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KELVIN-HELMHOLTZ (KH) DISSIPATIVE INSTABILITY AND ITS
VERSATILE MANIFESTATIONS IN THE ENVIRONMENT 

V.I. Tkachenko
National Science Center “Kharkiv Institute of Physics and Technology” 

1, Akademicheskaya St., Kharkov, Ukraine 
V.N. Karazin Kharkiv National University 

4, Svobody Sq., Kharkov, Ukraine 
The review of the conditions for the occurrence and development of Kelvin-Helmholtz (KH) dissipative instability at the interface of 
two viscous flows with different densities and different rates of velocities is considered. The energetic interpretation of the wind 
instability in the absence and presence of viscosity in the media is made. The impermeable or "percolation" boundary conditions
should be used to adequately describe the KH dissipative instability are specified. With the use of the "percolation" boundary 
conditions the development of the waves of the water’s indused by the wind, the development of explosive interactions of air-water
flow perturbations with regard to their viscosity, the development of shear instabilities at the interface of steel samples, where the 
boundary is loaded with an oblique shock wave, and shear instabilities in metals at their joint rolling in a vacuum are investigated.
The examples of manifestations of the KH dissipative instability in the environment are submitted. 
KEY WORDS: Kelvin-Helmholtz instability, viscous media, dissipative instability, explosive instability, threshold speed, wind 
disturbance.

-

. .
 " - "

. , . , 1, 
. .

. , . , 4, 
-  ( )

’ .
, ' . ,

:  " ".  " "
,

- ’ ,
, ,

. .
: - , ’ , , ,

, .



: ,
, ,  [1, 2, 3]. ,

.
,  (

) , ,
, , , .

, .
,

 - ,
 ( )  ( )

.

[1],  [2].  ~ 6,5 /
, , .

,  0,21 : 0,22 /  [4]. 
 [5 - 8]. ,

, ,
 0,23 /  0,017 . ,

 [5, 6] ,
,  ” “ . , , ,

,
.  ”

“, .
 [7, 8]  - ,

, .
, , . ,

[9]  [10], . .
,  –  105.

 ~ 220 - 260, . .
.

, ,
,

.

,
.

.

, .
, , ,

, ,
. .

, 1V
ζ λ  [5, 6]. 

, , ,
ζ . ,

.
, . ,

, , :
, , .

W S pζ↑Δ = Δ . 1S λ= ⋅  - 

( )( )2 21
1 1 1 12

p V U V V U
ρ ρΔ = + Δ − Δ  - ,

5
ñåð³ÿ: ô³çè÷íà «ßäðà, ÷àñòèíêè, ïîëÿ», âèï. 3 /47/ Äèññèïàòèâíàÿ íåóñòîé÷èâîñòü...



6
«Â³ñíèê Õàðê³âñüêîãî óí³âåðñèòåòó», ¹ 916,  2010 Â.È. Òêà÷åíêî

UΔ , : 1 1W V Uρ λζ↑Δ Δ , 1ρ  - 
. UΔ , , . 1. 

.1. , ζ
λ .

, 1
1U V ζλ−Δ , ,

, :
2 2

1 1W Vρ ζ↑Δ . (1)
.

, :
1

2W g V Rρ ζ σ λζ−
↓Δ ⋅ Δ + (2)

2ρ  - , g  - , 1V λζΔ = ⋅  - 

, σ  - , 2 1R λ ζ −  - .
 (1) - (2) 

:
1 2

2 1 1g Vρ λ σλ ρ−+ < (3)

 (4) ( )1 2 2
2 2 2 ming Uρ λ σρ λ ρ− −+ = , minU  - 

, ,
 - , :

1 1
2 2

1 2 1minV U Vρ ρ
−

> = (4)

V  - .

0, 232minU /  [3], 

( 1 1, 29ρ / 3, 3
2 10ρ / 3 [11]),  6,46 /  [3], 

, .

, .
 [12] ,

, , .
« » .

.
 [13]. 

,
. .

 [9] ,  – 
.  [10] ,

.
.

 [6], , ,
,

.  2,3⋅10-1 / ,
1,7⋅10-2 .

,
,

: -
.



:
,  – .

1μ 2μ
( . . 1).  (3) 

:
1 2 2

2 1 1 2g V Uμρ λ σλ ρ ρ−+ < + (5)

Uμ − .
 (5) .

 2Δ.
,

. Uμ .
. ,

, ( )1 1 2F Uμ μα μ μ= + .

 ( . 2): . . 1 22F F F Fμ = ⋅ − − , ( ) 1 2
. . 2 1 2 2

V V
F α μ μ +

= + −

; 2i i i iF Vα μ+= , 1, 2i = −
i  - ; 1, 2  – . ,  ( 21 μμ → ,

21 VV → , 0, 21 =VV ) iα ,
( ) ( )211221 μμμμμ ++= UUU

.2. , .

, : 1
2

1 <<
μ
μ 1

2

1 <<
ρ
ρ ,  (5) 

:

1 minV V> (6)
, ,

-1~2,3 10  V ⋅ / ,  [4] ,  [6]. 

:
 “ ”?

, : .
, .

, ,
 ( ., , [14]). 

 “ ” ( . percolate - , )
,

. , , ,
,

.
 “ ” .

,  [15]. 
 ( ). ,

.
, ,

 –  ( ).

7
ñåð³ÿ: ô³çè÷íà «ßäðà, ÷àñòèíêè, ïîëÿ», âèï. 3 /47/ Äèññèïàòèâíàÿ íåóñòîé÷èâîñòü...



,
,  (  –  z). 

),( 21 ρρ
),( 21 μμ , 1,2V

xyz  ( ,x y
, z  - 

),
 — ( )tzyx ,,,2,1ϕ

( )tyxz ,,η= . . 3. 

.

[16]
,

:
2

1,2
2 0

z

ϕ
ϕ ϕ⊥

∂
Δ ≡ Δ + =

∂
(7)

1,2
1,2 z

zt zη
η

ϕη
η ϕ⊥ ⊥ =

=

∂∂
+ ∇ ∇ =

∂ ∂
(8)

 (7,8) ,
- .

, -  [15]: 

( ) ik

k

V
V V g p

t x

σ
ρ ρ

∂∂
+ ∇ = − −∇

∂ ∂
(9)

( )
∂
∂

+
∂
∂

=
i

k

k

i
ik x

V
x
V

zμσ  — , )(zμ  — 

.
,

)(zμ : ( ) )()( 21 Δ+−+Δ+= zzz θμθμμ , ( )zθ  - 

 ( ( ) 1zθ = 0z ≥ ( ) 0zθ = 0z < ).
z . 4. 

.4. ( )zμ z .

, .
 (9) ( )ΔΔ− , z , 0→Δ ,

:

( ) ( )

( )
( )

2
21 1

1 1 1 2 2 1

2
22 2

2 2 2

1 1 2
2 2

1 1 ,
2 2 1

z

z

g
t z

g
t z

η

η

ϕ ϕρ η ϕ μ ϕ μ ϕ

ϕ ϕ ηρ η ϕ σ
η

⊥ ⊥ ⊥

=

⊥
⊥ ⊥

= ⊥

∂ ∂
+ + ∇ + + Δ − Δ =

∂ ∂

∂ ∂ ∇
= + + ∇ + + ∇

∂ ∂ + ∇

(10)

. 3. 
( ), ,z x y tη= ,

1,2V , x .

8
«Â³ñíèê Õàðê³âñüêîãî óí³âåðñèòåòó», ¹ 916,  2010 Â.È. Òêà÷åíêî



y
j

x ∂
∂+

∂
∂≡∇⊥ ι , 2

2

2

2

yx ∂
∂+

∂
∂≡Δ⊥ .  (10)  [3,13], 

.
“ ”

 “ ” , .
- . ,

 [3,4]. 
,

,
, .

 “ ”

 (7,8,10). 
 z . ,

1V 2V ,  x.  (7,8,10) 
ϕ η

( ) ( )tixikzkzf x ωϕ −exp)exp(~ , ( ) ( )tixikzp x ωη −exp~ , ω k  - , 2 /k dπ= ,
d − :

( ) ( ) ( ) ( )
( ) ( )

2 2
1 1 2 2 2 1

3 2 3
1 2 1 2 2 1

,

2 2 0

D k V k V k kg

k ik ik V V

ω ρ ω ρ ω ρ ρ

σ ω μ μ μ μ

= − + − − − −

− + + − + =
(11)

,  [16],  (11) 
.  (11) 

,  –  “ ” .
,  (11)  [14] 

.  [14] 
.

 ( 02211 =+ VV ρρ )  (6) :
2 2 * 2 2 3 * 3

1 22 2 0q q W q q qι μ ι μΩ + Ω + − − − = (12)

: 0tω=Ω  - , 0lkq = -

,
( )
( ) 2

012

021*
1 l

t
ρρ
μμμ

+
+

= ,
( )
( ) 3

012

2
01221*

2 l
tVV

ρρ
μμμ

+
+

= ,
( )
( )

2 2 2
1 1 2 2 02

2
2 1 0

V V t
W

l
ρ ρ
ρ ρ

+
=

+
- .

( )120 ρρσ −= gl

( ) ( )122100 ρρρρ −+= glt .
 (12) Ω :

2 * 3 2 2 4 *2 3 *
1 21,2 1 2 .q q q q W q qι μ μ ι μΩ = − ± + − − + (13)

, Ω1,2 .
:

( ) ( )2 22 * *
2 1 2W μ μ

−
+ > (14)

 (14)  [16] 
, . ,

. ,
.

, .
. ,

,  1. 

9
ñåð³ÿ: ô³çè÷íà «ßäðà, ÷àñòèíêè, ïîëÿ», âèï. 3 /47/ Äèññèïàòèâíàÿ íåóñòîé÷èâîñòü...



 1. 
 15 °  [17]. 

( / 3) ( 10-4 2/ )

1 1, 225ρ = 1 0,145μ =
3

2 0, 9991 10ρ = ⋅ -2
2 1,138 l0μ = ⋅

 ( / )
0, 0735 σ =

 ( / ) 9,8g =

21 VV >> , 21 μμ << ,  (14) 
. , ,

, 1
0 0~ 2V l t− .

 2,32⋅10-1 / .

. 5. ΩIm W

 q = 1.  1 1, 2=0. 2W =  (V  = 6,46 / );  2 – 1<< 2,

1<< 2 0, 045W =  (V =2,32·10-1 / )

.5 W
 ( ),  ( ),

,  [3]. 
, ,

W,
. W

. W
.  V < V  –  ( ).

, ,
,

=
=

2

1

2

i i

i

ωρ
μδ  [13]. -

5÷7 10 -3 .
,

2
02 ~ 1, 7 10lλ π −> ⋅ .

-
 [16], [18] ,

 (  ( )).
, .
 [16]  [18] 

.

10
«Â³ñíèê Õàðê³âñüêîãî óí³âåðñèòåòó», ¹ 916,  2010 Â.È. Òêà÷åíêî



 ( ).

 [19], ( ) 2,
4
1 AkDW

ω
ω
∂

∂= , A ,

( ) 0, =kD ω − , .
,

,  (12): 

( ) ( )
0

2
2 22 2 2 3 2 3

0 0 1 22 2 2q w q q i i q iq
t
η

η μ μ η∗ ∗
Ω

∂
Ω + − − + Ω = − Ω +

∂
(15)

03222
0 =−−+Ω qqwq . :

2
2 22 3 2

1
0

q q
t
η μμ η η

∗
∗∂

= − +
∂ Ω

(16)

 (V1=V2=0,) .

(V1  0, V2  0) ( )( ) 0
2
1,Re

4
1

0
20 >Ω=

∂
Ω∂= AqDW
ω

0
0

23
1

2 >
Ω

+−
∗

∗ μμ qq (17)

 (14). 
,

.  (7,8,10) ,
, ϕ 1<<ηk  z=0 [16] 

( ) ( ) ( ) ( ) +
∂

∂+≅= z
tyxtyxtzyx tyxz

,0,,,0,,,,, ,,
ϕηϕϕ η (18)

( ) ( )~ exp( ) exp x yf z k z ik x ik y i tϕ ω+ − , ( ) ( )~ exp x yp z ik x ik y i tη ω+ − , kx, ky −

 x  y .
 (

). , . .
, .

: ( ) ( ) ( )221100 ReReRe kkk ωωω += ,

: 210 kkk +=  [16]. 

, 1V

 0X, 2V , 210 ,, kkk x
210 ,, θθθ , . . :

{ }1 1 ;0xU V= , { } { }2 2 2 2 2, cos ; sinx y V VU V V U Uθ θ= = , { } { }; cos ; sini xi yi i ki kik k k k kθ θ= = , (19)
i = 1,2,3. 

, ,
( )1,2 ,r tΦ ,

, :

( ) ( )2

1,2 1,2
0

, . .
k z i k x k y ti ix iy ii

i
r t C e

ω+ + −

=
Φ = + ( )2

0
. .ix iy ii k x k y t

i
i

a e ωη + −

=

= + (20)

 (18)  (7,8,10) ,
:

( ) 210000 , aaXakD =ω ,

( ) *
201111, aaXakD =ω ,

( ) *
102222 , aaXakD =ω

(21)

( ) ( ) ( ) ( ) ( ) ( )2

1 1

2 3 2 2
1 1 2 2 2 1 2 1 2 2, 2 2ii i i i i i i i i i iD k V k V k k g k ik ik V k V kω ρ ω ρ ω ρ ρ σ ω μ μ μ μ= − + − − − − + + − +

, :

11
ñåð³ÿ: ô³çè÷íà «ßäðà, ÷àñòèíêè, ïîëÿ», âèï. 3 /47/ Äèññèïàòèâíàÿ íåóñòîé÷èâîñòü...



1
2 2 22 2 1 4 2 2 3 32 1 2 2 1 1 2 1 1 2 2 1

2 1 2 1 2 1 2 1 2 12 1

( )cos 2 cosi i i i i i ii i
V V g V Vik k k k k ik

μ μ μ μ ρ ρ ρ ρ σ μ μω θ θ
ρ ρ ρ ρ ρ ρ ρ ρ ρ ρρ ρ

+ + + − += − ± − − + + +
+ + + + ++

(22)

 (21) ,
X0, X1, X2 :

( )( ) ( ) ( )( ) ( )

( )( ) ( ) ( )( ) ( )

( ) ( ) ( )( ) ( )( )
( )

1 1 0 0 1 2 2 2 0 1 1 1 1 1 0 0 1 0

2 2 0 0 2 2 2 2 0 2 2 1 1 2 0 0 1 0

2 2

2 2 2 2 2 2 1 1 2 2 2 2 2 1 1 2 1

0 0 2

1 1 2 2 1 1

cos cos

cos cos

1 cos

v k v k v k v k

v k v k v k v k

v k v k v k v k
X k

v k v

ρ ω ω θ θ ρ ω ω θ θ

ρ ω ω θ θ ρ ω ω θ θ

ρ ω ρ ω ρ ω ω θ θ

ρ ω ρ

− − − − − − − − +

+ − − − + − − − −

− − − − − − − − − +
=

+ − + ( ) ( )( ) ( )( )
( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

2

1 1 1 1 2 2 1 1 1 2 1

2 2
1 0 2 2 2 2 0 1 0 2 1 1 1 0

2 2
2 0 1 2 2 2 0 2 0 1 1 1 1 0

1 cos

2 cos 2 cos

2 cos 2 cos

k v k v k

i k v k i k v k

i k v k i k v k

ω ρ ω ω θ θ

μ ω θ θ μ ω θ θ

μ ω θ θ μ ω θ θ

− + − − − − +

− − − − − − +

+ − − + − −

( )( ) ( ) ( )( ) ( )

( )( ) ( ) ( )( ) ( )

( ) ( ) ( )( ) ( )( )
( )

*
1 1 1 1 1 1 0 0 0

*
2 2 2 2 2 2 0 0 0

2 2* *
2 2 2 2 0 0 2 2 2 0 0 0

2*
1 1

cos cos

cos cos

1 cos

i i j j j i i i i

i i j j j i i i i

j j j j j

i i

j j

v k v k v k v k

v k v k v k v k

v k v k v k v k
X k

v k

ρ ω ω θ θ ρ ω ω θ θ

ρ ω ω θ θ ρ ω ω θ θ

ρ ω ρ ω ρ ω ω θ θ

ρ ω

− − − − − − − − +

+ − − − + − − − −

− − − − + − − + − +
=

+ − + ( ) ( )( ) ( )( )
( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

2 *
1 1 0 0 1 1 1 0 0 0

2 * 2
1 2 1 2 0 0 0

2 * 2
2 1 2 1 0 0 0

1 cos

2 cos 2 cos

2 cos 2 cos

j j j

i j j j i i i

i j j j i i i

v k v k v k

i k v k i k v k

i k v k i k v k

ρ ω ρ ω ω θ θ

μ ω θ θ μ ω θ θ

μ ω θ θ μ ω θ θ

− − − − + − +

+ − − − − − −

− − − + − −

(23)

2,1, =ji , ji ≠ .
,  (21)  1  2 

22221111 ,,,,,, θωθω akak → . ,
, ,

.  (21) ,
 1  2. 

 (21),  [16, 20], :
2 2 2

0 0 0 0 1 2 1 1 1 1 0 2 2 2 2 2 0 12 2 22 ; 2 ; 2i B a a X a a i B a a X a a i B a a X a a
t t t t t t

∗ ∗∂ ∂ ∂ ∂ ∂ ∂
+ = + = + =

∂ ∂ ∂ ∂ ∂ ∂
(24)

12

212

ρρ
μμω

+
+

+= iii ikB , i=0,1,2. .

 [16], :

2

1

21

21
2

1 ρ
ρ

ρρ
ρρ

+
−

≡∗ V
gk , ( )12

2

1
2

1 ρρ
ρ
ρ

σ
χ +≡∗

V , 2
1

2

2

12 Vk∗∗ ≡Ω
ρ
ρ , (25)

: .

 (24),  - 
( ) ∗∗ +Ω

−←
χρρ 21

2
i

i
V

F ,

tT ∗Ω← ,
∗Ω

← i
i

B
b , ∗← χii aa~ :

21002

2

00
~~~~2 aaFa

T
a

T
bi =

∂
∂+

∂
∂

∗=
∂
∂+

∂
∂

20112

2

11
~~~~2 aaFa

T
a

T
bi

(26)

12
«Â³ñíèê Õàðê³âñüêîãî óí³âåðñèòåòó», ¹ 916,  2010 Â.È. Òêà÷åíêî



∗=
∂
∂+

∂
∂

10222

2

22
~~~~2 aaFa

T
a

T
bi

, : 21 ReRe ωω = , 21 kk = , 00 =θ ,

21 θθ −= .
 (26) : , , .  (26) 

: )()(~ Tii
ii eTAa Φ= , )(TAi  - ,

)(TiΦ  - .
.  (26)  Mathcad 2001i 

,  1. 
. 6. 

. 6 

. ,
,

– . ,
 (26) 

,
 [16], 

.
0T ,

,
. , ,

.6, ,
,

0T .

0T
,

.
,

( ) α−−TT0 .
 V~6 /

2=α  [16]. ,
,

V ,
.

 V ~ V  ( . 6 ),
1, 5α = ,
V  ( .

6 ), 2=α .

 (26) , ,
 [16] 

,
380 ≤≤ θ

.

,

, ,
. , . .

.

)

)

)
.6.  A

 V. A0 , A1
. ).

2,7·10-1 / , ).  0,6 / , ).  6 / .

13
ñåð³ÿ: ô³çè÷íà «ßäðà, ÷àñòèíêè, ïîëÿ», âèï. 3 /47/ Äèññèïàòèâíàÿ íåóñòîé÷èâîñòü...



,
 [21].

 [21] ,
, .

(  - .St  3  14 ,  64 ,  64 ,
 90 ). .

.
0, 5UΔ ≤ / . 70tΔ ≤ μ .

20P ≈ .
.St  3 

. -
.

 ( . 7). 
 1 

2  3, 
120D = ,

90d = , 14h =
 4  120  20 .

 5  120 
(2…3) ,  ( )

 ( ) 6 
 50/50,  120  (20…40) .

.
,

40 55P≤ ≤ a.
36 49P≤ ≤ a.

- .
- .

. 8  ( 20): a, b — 
 ( ); c — - , ( ),

, , 0, 08a ≈

0,8λ ≈ ,
0, 03Δ ≈ ; d – -  ( ),

0, 06a ≈ 0, 7λ ≈ ,
0, 02Δ ≈ .

 [21] 
.

. .

.
, , .

.
UΔ . ( 0, 5tΔ ≤ μ ),

.  (
) UΔ .

.
 ( - ).

.  (
) .

 ” ”.
 [21] , 1ρ 2ρ ,

. 7. 

14
«Â³ñíèê Õàðê³âñüêîãî óí³âåðñèòåòó», ¹ 916,  2010 Â.È. Òêà÷åíêî



1V 2V ,

2 /d kπ= ( )( )exp I d t ,

( )I d , . , ,

 (13): ( ) ( )1,2ImI d = Ω .

. 8.  ( 20): a, b — 
 ( ); c — - , ( ), ,

, 0, 08a ≈ 0,8λ ≈ ,

0, 03Δ ≈ ; d — -
 ( ), 0, 06a ≈

0, 7λ ≈ , 0, 02Δ ≈ .

,
:  ( )  ( )

,
.

,  ( . 8. , d) 

,
.

 - 170 
. ,

2 310 : 10P − −= a, 900 : 1200T ≈ , ,

0 0, 03 : 0, 3V = / ( ) 22 : 32 10P = ⋅  [24,25]. 

 4 85R = . . 9. 
. 10  11  12 18 10  (St S)  20 (St20) 

 ( ), .

. 12-14. 

15
ñåð³ÿ: ô³çè÷íà «ßäðà, ÷àñòèíêè, ïîëÿ», âèï. 3 /47/ Äèññèïàòèâíàÿ íåóñòîé÷èâîñòü...



 10, 11 , .

. 9. . 1 – , 2 – 
, 3 – , 4 – , 5 - , 6 – 

,  – 7, 8 - 
, 9 - , 10 – 

, 11 - , 12 – 
.

. 10. 
 12 18 10

. 11. 
 20. 

. 12. 
St20- .Ni St S− .

. 13. 
.Ni St S− .

 - 700μ

. 14. 
Cu SS− .

 - 286μ .

16
«Â³ñíèê Õàðê³âñüêîãî óí³âåðñèòåòó», ¹ 916,  2010 Â.È. Òêà÷åíêî



:
 ( )

10 μ , 0, 3 : 0, 7 .
,

 [21],  [24]. 
.

,
.

,
,

. -
 [3]. ,  (

 – z ).
, ,

,1 2ρ ρ  ( 2 1ρ ρ> ), ,1 2μ μ  ( 2 1μ μ> )

1 2,σ σ , 1,2V x

xyz  ( ,x y , z , .  3.). 
, -

 – ( )1,2 , , ,x y z tϕ

( ), ,z x y tη= , 0z = .
 (7,8,10), 

.  (10) 
σ  (

[25, 26]) *
2 1σ σ σ= − , 1 2,σ σ  - ,

g *g - , P ,
.

 (12) 
:

2 2 * 2 2 3 * 3
1 22 2 0,i q q W q i q qμ μΩ + Ω + − − − = (27)

( )( )( )
1

* * 2
0 2 1l gσ ρ ρ= − ( ) ( )( )( )

1
* 2

0 0 1 2 2 1t l gρ ρ ρ ρ= + −  - 

,  (12). 
 (27) ,

. . , 1h 2h

( )a t : ( )1,2h a t .
 (27) , :

22 * 3 2 4 *2 3 *
1 21,2 1 2 .q q q q W q qι μ μ ι μΩ = − ± + − − + (28)

, .
2 2W =  (28) .

. . ,
:

2*
2 22 ,*

1

2 WW
μ
μ

= − ± Δ (29)

2
WΔ

20 1W< Δ <<
2W .  (+) ,

 (–) – . 1 , 1q qq = + Δ Δ <<

 (29)  (28) γ :
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( )( ) ( )
1

* 2 2 *2 *2 *2 2 22
1 2 11 1

2
Im 2 , 4 , ,q W q WQ Qγ μ μ μ μ

−
≡ Ω = − + Δ Δ − + + − Δ Δ (30)

( )
2*

2 2 2 2 2
*
1

,q W q WQ
μ
μ

Δ Δ = Δ − Δ + .

,  (30) 

( )2 2, 0q WQ Δ Δ = .

 (30) :

1,2μ , 1,2ρ 1,2V .  (30) 
,

.
,

: Cu SS− Ni SS− , . 13, 14. 

900 : 1000T ≈ .
, 75  % 

 [27]. , ,
 2, . ,

 (30) ,
,  [11, 28 – 30],  2. ( ,

).
 2. 

 [11, 28 – 30] 
μ  ( · -1 -1)

ρ 103·( · -3) 10-3  (° )
Cu 8,217 3,36 0,25 0,12 1083 
SS 7,27 5 ÷ 8,5 0,25  1300 ÷ 1400 
Ni 7,85 6,5 0,12 1452 

, , . .  2. 
.

, . . , .
, ,  (

). ,
 [31, 32] 

( )max
P constσ⋅ = , P σ  - 

. , , P
, , ,

. ,  1. ,
.

,  (30) ,
, 0l ,

. 0l

, . ( )0
max

max lγ γ= . ,

0
maxl , ,

: 02 maxlλ π .
 (30) 

, . 13, 14. ,
, ,

λ  (1 κ+ ) , κ  - .
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, 1, 2 : 1, 3κ ≈ ,

Cu SS− 1 11, 2 2 294maxlλ π μ⋅ ⋅ ,

Ni SS−  - 2 21, 2 2 678maxlλ π μ⋅ ⋅ .
. 15 γ λ

Cu SS−  ( ) Ni SS−  ( )
0, 030V / .

. 15. ,

1 2,λ λ ,
. 13, 14. 

,
,

. ,

.

,
.

,
.

,
, ,

. ,
.

. 16. -  [33].

. 16. , ,
. ,

 6º, .
,

.
, , ,

.
. 17. , . ,

.
.

. 15. γ
λ .  – Cu SS− ,

 – Ni SS− . 1 294λ μ , 2 678λ μ .
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. 17. -  [33].

. 18. 
, , .

, . 17. 
. 19 ,

.

. 18. -
 ( . , ).

. 19. 
,  [34] (

).

. 20. 
.

 ( ) ,
, ,

.

,

( . . 20). 
,

 [3]. 

.
,

.
,

 [35], 
1

.
 300–400 

( . . 21). . 21 ,
-  ( . 17). 

                                                          
1  ( )  — 

.
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