
 

,     -
     , 

  -   R(t)     
a(t)      .  

  R(t)     
     ,  

     ,   
      

  

.

,

,

,

)()(

ne

ne

nf
rr

ef
rr

ne

ww

vv

pp

    (2.36) 

 
       -

 ,      , -
  (2.1), (2.2). 
    (2.5)   -



 43

   : 
 

.

,

)(

)(

e

e
r

e
ref

e

e
r

e
ref

rr

p
r
u

GK
r
u

GK

p
r
u

GK
r
u

GK

        (2.37) 

  
 

    
 

          

.,

,,

t

r

t

u
U

tVtwW

e
r

  

 

 

.
2
1

2
1

,
2
1

,1

U
d
dU

V

d
d

tt

d
d

tr

                     (2.38) 

 
   ,   

 (2.1), (2.2)  (2.37)     -
    

 

...



. . , . . , . .

 44

ee
ee

eee VW
VGKk
mm

d
dm

2
110 ,  

 

,
22

2110 e
ee

ee

eee W
VW

WGKk
Wm

d
dW           (2.39) 

 

,
2

10 e
eee

e

e V
VWm

GKkd
dV  

 

eee
e

e VWm
kd

dp 0                         (2.40) 

 

eee
e

e
ef

rr VWm
k

V
G

d
d 0

24 .           (2.41) 

 
    (2.3)  -

    (2.2)   -
 (2.5)      
: 

 
nn V

n
d

dV ,    

 

nn
n

nnn
nf

rr
n

rr VW
k

mKN

d

d 01                (2.42) 

 
  (2.40)   

     (2.39)   
 . 

    R  -



 45

     -
  (2.4).  
 

e
e

e

lf
rr K

V
G

N
4

1
1 ,       (2.43) 

 
     

-  [8].   ep   (2.40) -
  ef

rreee WmV ,,,  ef    -
.        

: nf
rrnnnn WmVp ,,,,   nf .  

     
   a(t) < 0, 0 -    -

.       -
       -

  ,        -
  .    ,  

-      eK  
    . 

     
 

a

z     -

  . 2.4 ( , ). 
 

      :  
,10;3.0 213

00 km   
;108.1;107;16;5 3533

0 sfR GGpp  
;4.2KK  

5 1 3
0 120 ; 10 ( ) ; 10 ;f

rr  
0.25, 1.1, 3.e nv n N N  

...



. . , . . , . .

 46

-0.001

-0.0008

-0.0006

-0.0004

-0.0002

0
0 1 2 3 4 5Ln(z)

V ( /c)

 

 

  
. 2.4 (a).  -

 
a

z . 
 

0.29

0.3

0.31

0.32

0.33

0.34

0 1 2 3 4 5
Ln(z)

m

 

 

       
. 2.4 ( ).  

 
a

z . 



 47

      ( . 
2.4 )),   ,  ,  

  ,    
   ,    

 ,     
    .  

       
 . 2.4 ).      

   .  
 

.

,

e

f
ff

e

f
rrff

rr

K

K

 

 
    

   
ff
rr  , 

,   
ff

    -
   . 

 

...



48

 III.

    
         

 .     -
      

     -
  .      

  ,   -
       ( -

) [17, 27, 73]. 
  ,   -

     , 
  .       

    -
       -

   .    
     -

     -
      

       -
. 



 49

3.1.

 . 
   

       
  . ,  -

     ,  -
      -
  .    

         
 (t)   a(t)< 0

 

.)1(2

,2

constvmahQ

constahmwQ

s

f                               (3.1) 

 
      

     
     

 
)(,0 tarpp a

f
rr .  (3.2) 

 
      -

  
 

0

0
)0(

0

,

,

e

f
rr

mm

p

pp

    (3.3) 

...



. . , . . , . .

 50

    -
    ,    

  (   )  
 t  [19]. 

 

,,2)(
*

ek
ttR    (3.4) 

 
 k -     

,  
-   ,  
*-   . 

     -
  h    t = 0     

   t > 0 -    -
 b(t),     (t)   

 . 
       -

      (a(t)  r  b(t)) 
 [78, 75].  
 

 

,0

,

)()()(

r
p

rr

vwm
kr

p

n
nfnf

rr
nf

rr

nnn
n

n

                              (3.5) 

 
   

 

,01
nfn

fn wrm
rrt

m
 



 51

,0)1(1)1(
ssn

sn vmr
rrt

m     (3.6) 

 
   

 

0
r

v
n

t

v nn         (3.7) 

 
      

 
n

nfnf
rr KN )()( .       (3.8) 

 
    )()( tRrtb  -
    (3.5)  (3.6),   

  (3.7)     
    [73]. 

 

.

,

)(

)(

e
eeef

e
eeef

rr

p
r
u

GK
r
u

GK

p
r
u

GK
r
u

GK

    (3.9) 

 
  «n»  « » , ,  
   ;  

w, v  –      ;  
p –  ;  

f
ij -  ;  

m, k –     
;  
G, K –      -

...



. . , . . , . .

 52

   ;  
K1  -    -

;  
u –    ;  
 

;
43

33321 2

2

n  

 
-  ,    >0 -

    ,  < 0 - -
  ,   = 0  -

,  

,
sin1
sin2 n

n

Y
K   

 

,
sin1
sin1

nN   

 
 nY, -     , 

 –   . 
,    ,   

   
 

.

,

const

p
p

s

at

at
f

            (3.10) 

 
  b(t),    

 ,     -



 53

 ,  ,   
   

 

en

en

ef
rr

nf
rr

en

ww

vv

pp

,

,

,

)()(

              (3.11) 

 
     -

        -
     , . .   

   .   -
      

 -  (3.8),    b(t)  -
   . 

 
 3.2. 

  (3.1)-(3.10)  -
      

t

r     .,,
t
u

U
t
v

V
t
w

W   -

    -
 .   (3.9)   -

 (3.5)   (3.6),   (3.5)  (3.6)   -
 Rb      

 [28]: 
 

...



. . , . . , . .

 54

,
k eee

e

e VWm
d
dp               (3.12) 

 

,
k2

1 e
eee

e

e V
VWm

GKd
dV             (3.13) 

 

,
2

2 eee

ee

ee W
d

pmd
pm
W

d
dW              (3.14) 

 

eee
ee

ee VWm
VGK

m
d
dm

2k
11         (3.15) 

 
   (3.9)  t   

   (3.5),    -
: 

 

eee
e

e
ef

rr VWm
V

G
d

d
k

4 2

)(

,         (3.16) 

 

.
2
1

2
1

,
2
1,1

U
d

dU
V

d
d

ttd
d

tr

e

 

   
   ba   -

 (3.10)    (3.12),   (3.14), 
(3.15),   (3.8)     

  ,     (3.5) 
  (3.8)  (3.7)   



 55

nnn
n

nn
nf

rr
nf

rr VWm
KN

d
d

k
1)()(

, (3.17) 

 

.nn V
n

d
dV             (3.18) 

 
    -

  (3.8),    -
  )(ef

rr   Ve : 
 

n
e

e

ef
rr K

V
G

Nd
d 4

1
1)(

.         (3.19) 

 
      

    ,  -
 (3.2), (3.3), (3.11)   ,  (3.1) -
  : 

 

.)1(2

,2

constVmhQ

constWmhQ

aaas

aaaf

           (3.20) 

 
       -

   a .   
)(,,,, ef

rreeeeRb mVWp  (3.12)-(3.16)   

ba  )(,,,, nf
rrnnnn mVWp  (3.12), (3.14), (3.15), (3.17), 

(3.18)      -
  .    -

    (3.9), (3.8)  (3.10) -

...



. . , . . , . .

 56

  .,,, )()()()( n
f

e
f

nfef  
      

- .      
    0)( ata  ( 0 –  
 ).   (3.4) ,  (3.3) 

  2R      
         

  ,     . 
    (3.8) -

          
    ,  -

  )(nf
rr   .a  

       
  .    (3.12) -
 pe,    )(,,, ef

rreee WmV   
)(ef .   b   (3.19)   

   .     -
       

      Wn  Vn. 
    . 3.1 – 

. 3.5. 
     -

  :  
,25,0;3,00 vme

,1,0,10kk,5,1,3 0
213 amnNN nene  

ne KK,mhm 510,10,
,101085,3 111

1
5 -,  

./101,210105,010 227
0

7)0(10 cm,p,,E f
rr

f
a

 
 



 57

9.95

10

10.05
10.1

10.15

10.2

10.25

0 54
Ln(z)

P
(

)

 

 

1 2 3

. 3.1  
. 3.1. 

 
 

 

0.29

Ln(z)

0.3

0.31

0.32

0.33

0.34
m

 

 

1 2 3 4 50

. 3.2  

. 3.2. 
 

 
 

...



. . , . . , . .

 58

 ,   . 3.1  . 3.2,  
,      , 

,     -
.    zln    

       
.         

       -
. 

 . 3.3  3.4 ,    -
      , -

        
  . 

 

-0.12

-0.1

-0.08

-0.06

-0.04

-0.02

0

0 1 2 3 4 5

W ( / )

 

 

 
. 3.3.  

 
   )(nf  -

      )(nf
rr    

 b ,         
     )(ef

rr  
( . 3.5).  



 59

  
. 3.4. 

 
 

. 3.5
 

. 3.5.  
 
  

...



. . , . . , . .

 60

   ,   -
        

  ,    -
,      . 

  ,    -
 , –    ,   

  ,   ,  
,  ,  .  

      
    ,    

      -
      . 
      
      -

,      -
    -

. 
 

3.3.
- -

    
   -    -

    .  -
      

       
 .     -
     -
 . 

      
  -   -

       
  .    



 61

        -
  ,      

      .  -
  ,     

  ,    , 
      

      
       

  . 
      -

       [3, 
9, 21, 26, 32, 34  ].   

     -
      

      
     [22, 60, 72, 73, 75].  

 
 
1. .

      
      R  

-  ,     
 – - .    Rk (Rk >> R) 

    P0,   
   Rc   -

    Pc   
   .  -

    ,   -
      .  

      -
        -

   : 
 

 

...



. . , . . , . .

 62

 

.0

,01

22

11

vrm
dr

d

vmr
dr

d

    (3.21) 

 
  m –  ,  

1 2,  -    
   ,  
1 2,      . 

   ,  -
   ,     

 

2
at

at

p
p

,      (3.22) 

 
   12    

 
 

dr
dpk

2 .      (3.23) 

 
  (3.22)  (3.23) at  -    

  atp , k –  -
   ,  –   .  

     
       [61] 

 
1 1 0d

n
dr r

,      (3.24) 

 



 63

2

2

2 3 3 3
1

3 4
n .    (3.25) 

 
 -  . 

 n > 1    , 
  n < 1  ,   n = 1  -

   (   -
).      -

      -
  [56].  

 

,

;
0

0

m

k

l

a
a

l

m
m

kk

     (3.26) 

 
 0 0,k m -     

 p0;  ak, am – ,   -
  . 

        
     -

 [19, 50] 
 

.,01
2

2

k
ee RrR

dr

dp

rdr

pd     (3.27) 

 
.     

   
 

)()( rprp e   r = R .    (3.28) 

...



. . , . . , . .

 64

     -
      -

  
 

 eprp )(    r = R  ,    (3.29) 
 

dr

dpk

dr

dpk ee    r = R .     (3.30) 

 
      
     

 
Rmrm )(    r = R.    (3.31) 

 
       

 (4)     
 

nr
C

1 .     (3.32) 

 
 (3.32)    -

  (3.21)       
(3.31),  

 

RrR
R
r

r
R

mm c

n

R ,
)(
)(11

1

1

1 .    (3.33) 

 
     -

,   (3.33) : 

RrR
R
r

mm c

n

R ,11
1

.  (3.34) 



 65

 
     (3.21)  

 (3.22)  
 

rpm
p

C
am

am 1
12 .     (3.35) 

 
 (3.35)    (3.23)   

(3.26)       
RrRc ,    

 

1
01

][
1

l
oam

l
am

rmrk
mpC

dr
dp

p .   (3.36) 

 
  (3.36)  :  

 

21
012

][
2

C
rmr

dr
k

mpC
rp

r
l

oam

l
am  (3.37) 

 
 2  3 –  . 

   (3.27) : 
 

43
2 ln CrCrpe .     (3.38) 

 
   (3.28)-( 3.30)  -

      (3.34),  -
  1, 2, 3  4.   

   (3.37)  (3.38) :  
 

...



. . , . . , . .

 66

RrR

R
R

kRRfkmm

rRfppkmm
prp c

k
ce

l
R

ccoe
l

R
c ,

ln,

,

00

22
02 ,(3.39) 

 

k
k

ce
l

R

k
co

e RrR

R
R

kRRfkmm

r
R

ppk
prp ,

ln,

ln

00

22
0

2
0 ,(3.40) 

 
  

 
r

R
ln

R

c

c

R
x

mx

dx
rRf

1

11

,  , 

 
R

R
ln

R

c

c

R
x

mx

dx
RRf

1

11

,  . 

 
     

dr
dp

p
p

khR
G

am

amc2    r = R .   (3.41) 

 
    (3.39) 

 (3.41)  

k
ce

l
R

n

c
Ram

ceRam

R
R

kRRfkmm
R
R

mp

ppkmhk
G

ln,11 00

1

22
00* .(3.42) 



 67

    (3.39), (3.40)   
 (3.42)     
,     : 

 

.10;102;105.0

;10;2.0;3.0

;100;1.0;10;4;5.2;2;1
;0.3;7.1;5.0;0.2;05.1;0.1;98.0;95.0

55213

213
00

pk

kmm

RRhl

Rn

ame

R

kc  

 
      

    ,   -
 , ,  . 3.6; 3.7  3.10.  

 

8.00E+06

9.00E+06

1.00E+07

1.10E+07

1.20E+07

1.30E+07

0.10 0.30 0.50 0.70 0.90 1.10 1.30 1.50 1.70

r( )

P(
)

n=0,95
n=0,98
n=1,0
n=1,5
n=2,0

. 3.6.  -
 l=2; R=1.7; RrRc  

...



. . , . . , . .

 68

1.00E+07

1.10E+07

1.20E+07

1.30E+07

1.40E+07

1.50E+07

1.60E+07

1.70E+07

1.80E+07

1.90E+07

2.00E+07

2.10E+07

1.7 11.5 21.4 31.2 41.0 50.9 60.7 70.5 80.3 90.2 100.0

r( )

P(
)

n=0,95
n=0,98
n=1,0
n=1,5
n=2,0

 
.3.7.  

 l=2; R=1.7; kRrR  
 

  ,      
  kRRr ,  ( .3.7)    -

-   RRr c ,    ( . 
3.6). 

   n (0.95  n  1)   -
    ,   

  .    -
-        

. ,  ,    R
 l   «n»    0.95   

    (9 17)%.  



 69

   kRRr ,    -
 ( . 3.7).        

 (3.26)  (3.34)     -
  -   , -

    . 3.8  3.9. 
,    3.9  3.10 -

,      -
-          

,        
  43%. 

       
       -

   . 
   G    -

    : 
 

dr
dp

p
p

khR
G

am

amc2* ,   (3.43) 

 
ap p      kr R .    (3.44) 

 
   (3.29), (3.30), (3.33)  

(3.34),   
 

,,ln1, 2

0

00 RrRp
R
R

k
Rrf

k
m

h
pG

p ck
k

l

at

at    (3.45) 

 

.,ln 20
kk

k

at

at RrRp
r

R
h

pG
p  (3.46) 

 
 

...



. . , . . , . .

 70

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
r( )

m
n = 0,95
n = 0,98
n = 1,0
n = 1,3
n = 1,6
n = 2,0

. 3.8. -
 l=2; R=1.7; RrRc  

0.00E+00

5.00E-13

1.00E-12

1.50E-12

2.00E-12

2.50E-12

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
r( )

k(
2) n = 0,95

n = 0,98
n = 1,0
n = 1,3
n = 1,6
n = 2,0

 
. 3.9. 

-  l=2; 
R=1.7; RrRc .  



 71

 

 
      

    -   
 :  
 

,,1
22 RrR

rprrmh
G

v c
at

 (3.47) 

 

.,1
22 k

eeat
e RrR

rprrmh
G

v  (3.48) 

 
 ,      

       -
  .      

   , ,   

0.00E+00

1.00E+01

2.00E+01

3.00E+01

4.00E+01

5.00E+01

6.00E+01

7.00E+01

0.50 1.00 1.50 2.00 2.50 3.00

R( )

G
(

/
) n=0.98

n=1
n=1.2

. 3.10.    
-  l=2. 

...



. . , . . , . .

 72

,   ,   -
        

    .   
     -

 [23]: 
 

20
2 2 2 2

dP
m m

dr k k
,  (3.49) 

 
  -   ,   -

   ,  –  -
. 

 
2

2 2
at

at

P p dp p C
p

.   (3.50) 

 
    

 

.,1
2

1
2

2
2

2

0

RrRp
rkr

h

G

rrkh

G

dr

dP

cR

  (3.51) 

 
 (3.51)   

 

.
22

2
2

2

0
R

R

R

R

R

p
rkr

dr
h

G
rrk

dr
h

G
P

cc

      (3.52) 

 
       

 (3.52),    



 73

.

,1
2

1
2

2
2

2

0

RrR

p
rkrh

Qp

rrkh

pQ
p

c

R

R

R

atat
r

R

at

cc
 (3.53) 

 
     
     

 

.

,11
2

ln
2

02

RrR

Rrh

Q

k

p

r

R

hk

pQ
pp

c

ke

atatek

e

at
ke (3.54) 

 
   (3.53)  (3.54)   R, 

 
 

.11
2

ln
2

022

ke

atatek

e

at
kR RRh

Q

k

p

R

R

hk

pQ
pp (3.55) 

   (3.26)  (3.34)  -
  (3.53).       

e      
 

r
R

krrkhk
pQ

pp k

e

R

Re

at
ak

c

ln11022  

  

.,11
2 2

2

kc

R

R ke

eatat RrR
Rrkrkr

dr
h

Qp

c

(3.56) 

 
     Q  

2 2
k ap p   ,   -

...



. . , . . , . .

 74

     -
     
 

2 2 2
2 2k ap p AQ BQ    (3.57) 

 
 , B –   , 

   .  
 

,ln110

r
R

krrkh
p

A k

e

R

R

at

c

 

  
R

R ke

eatat

c
Rrkrkr

drp
B

11
2 2 ; 

 

at

G
Q  -   . 

 
  (3.57)   -

     -
    .  

   B ,     
,     -

.    Q  
Q

pp ak
22

, , 

   ,    – -
,    , B –    

   . 
 ,     

 ,     -
    . 



75

 IV.

      
      -
       

  . ,     
      

   ,  -
, ,    

        
     . 

       
     

. .   . . ,   
   . 

     -
       -

     
 - ,      

(    )   -
 (    ). 

  -   -
         

      
      , 

    . 
    -

     ,  
   , . .  



. . , . . , . .

 76

 . 
     -

      
      -

   . 
      

,    , 
 ,   , -

  . 
      -

   « - »  -
   .    -

 ,    ,  
 . 

  [49]  ,   -
      

     ,   -
    .  

       
      , 

   ,   [4]. 
 

4.1.

 
,    -

      « »   
«R»,     

     q    
«h» ( . 4.1). 

  ,   
     p(r,z,t)   

tHzRr 0;0;0 ,  -
    [34]. 



 77

 

 

,exp1

2
)(1

0

1

2

2

2

2

dtu
t

m
t
u

rhzz
khr

rq
z
u

r
u

rr
u

t

 (4.1) 

  : 
    

HzRru t 0,000           
 

     tRr
z

u
Hz 0,00;0     

 
r

z

h

R

H

. 4.1.                 
  

...



. . , . . , . .

 78

tHz
r
u

Rr 0,00      (4.2) 

 
   

,,,,,

,

0

111
0

tzrPPtzru

km

 

 P(r,z,t) –    ; (r) – -
 , (z) –   ; – -

 ; m1 –  ;   – -
  ;  m –  ;  q – -

 , –    
, h –   ;  j-1 –  -
. 

  (4.1)-(4.2)   -
    «r» c   

-  , : 
 

,exp1

2

0

1

2

2
2

t

m
m

m
mm

dtu
t

m

t

u

hzz
k

q
z

u
u

 (4.3) 

 
Hzu tm 000      

 

t
z

u
Hz

m 00
;0

   (4.4) 

 



 79

 
 

R

mm drrurJu
0

0 , 

 
 J0(r) –      , 

m –    
 

0RJ . 
 

  (4.3)-(4.4) -   
  z      

  
 

nmnmn

t

mn
mn udtu

dt
d

b
dt

du
a 2

0

)(exp    (4.5) 

 
00tmn tu .       (4.6) 

 
 

;sin1
2

;

;1

1

h
k
q

m
b

a

n
n

n

    

...



. . , . . , . .

 80

.cos

,...),2,1(

;

0

222

H

nmmn

n

nmmn

zdzuu

n
H

n     

        
     -

  (4.6),  (4.5) : 
 

n
mnmn

mn
bSaaSS

S
u 2 ,   (4.7) 

 
  

 

.

,

,

0

2

2

dteuu

b

baa

St
mnmn

mnmn

mnmn

 

 
S –   , Res  0. 

      
   (4.7), : 

 



 81

,exp

exp4

1
1

1

2
2

22

nmn
mn

mn

mn
mn

mn
mnmn

mn
mn

tS
S

S

tS
S

S
aba

b
u

 (4.8) 

 
  

 

)2,1(
2

4)1( 2

j
a

abaa
S mnmn

j
mn

jmn . 

 
      

      : 
 

mn

mnmn

mn

mnmn

m n
mnmn

mn
n

n

S

tSS

S

tSS

abah
hR

t
a
C

C
aC

t
CR
h

u

1

11

2

22

1 1

2
1

2
22

2

expexp

41sin12

exp1
2

 

 

,cos2
0

0 z
RJ

rJ
n

m

m       (4.9) 

 
  ;baC  

...



. . , . . , . .

 82

   .0

q

kHpp
u  

 
 (4.9)     -

,      
: 

 

.

expexp

41sin12

exp1
2

1

2
0

0

1

11

2

22

2
1

2
2

1 1

2
2

2

RJ

rJ

S

tSS

S

tSS

abah
hR

t
a

C

C

aC
t

CR
u

m

cm

mn

mnmn

mn

mnmn

mnmn
mnm n

n
n

c

(4.10) 

 
 

.0

q

kHpp
u c

c  

 
    , . .  

m1=0,  = ,  (4.10)  : 
 

1 1

2
222 sin12

2
1

m n
n

n
c h

hR
t

R
u  



 83

RJ

rJ
t

m

cn
mn

mn
2
0

0exp11        (4.11) 

 
      -

  -      
  (4.1)-(4.2)  : 

 

t

zrr

dtu
t

m
t
u

hzz
hr

rq
z
u

k
r
u

r
k

r
u

k

0*1

1

1

2

2

2

2

exp1

2
)(1

(4.12) 

 

).0,0(0

),0,0(0

),0,0(0

:0

0

tHz
r

u

tRr
z

u

HzRru

Rr

Hz

t

     (4.13) 

     
      

 

t
b

c
t

Rk
u

r
c

1

1
2 exp1

2
1  

1 1

2
1

1
2

22 41)sin(2
m n

mnmn

mnn

n

r

bba
h

Rkh
 

...



. . , . . , . .

 84

,

expexp

2
0

0

1
1

1
2

2

2

RJ

rJ

tS
S

S
tS

S

S

m

cm

mn

mn

mn
mn

mn

mn

   (4.11) 

 
 

.; 11
00 cb

q

Hkpp
u c

c  

 

;

;

;;1

2222

2

1
01

1
1

nmmn

mnmn

r

k

aa

m
k

b

     

 

).2;1(;
2

41

;,

,...),2,1(

1
2

22

j
bbaa

S

k

k
kb

n
H

n

mnmn
j

mn
jmn

r

z
mnmn

n

 



 85

4.2.

     -
       (4.10) 

     -
: 

.1000;1,0

;110;1001,0

;100;105,0

;10;2,0

;110)2,104,3(

;110)6,83,4(

3

212

9
0

8
1

6

Rr

h

Hk

m

m

c

 

 
      

 4.2-4.6. 
 . 4.2.    -

       -
    . 

   . 4.2.,       
     -

       
«h». 

...



. . , . . , . .

 86

 
 
 
 
 
 
 

 

0

0,002

0,004

0,006

0,008

0,01

0,012

0,014

0 20 40 60 80 100

t

P

 

. 4.2. 

 
 
 

ù1 = 0,1 ;  ù2 = 10 ;  ù3 = 20 ;   
ù4 = 50 ;   ù5 = 100 ; 

 

1 
2 
3 
4 
 
5 

m

ce

/1104,3
/1103,4

8
1

6

cu  

( ) 



 87

 
 

m

ce

/1104,3
/1103,4

8
1

6

1 
2 
3 
4 

( ) 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 20 40 60 80 100

t

 
. 4.3. 

 h  
 
 
 
 

ù1 = 0,1 ;  ù2 = 10 ;  ù3 = 20 ;  ù4 = 50 . 

1
2
3
4

( ) 

...



. . , . . , . .

 88

 
 

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0 10 20 30 40 50 60 70 80 90 100

h

p

 

. 4.4. 

.
 

t1 = 1 ;  t2 = 10 ;  t3 = 20 ;  t4 = 50 ;  
t5 = 80 ;  t6 = 100 . 

 

m

ce

/1104,3

/1103,4
8

1

6

 

5
4
 
 
3
2
 
 
 
 
 
1

cu  

( )



 89

 
 

0

0,01

0,02

0,03

0,04

0,05

0,06

0,07

0 20 40 60 80 100 120

t (saat)

p

. 4.5. 
  

 ce/1103,4 6 . 
1. m1= 3.4 10-8 1/ ;  2. m1 = 4.3 10-6 1/ ;   

3. m1 = 8.6 10-6 1/ . 
 4, 5  6-

.
 

4 
 
 
 
 
 
5 
 
1 
6 
2 
3 
 
 
 

t ( ) 

cu  

...



. . , . . , . .

 90

 
 

 

0

0,005

0,01

0,015

0,02

0,025

0,03

0,035

0,04

0 20 40 60 80 100 120

. 4.6. 
  

 
1.  = 2.3 10-6 1/ ;   2.  = 4.3 10-6 1/ ;   3.  = 8.6 10-6 1/ .

 ceaMm /1103,4 8
1 . 

 4., 5.  6-
.

 

4 
 
 
 
 
 
5 
 
1 
6 
 
2 
3 
 

t ( ) 

cu  



 91

 . 4.3.  ,  -
  : 

..

..

cp

cp

u

u
 

(     -
   )  . 

   ,    
 « »     h  

.  
  «h»     

  .  
 ,    4.5  4.6. 

,      «m1» 
  cp    . 

      cu   
    ,     

 .  ,   t > 5   
cu    «m1»  « »    -

  u        -
 ,   . 

 ,  ,   t < 5 
       

  ( ,  cu )   
  .   -

     cu   -
     t > 5 .  

,     ( . 4.6), . .  
     ,   

 cu       
  . 

 

...



. . , . . , . .

 92

4.3.

 
       -

        -
  . 

,      -
        

   ( . 4.7). 
       
  :      

 
D1={o<r R, o z=h1},           D2 ={o<r R, h1 z H} 

 
  -   

 : 
 

2,1,exp1

2

1

0

1

11

2

2

2

2

jdtu
t

m

t

u

rbhzhz
rbk

q

r

u

r

u

rr

u

t

j
mj

j

j

jjj
jj

j

jjj

(4.15) 

 
     : 

2111

0

/,/0,0

0

DzHzhDzhzRr

u tj

 



 93

 
r

z

h

b

D

1 

1 

D2

b

1 

2 h

2 H

k

k 2 

1 

z

. 4.7. 
  

 

tRr
z

u
Hz

j 0,00
;0

,  (4.16) 

 
 

...



. . , . . , . .

 94

tDzHzhDzhz

r

u
Rr

j

0,/,/0

0

2111

 

     
       -

: 

11 21 hzhz uu , 

 

tRr
z

u
k

z

u
k hzhz 0,0

11

2
2

1
1 ,   (4.17) 

 
   

h0 = 0,  H= h1+ h2,

tzrPPtzrujmk jjmjj ,,,,2,1 0
111

0

Pj(r,z,t) –    j –  ; (z) –  
 ;  j –  j –  ; h1, h2 – 

    ;  qj –  , -
     j –  ,  bj –     

j –  . 
     (4.15)-

(4.17)      -
  , : 

 

jjj

j

jjm
jmm

bhzhz

bk

q

z

u
u

11

2

2
2

2
 



 95

2,1,exp1

0

1 jdtu
t

m

t

u t

j
mj

jm

j

 (4.18) 

 
21110 /,/00 DzHzhDzhzu tjm  

 

t
z

u
Hz

jm 00
;0

, 

 

11 21 hzmhzm uu , 
 

t
z

u
k

z
u

k hz
m

hz
m 0

11

2
2

1
1 ,     (4.19) 

 
 

R

jj drrrJutzu
0

0),,( , 

 
 J0(r) –      , 

m –     
 

00 RJ m . 
 

    jmn (z)
(j=1,2),   

 

02
2

2

z
z

z
jmm

j

mnjmn      (4.20) 

 
  : 

...



. . , . . , . .

 96

11 21 hzmnhzmn zz , 
 

11

2
2

1
1 hz

mn
hz

mn

dz
zd

k
dz

zd
k      (4.21) 

 
  mn –    

 (4.20)-(4.21)  – . 
 jmn (z)     -

    : 
 

00 21 Hmnmn     (4.22) 
 

  1mn (z), 2mn (z), -
  (4.20)-(4.21),  : 
 

).2,1(

,(cos
cos
cos

,cos

2
22

11
2

11

j

zH
h
h

Cz

zCz

m
j

mn
jmn

mn
mn

mn
mnmn

mnmnmn

 

 

 Cmn    -
  1mn (z), 2mn (z)   D1 D2  -

,     

           
Hzh

k

hz
k

z

1
2

2

1
1

1

,

0,
 



 97

2
1

2
2

2
2
2

2
2

2

2
1

1
2
1

1
1

1

2
2

2

2

0

2
1

1

1

2
2sin

2
2sin2

1
1

1

mn

mn
mn

mn

mn
mn

H

h

mn

h

mn

h
hb

k

h
h

k
C

dzz
k

dzz
k

 

  

.
)(cos
)(cos

22
2

11
2

h
h

b
mn

mn
mn  

 
  ,   

     
: 

 

.

0

2
2

2
2

22
1

22221111

11 mnmn mm

mnmnmnmn htgkhtgk

 

 
     . ., 

   (4.18)-(4.19)    -
  ,    : 

. .   (4.18)   1 1mn,                      

2 2mn         
z,    z=h1,    z=h1  z= ,   

    (4.19) (4.21), :    

...



. . , . . , . .

 98

mnmnmn

t

mn
mn

Bt

dt
dt

d
a

dt

d

0

)(exp

  (4.23) 

 
00tmn t ,      (4.24) 

 
  

 
H

h

mnmn

h

mnmnmn dztzuzdztzuzt
1

1

),()(),()( 22
0

11  

 

,
2

sin)
2

(cos

)cos(
)cos(2)sin(

222
22

22

11

2

2
11

1

1111
0

bb
h

h
hq

b
q

CmB

mn
mn

mn

mn

mn
mn

mn
mnmn

 

 

.1m
a  

 
  ,   

 (4.23)-(4.24)     : 
 

mnmn
mmn

bSaSS
S

Bs 2)( ,   (4.25) 

 
  



 99

,)()(

,

,

0

dtets

b

aa

St
mnmn

mnmn

mnmn

 

S –   , Res  0. -
   ,  (4.25) : 

 

.exp

exp)(

2
122

2

1
211

1

21

tS
SSS

S

tS
SSS

S
SS

Bt

mn
mnmnmn

mn

mn
mnmnmn

mn

mnmn
mnmn

(4.26) 

 
  

 

)2,1(
2

4)1( 2

j
baa

S mnmn
j

mn
jmn  

 
      
      : 

 

1
2

2

2
1

2
2 exp141,,

n
on

on
onon

on
onj tS

S
ba

b
B

R
tzru

     

...



. . , . . , . .

 100 

.)2,1(

)(exp1exp

14

)(exp1

2
0

0
1

1
2

1 2

2
1

2

1
1

j

z
RJ

rJ
tS

S
tS

S
ba

b
B

ztS
S

jmn
m

m
mn

mn
mn

m mn
mnmn

mn
mn

jonon
on

(4.27) 

 
 (4.27)    -

 Uj (r,z,t)     . 
  , . .  m1=0,  =   -

 (4.27)  : 
 

.)2,1(.)(]exp1

)(]exp11,,

2
0

0

1

1
2

j
RJ

rJ
zt

B

zt
B

R
tzru

m

m

m
jmnmn

mn

mn

n
jonon

on

on
j

(4.28) 

 
 k1=k2=k   (4.27)   

(4.9), . . ,   
. 

 
 



 101

4.4. -

 
    - -
      
 .  

   D    -
  D1, D2, D=D1 D2,     -
  .   

D1  D2   . -
   ),z,t) (j(r,Pj 21,     

),(r ijkijk    .  
      -

  : 
       

 

bzbbRrRD

bzRrRD

n1212

1211

;0;

,0;20;
 

 
  -   

  
 

2

2

22

2

2

2

),,1),,

),,1),,

tr(r,P

r
k

z

tz(r, rP
k

r

tz(r,

r
k

r

tz(r,P
k

j
j

j
jz

j
jr

j
jr

 

 

+ )hb(z)b(z),r(r
h

(t)q

r ijkjjijkijk

M

i

N

k ijk

ijk
i j

11
1 12

 

...



. . , . . , . .

 102 

dtt)z(r,Pt
t

t

tz(r,P
)t(t)t(t

j

t

j
i,j,jj

,,)(

),,1

0

2
1

1

1

        (4.29) 

 

      
 

211121

0

020

0),,

DzbzbbDzbz,,RrR

tz(r,P

n

tj
 

 

)t,bz,(tz(f
r

tz(r,P
Rz 0020),,),,

11
1

1
 

 

)t,bzbb,(tz(f
r

tz(r,P
nRz 020),,),,

112
2

2

 

)t,bz,(tz(
r

tz(r,P
Rz 0020),,),,

11
1

2
 

 

)t,bzbb,(tz(
r

tz(r,P
nRz 020),,),,

112
2

2

 

)t,,Rr(Rt(r
r

tz(r,P
z 020),,),,

2110
1  

 

)t,Rr(Rt(r
r

tz(r,P
bz 020,),,),,

212
2

.      



 103

     : 
 

)t,,Rr(R

tz(r,Ptz(r,P
z

tz(r,P
bzbbzbz

020

),,),,),,

21

121
1

1211

(4.30)  

    

.020

),,),,),,

21

122
2

111

)t,,Rr(R

tz(r,Ptz(r,P
z

tz(r,P
bzbbzbbz nn

(4.31) 

 
  tz(r,Pj ),,     

  
 

.0
0

21,2

1

121

)tD,zb,zbbD,z

bz,Rr(R

),(jz,t)(r,Pz,t),(r,P

n

jj

 (4.32) 

 
       

              

;

;bbbb

);,(j
bK

K

m

n

njz

n
j

1
1

0

21

21

  

 

...



. . , . . , . .

 104 

kn; bn–    .  
1 –  ;  

jiji tt ,,1 ,   
,     ( ); 

00 ),,),, , Ptz(r,P-Ptz(r,P jj –  ;  
),, tz(r,Pj –    j-   (j = 1,2);   

t
1  –  ; 

),(r –  –  ;  
),( tz –   ;  

)(tqijk –  -    j-    -
  ;  
21,bb  – ,    -

 ;  
hjk  –   -    j-  ;  
R1, R2 –       

  , ;  
0 –   ;  

m –   ; m-
 ;  

Mj-     j-  ,  
   ( );   

Nj-    j-  ; 
  )2,1(),,(),,( jtztzf ji  -

 ,     
),( z       t. 

    (4.29) – (4.32) 
  -    -

    sin      
[3],   -  , : 

 



 105

),Dz/bzbb,Dz/bz((z,t)P

(z, zPr)R(t
tt

(z,t)P

(z,t)F(z,t)PK
z

(z,t)P
K

ntjmn

jmn

t

m

jmn

jmnjmnmnjr
jmn

jz

21110

0

2
1

1

2
2

2

00

1 (4.33) 

 

,(t)
z

tzP
mnz

mn
10

1 ),(  

.),(),(),(

0),(),(),(

0)(),(

111

111

122
2

121
1

2
2

nnn

n

bbzmnbbzmnbbz
mn

bzmnbbzmnbz
mn

mnbz
mn

tzPtzP
z

tzP

)t(tzPtzP
z

tzP

)t(t
z

tzP

(4.34) 

 
   )( rV mnmn   : 

 

)(
)(
)()(

2
)(

1

1 rY
RJ

R
rJrV mnm

mnm

mnm
mnmmnm

 (4.35) 

 
mn –    -

, 
 

...



. . , . . , . .

 106 

0)()(

)()(

2111

2111

RJRY

RYRJ

mnmmnm

mnmmnm

   (4.36) 

 
mm YJ ,  –   m-     

 , 
  

,)(),()(),(

)()()()(

)()sin(
2

),(

1122

,,111

1 1

RVtzfRRVtzRK

tttthbzbz

rVm
h

tq
tzF

mnmjmmnmjmjr

jijijkjj

Mj

i

Nj

k
ijkmnmijk

jk

ijk
jmn

  

 

,)sin()(),,()(
2

0

2

1

drdmrVrtrt mnm

R

R

jjmn  

 

,)sin(),,(),(
2

0

dmtzftzf jjm  

 

,...)2,1()2,1()sin(),,(),(
2

0

mjdmtztz jjmn

 
 

    
)2,1()( jzU jmnv ,   

 



 107

0)(
)( 2

2

2

zU
K

K

Kdz

zUd
jmnv

jz

jr

jz

mnvjmnv

mn
   (4.37) 

 
   

 

111

11

)()()(

,0)(

,)()()(

,0)(

1222

2

1211

01

bzmnvbbzmnvbbzmnv

bzmnv

bzmnvbbzmnvmnv

zmnv

zUzUzU

zU

zUzUzU

zU

nn

n

 (4.38) 

 
,  )tz,(jmnP    

     )z(jmnvU   
.   (4.37) – (4.38)  : 
 

,))(cos()(

,cos)(

212

111

zbBAzU

zAzU

mnvmnvmnvmnv

mnvmnvmnv

   (4.39) 

 
  

 

;
)sin()cos(

)cos(

222222

112

bb
b

B
mnvmnvmnv

mnv
mn  

...



. . , . . , . .

 108 

21
mnjr

mnv

j
jmnv K

zK
 . 

 
  )2,1( jjmnv ,  

 - ,    
   

 

2
22

2
2

2
11

2
1

11122221

221121

)()(

)()(

mnvzmnrmnvzmnr

mnvmnvmnvmnv

mnvmnvmnvmnv

KKKK

btgbtg

btgbtg

   (4.40) 

 
mnvA1 –      -

 U1mnv(z)  U2mnv(r)   D1  D2   : 
 

2
1

2

22
2

2
2

1

11
111

2
)2sin(

2
)2sin(2

mnv

mnv
mnvz

mnv

mnv
zmnv

b
bBK

b
bKA

 

 
   (4.33) – (4.34)   

 . .  [4],    
 ,    : 

 

     )()()()(

0

tFtd
t

t
dt
d

a
dt

td
mnvmnvmnv

t
mnvmnv   (4.41) 



 109

     0)0(mnv ,                                                 (4.42) 
 

      
 

,,)(),(

)(),()(

1

1

1

1
22

0
11

b

bb m
mnvmnv

b

mnvmnvmnv

n

adzzUtzP

dzzUtzPt

               (4.43) 

 
)()()()()( 2111221 tttBtAtF mnvmnvmnzmnvmnzmnmnv

 

dzzURVtzfRRVtzRK

tttth

rVm
h

tq

At

mnv

b

mnmmmnmmzr

iikmnv

M

i

N

k
kimnmki

k

mnv

z
mnvmnv

ki

)()(),()(),(

)()()sin(

)()sin(
)(

2
)(

1
0

11121211

1,1,111

1 1
11

1

1

1
1

0
1

1

1 1
1

2 2
2

1 1
22

22

2

1
0

2

)()sin(
)(

2
)(

M

i

N

k
kimnmnki

kmnv

z

mnvmnvmnv

rVm
h

tq

BAt

ki

...



. . , . . , . .

 110 

),1(

,)()(),()(),(

)()(

2
cos(

2
sin

2121222

222,2,1

2
222

2

1

jK

dzzURVtzfRRVtzR

Ktttt

h
b

h

jzjz

mnv

b

bb

mnmnmmnmm

zrii

k
mnvmnv

k

n

 
     

   ,   
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- - - 0,566 195,9 195,3 192,7 189,4 188,5 188,5 
0,5 0,5 1 - 195,4 194,7 192,3 189,9 189,7 189,7 
0,5 1 0,5 - 195,4 194,7 192,4 188,6 184,4 184,3 
- - - 0,666 196,4 195,9 193,6 190,9 190,2 190,1 
1 0,5 1 - 197,6 197,1 195,1 193,6 193,5 193,5 
0,5 1 1 - 195,4 194,7 192,5 188,4 186,3 186,2 
- - - 0,833 197,2 196,6 194,6 192,8 192,6 192,6 
2 0,5 1 - 198,8 198,3 196,5 195,8 195,6 195,6 
0,5 1 2 - 195,4 194,7 192,7 189,2 187,7 187,4 
- - - 1,166 198,0 197,5 196,6 196,0 195,8 195,8 
5 0,5 1 - 199,5 199,0 197,6 197,4 197,3 197,3 
- - - 2,166 198,9 198,5 197,5 197,1 197,0 197,0 

300  
0,2 0,5 1 - 191,1 191,0 182,0 173,5 171,7 171,2 
- - - 0,566 196,4 195,2 190,1 183,5 181,7 181,6 
0,5 0,5 1 - 196,0 194,7 189,8 185,1 184,6 184,6 
- - - 0,666 196,9 195,8 191,2 185,8 184,5 184,2 
1 0,5 1 - 197,9 196,8 192,8 189,7 189,7 190,0 
- - - 0,833 197,5 196,4 192,4 188,4 187,6 187,5 
2 0,5 1 - 198,9 198,0 194,4 192,9 192,9 193,1 
- - - 1,166 198,2 197,2 195,4 194,2 193,9 193,9 
5 0,5 1 - 199,5 198,6 195,6 194,9 195,5 195,8 
- - - 2,166 198,9 198,2 196,3 195,3 195,2 195,2 
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1  2  3
210 310 410 510 610 710

0,2 0,5 1 10,13 3,81 1,34 0,85 0,78 0,78 
5 0,5 1 3,89 1,68 0,99 0,80 0,78 0,77 

 

225

...



. . , . . , . .

  

 
     

,     -
,     -

     .  
       

. -      -
             

    .      
       

     
       -

    ,    
       

. 
  . 

 
.2.1.

,     
      

   .   -
 ,     , 

   ( .7.2). -
        

;    – .   
 – ,    

 .      -
      -

 . 
     

  [34]: 
 

7.2 

7

226



 

 
 

 
 
 
 

. 7.2.  

Z

br kr

h

0
y

x
H

l

qj

227

...



. . , . . , . .

  

 
N

j
jjjQ

1

2
2

2

2

2

)()(PPPP    (7.14) 

                ,/,, 2Ht
H

y

H

x          

                    ,][,/,
3

222 qqqQH oojj  

                                )( PP
q o

o

 

 
      : 

 

                         0P
0

,            0P
0

,                      (7.15) 

 

                        0P
0

,               0
1

P , 

 

                                ,0),,(P
0

 

         Hl0  
 

,    ),,(P      
,    ( 7.14)   (7.15) 

      
 , ,     : 

 

                           )1(
2
P2),,(P

2

2 ejoo

o

  

                            

228



 

                          m
m m

jmo e m

cos
]1[B

1
22

)( 22

 

            ,coscos
]1[2

1 1
22

)( 22

mn
n m mn

v

jnm

v

B e mn

      (7.16) 

     
                 
                    ,,,/ 222

nnmon vmn  

                   ,
1

coscosB jmjn

N

j
jjnm Q  

                   
N

j
jmjjom Q

1
,cosB          

        ,cosB
1

N

j
jnjjno Q  

 
,   ( 7.16)   -

 .   ,  ,  
       ,  

 . 
   (7.16)  -

     
 .      -

  ,    
     , -

   (7.16). 
 ),(P    -

  
 

            
N

j
jjjQ

1

2
2

2

2

2

),()(PPP     (7.17) 

229

...



. . , . . , . .

  

   (7.15). 
      (7.17),  

(7.15),   : 
              

1

10

,
.,

)1(
)1(coscos

2

)1(
)1(11),(P

n j

j

njn

njn

nn

njn

ojo

ojo

oo

N

j
j

chvchv

chvchv

shvv

chvchv

chvchv

shvv
Q

 (7.18) 

 
  (7.18)  ,    , 

  (7.16),       
 .    (7.16)  (7.18)  -

        
: 

jojo

jojo

ooo

N

j
j

chvchv

chvchv

shvv

Q

),1(
,)1(1),,(P 1  

 
              

j

j

njn

njn

n nn

njn

chvchv

chvchv

shvv

ch

,
,

)1(
)1(cos

2
1

 

 

              ])([exp
coscos

2 22

1
22 n

n n

njn  

 

            
1

22
2

2

coscos
2)(exp1

m m

mjm  

230



 

             
1 1

22
22 cos

4])([exp
n m mn

jn

m v
 

 
             ])([expcoscoscos 22

mnmnjm v     (7.19) 
 

 ,    -
     , -
      ,j  

),5.0( jN
l

j    ,2, 1 NHlRc  
(7.19)    -

   : 

         
sh

hchN
PP

q
P

o
co

)1()(  

 

             n
n

nj chvchv
N

)1(2)(exp1
1

2
2  

 

                         
1 1

22 ])([exp2
n

N

j
nnjf

N
 

 

                         
1 1

22 ])([exp2
m

N

j

n
mmj vF

N
 

 

          ,])([exp4
1 1 1

22

n m

N

j
mnnmj v

N
         (7.20) 

 

                          ,
coscos

1

1
N

j nn

njn
nj shvv

 

231

...



. . , . . , . .

  

                          ,
coscos

22
1

n

njn
njf  

 

                          ,
cos

22

2

m

m
mjF  

 

                           .
coscoscos

22

2
1

mn

mjnn

nmj v
 

 
   , ,   
 (7.20),  ,   

    . ,   
        

    .    
 (7.20)     

.       , 
  I%,      

  . 
, ,       

 , 0  =0 ,     
        

   –  . 
 
.2.2.

      -
,      .  

      
   : 

 

                   PP1)P(1 2
2

2

2  

7

232



 

                    ),()(1P
11

jj

N

j
jQ          (7.21) 

 

                  ,
20,),,(P

,0P,0,),,(P

1

101
1                     (7.22) 

 
                  ,,/,/ 2222

1 kokk RRtRr  
                         

R  –    . 
    -

      -
   (7.21) – (7.22)     
        -

  )1(2, j
Njoj    

: 

                      
o

oo
o

I
NPP

q
k

P
)()(2  

 

                   + )cos2(ln
4

2
2

2 N
N

N
o

NNNo  

 

                       

o

o

oo

c
oo

ooo

m
mo

c
oo

K

e
I

mND
e

,
,

)(

ln)(

cos)(ln

22

22 1

 

 

...

233



. . , . . , . .

  

                        

1

22

1

22

1

])([exp)(2

])([exp)(

m
mno

n
mn

ono
n

nE
 

                       ,)exp(1cos 2
2
0

omN                    (7.23) 

 

      ,
)(

)()()(
)( `

`

omN

omNomNoomN
m I

KII
D  

         

       ,
)()(
)()(

)(
onoono

oonoono
n J

JJ
E

222
 

 

       
22222

1

1 ononmmNnm

onmmNnmmN
mn Jm

JJ

)()(
)()(

)( , 

 
nm -     

                      
                                    ,)(` 0nmnJ                                (7.24) 

=0,5772-  . 
 (7.23)     -

   I(x) , K(x). 
,    (7.24) nm    

 N   .  
,   (7.23)   ,  

 .     (7.23) 
0,0       -

  : 
 

234



 

          
)()exp(1

ln
2

1

1

2
2 o

m
moo

o

c

oo

o
c

D

NN
NP

 

 

        ,])(exp[)( 22

1
onoo

n
nE                            (7.25) 

 
 on -    

 
          kcckoonn RRRRJ /,/,)(` 0  
 

  ,    -
      -
  . 

...

235



236 

 VIII. 

-

8.1.
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     -
     , -

   (8.1),    -
 2 = 0, 1 =0   2 = 0. 

      -
        

,      -
      

      
  ,   [59].  

    [61],     
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,    n, n    
    2 = 0, 1 =0   
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     -

   . 
   : 

 1 =(10-13; 8.10-14; 5.10-14; 10-14) 2;  
 2 =(10-16; 0,05.10-14;10-15; 0,5.10-14; 5.10-14) 2 ; 
 1 = (3,06.10-12; 1,53.10-11; 1,06.10-10) -1; 2 = 2,04.10-10 -1; 

 = 7,6.10-15 ; 0 =13.10-3 .     r  t. 
       . 

 .8.1    
  ,    (8.9)  

  (8.2)  [59],    
  (8.1)  2 =0 , 1  0. 
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 . 8.3    -
 ,     

[59]. 

 
. 8.1 

1 = 5·10-14 2; r = 0,1
1 - 2 = 10-16 2 , 2 – 2 = 5 ·10-16 2, 3 – 2 = 10-15 2 ,  
4 – 2= 5·10-15 2, 5 – 2 = 10-14 2, 6 – 2 = 5·10-14 2, 7 – 2= 0 



. . , . . , . .  
 

 242 

 
. 8.2.

01 = 10-14 2; r = 0,1
2 - 02 = 10-16 2, 3 – 02 = 10-15 2, 4 – 02 = 10-14 2, 1 – 02  0 

 
.8.3. 

1 ,
 (4.9)  (22)  [55] 

 1 - 2 = 10-15 2 t = 960 ; 2 – 2 = 10-15 2, t = 0,166 ;  
 3 – 2 = 10-16 2, t = 960 ; 4 – 2= 10-16 2 t = 0,166 . 

____ - r = 0,1 ,     - - - - - r = 10  
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1  r 2 = 10-16 2:

 1,3 – 1 = 10-14 2, . r = 1 ; 10 ; 
 2,4 – 2 = 10-14 2, . r = 1 ; 10  
 

 
.8.5.

 r 
 1 = 10-13 2, 2 = 10-16 2 1= 2·10-5 -1, 2= 2·10-4 -1  
 1 - t = 0,166 . 2 - t = 1 , 3 - t = 24  
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    , 
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  8.1-8.3     
     n(r,t)  -

     1  -
    .     

      
     -

.       
  n(r,t)  -

   ,     
 -  ,    -

 ,    . 
       

( .8.2)     -
    ,   

 ,      ,   
-    1 . 

 
 8.1 

      
     

 R =500  
        
t,   -  
 1=0 1 0 (%) 1=0 1 0 (%) 
102 51106 50294 1,6 51111 50299 1,6 
5.102 56173 55540 1,1 56177 55546 1,1 
103 60047 59416 1,1 60051 59420 1,1 
106 105290 104672 0,5 105369 104720 0,6 
5.106 112556 112442 0,1 123276 121404 1,5 
107 112813 112808 0,004 143860 140117 2,7 
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 8.2 
      

     
 t=107  R =500  

 
     

r,   -  
 1=0 1 0 (%) 1=0 1 0 (%)

0,1 112812 112808 0,003 143860 140117 2,7 
83,43 94010 94006 0,004 125057 121314 3,1 

166,87 75207 75203 0,005 106255 102511 3,6 
250,3 56404 56400 0,007 87453 83710 4,5 
333,7 37601 37597 0,01 68672 64929 5,8 
417,2 18799 18795 0,02 50242 46499 3,0 

 
 8.3 

      
     

 -   
  

     
t,

R  = 10  R  = 200  
 1=0 1 0 (%) 1=0 1 0 (%) 
 106 183438 174162 5,3 116187 113859 2,0 
6.106 285403 266857 6,9 141778 137124 3,4 
3.106 387367 359552 7,7 167367 160387 4,3 
4.106 489332 452247 8,2 192956 183649 5,1 
5.106 591296 544942 8,5 218545 206912 5,6 
6.106 693260 637637 8,7 244134 230174 6,1 
7.106 795225 730332 8,9 269722 253437 6,4 
8.106 897189 823027 9,0 295311 276699 6,7 
9.106 999722 915722 9,1 320900 299962 7,0 
 107 1101117 1008416 9,2 346489 323224 7,2 
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1 2 = 0,1; 
 1 - 1 = 0; 2 - 1 = 0,001; 3 - 1 = 0,01; 4 - 1 = 0,1 
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2 1 = 0,001; 
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: 

k01 = (10-13; 5.10-13; 5.10-14) 2; k02 = (10-16; 10-15; 10-14) 2; 
0=0,4905.10-8 . ; 1=(2,04.10-5; 2,04.10-6; 2,04.10-7) -1;  
2=2,04.10-4 -1; =0,76.10-14; Qv = 0,5.10-4 3/ ; l =100 ;  
=3,06.10-2 -1; =9,6.10-3 -1; b=10 ; =10 ; 

0=29,43 . 
 .8.9  8.10     
     =0.  

     -
    . 

,   .8.9,  -
     k01, k02 
        . 

      -
    . 

 
 

 
.8.9.

=0
1 = 02 / 01 2 = 1/ 2 = 0,1 

 1 - 1 = 0,0002; 2 - 1 = 0,0001; 3 - 1 = 0,002; 4 - 1 = 0,1 
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.8.10.

=0
2 = 1/ 2 1 = 02 / 01 = 10-3:

 1 – 2 = 0,2; 2 - 2 = 0,02; 3 - 2 = 0,006. 
 ____ -  - ,  
 - - - - - -   

 
 .8.10 ,    kn(Pn)  
     . 

, ,  t=10 .  1=2,04.10-5 -1  
n

P  
      3,4%,   

t=40 .- 43%.  
     -

       
. 

  8.4     
   -  -

 ( )     ( ).  -
,     -

,      3%.  
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 8.4 
      

(     ) 
 
  
 
  
  
 
 
 
 
 

   8.4  :  
k01=10-13 2; k02=10-16 2; 

1=2,04.10-5 -1 
 ,    -

   -    -
-     -

     -
       -
    . 

 
8.3. -

 ,   -
 ,   [3,27]: 

2,1,0)1(
)(

)()(1)()( nq
r
P

P
PPk

r
rr

PPm
t

nn

n

nnn
nnn

 (8.36) 

t nP  nP  ,% 
    

6.103 0,98045 0,97834 0,2 
6.104 0,94568 0,93289 1,4 

16.104 0,93770 0,91682 2,3 
18.104 0,93601 0,91166 2,7 
24.104 0,93565 0,90988 2,8 
30.104 0,93558 0,90919 2,9 
36.104 0,93556 0,90887 2,9 
46.104 0,93556 0,90869 2,9 
48.104 0,93556 0,90857 3,0 
54.104 0,93556 0,90847 3,0 
60 .104 0,93556 0,90839 3,0 
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(8.36)       -

     Rc,  
  b     Q(t)  -
  -  .  

        
    1= 2= 0. 

     : 
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sR snc  
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 : 

2
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  8.11  ,  -
      

 ,    (8.43)  -
 (8.91)-(8.92)  [25].     , 
      

 (8.43).  ,  -
    ,   -

        
       -

      -
    (      

15,7%).  
 

 
. 8.11.

,  r = R :
 1 –  , 1  (  ); 
 2 -  , 1  (  ); 
 3 -  , 2  ( .); 
 4 – .  
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8.4.

      
-   -   -

     -
.      -

   [18,74].     -
       

  . 
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,     - -

 ,      
    .  
 . 
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-    H   R  -

      
  R    L<H ( .8.12).  
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 )()()(),(),( 1010101011 KRIRKIW kk  ; 
 )()()(),(),( 1020202022 KRIRKIW kk ; 
 )()()()()( 1010101011 KRIRKI kk ; 
 )()()()()( 1010101112 KRIRKI kk ; 
 )()()()()( 2020202021 KRIRKI kk ; 
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    Qj( )=Q=const   
(8.48)-(8.51)   , . .  

 

Q
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0
22),,(  

     :  
r=(0,1;1;10;20) ; L=(1;3;5;7;9;10) ; H=(10;20;30;40;50)  
t=(600;3600;14400;43200;86400;432000) ; 0 = 13.10-3 .  ; 
k01=10-13 2 ; k02=10-16 2 ; 1= 0,2039.10-10 -1;  

2= 0,2039.10-9 -1;  P0= 294,3 ; R = 0,1 . 
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. 8.15.

 r  L = 1 ,
:

1 - t = 600 : 2 – t = 3600 ; 2 – t = 3600   – 30 ; 
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m –   (8.40)   (8.52)  Pn=P1n 
 Pn=P2n. 

     Q ,t(t)=Q , =const -
    (8.9)    , 
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1 ),(ln1),(
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k
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traa
PtrP   (8.55) 

,       
 -  . 

      -
        

     [3]. 
  (8.9), (8.55)  ,  

 [13]  ,    
.  ,    

 : =58,86 ; Qv =50 3/ ; 
min=0,101373 ; P1n=P2n=44,145 ; m01=0,015; 

m02=0,15; R =0,1 ,    8.5-8.8. 
 .8.5     

  ,   
 .    .8.5,  
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 %06,0max 2
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 8.6     

 ,    -
    ,  -

  ,     

t   (1) (2) 
 I  II  % % 

       
6.103 0,933499 0,977234 0,933699 0,934096 4,68 0,04 

66.103 0,922436 0,969416 0,922709 0,923149 5,09 0,05 
126.103 0,919422 0,968271 0,919708 0,920167 5,31 0,05 
186.103 0,917600 0,967709 0,917892 0,918365 5,46 0,05 
246.103 0,916291 0,967298 0,916587 0,917070 5,57 0.05 
306.103 0,915266 0,966944 0,915566 0,916056 5,64 0,05 
366.103 0,914424 0,966621 0,914728 0,915224 5,71 0,05 
426.103 0,913710 0,966320 0,914017 0,914515 5,76 0.05 
486.103 0,913089 0,966033 0,913400 0,913903 5,80 0,05 
546.103 0,912540 0,965761 0,912853 0,913460 5,83 0,06 
606.103 0,912049 0,965500 0,912364 0,912873 5,86 0,06 
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.     
     , 

      
,     -

      -
  0,03%  0,62%. 

 
  8.6 

       
        

  
     
t I II III 1 2 3 

 
 

-
   % % % 

6.103 0,933897 0,934145 0,940108 0,03 0,64 0,62 
66.103 0,922928 0,923058 0,927412 0,01 0,47 0,48 

126.103 0,919937 0,920038 0,92448 0,01 0,48 0,49 
186.103 0,918128 0,918212 0,922733 0,01 0,49 0,50 
246.103 0,916828 0,916899 0,921483 0,007 0,50 0,51 
306.103 0,91581 0,915873 0,920508 0,007 0,51 0,51 
366.103 0,914975 0,915029 0,91971 0,006 0,51 0,51 
426.103 0,914265 0,914313 0,919033 0,005 0,52 0,52 
486.103 0,913652 0,913691 0,918447 0,004 0,52 0,52 
546.103 0,913107 0,913140 0,917927 0,004 0,52 0,52 
606.103 0,912618 0,912649 0,917567 0,003 0,53 0,53 
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10-3 
  

 
k1 

2 
k2 

2 
t 

 
 - 

 
 [58]  

597,6 55,80 56,73 
1800 62,19 62,11 
3600 66,75 66,24 
7200 71,35 70,52 

14400 75,97 74,96 
86400 87,87 86,70 

0,1.10-12 0,000.10-12

10368000 116,90 118,48 
597,6 102,38 104,24 
1800 115,20 114,95 
3600 124,21 123,20 
7200 132,63 131,78 

14400 142,63 140,62 
86400 166,40 164,05 

0,05.10-12 - “ - 

10368000 224,40 227,50 
597,6 404,22 412,58 
1800 467,09 465,33 
3600 511,42 506,04 
7200 556,80 548,39 

14400 602,43 592,21 
86400 720,28 708,21 

0,01.10-12 - “ - 

10368000 1008,00 1022,02 
597,6 2424,59 2140,38 
1800 2984,44 2912,84 
3600 3378,32 3279,08 
7200 3785,94 3662,38 

14400 4199,84 4060,44 
86400 5277,78 5119,68 

0,001.10-12 - “ - 

10368000 7918,91 7996,27 
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 8.12 
    r =1  

 
k1 

2 
k2 

2 
t 

 110-3 210-3 

597,6 26,81 23,74 
1800 32,04 30,81 
3600 36,07 35,44 
7200 40,29 39,96 
14400 54,58 54,54 
86400 56,32 56,29 

0,1.10-12 0,000.10-12

10368000 87,97 87,96 
597,6 45,10 39,00 
1800 55,25 52,87 
3600 63,21 61,96 
7200 71,57 70,92 

14400 80,27 79,45 
86400 10,35 10,34 

0,05.10-12 - “ - 

10368000 16,67 16,67 
597,6 130,53 103,40 
1800 177,33 166,04 
3600 215,95 209,00 
7200 255,10 252,07 

14400 323,60 295,80 
86400 411,62 411,35 

0,01.10-12 - “ - 

10368000 726,42 726,43 
597,6 220,67 93,74 
1800 505,76 431,32 
3600 773,03 728,97 
7200 1081,59 1056,94 

14400 1424,20 1410,95 
86400 2401,64 2399,28 

0,001.10-12 - “ - 

10368000 5226,81 5226,82 
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8.10. -
-
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       - -
  ( )      -

 .  ,  ,  -
      
  ,  -
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    -  

( )      - -
     -

      ,  
  ,   . 

     -
-      -

 ,     . 
,     -

 ,    -
-    t =0    

     Q. 
     -

   Ro ( .8.23).   
  ,    -

     . -
      

    t>0. 
  [3],    

  (t)     
Rn(t),    

 ,
)(

nr
tnRr

n dt
dr

m    (8.102) 
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 00

)( RtR
tn

    (8.103) 
      (8.9),  

   : 

 
N

i

ns

onc

n

d

id
V
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d

1
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2ln,
2ln
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  (8.104) 
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    -
  (8.104)    

(8.105)    -     
  : 

 = 0,76.10-12; Rc=0,1 ; Qv=5.10-4 3/ ; =1,3007.10-

2 . / 2; b=10 ; 
Po=2,943.107 ; Ro=1000 ; 1=(2,961.10-12; 1,480.10-11; 
0,987.10-10;0) 2/ ; 

2=2,0265.10-10 2/ ; k1=(10-13; 8.10-14; 5.10-14; 10-14) 2; 
k2=(10-16; 0,5.10-15; 10-15; 0,5.10-14; 5.10-14;0) 2; m1=0,0015; 
m2=0,015. 

       
.8.24-8.27.      

     Rn(t)  t  
    . 

 
. 8.24.

-

1=2,961.10-12 -1:
1- =200; 2- =100; 3- =20; 4- =10; 5- =2 
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,   .8.24  -
     -

 k01/k02       
  .     
 , ,    
  . 

 

 
 
.8.25.

2 = 1/ 2:
1 –    , 2 –    2 

 
  ,  R=Rc  

    .8.24   -
      T  k01/k02 

( .8.25).    ,    -
        

   ,     . 
 .8.26    -

        
    . 
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     -
,      

       
   . 

      ,  
  ( .8.25). 

 
.8.26.

- 2

2=10-15 2 , 1=10-14 2 : 
1- 2=0,015; 2- 2=0,075; 3- 2=0,5; 4- 2=0; 2=0 

 
 .8.27     

       . 
 1,2,3    -

,         

nc

Tnc

t
t* ,  tnc –      

   . 
  ,      
       -
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-     ,   
 . 

    ,   -
,      -

  1,25; 1,35  2,31      -
,    . 

 

 
.8.27.

- ,

 
    ,   -

     - -
      -
       
       

        -
  . 

  ,     
      

   ,    
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