
 86 . 15, . 3 
 

   

 631.22.014 
 

  
  

  
 

., .,6 
., .* 

 
. (0619) 42-05-70 

 
 – -

-
, -

. 
 

 – , , , , 
, , , . 

 
.  

, -
,  

 
. -

, -
-

, . 
. -

, -
-

 [1] -
.  

, , -
 [2]  

 [3]. ,  
-
-

. 
 ( ).  

-

                                         
© ., . 
*  – ., . . 



 87 . 15, . 3 
 

   

 
 
 

. 
-

. 
. , 

,  
 ( ) [4], -

,  
-

 [5]. 
-

: 
-  N -

 Ri; 
- -

 
-

; 
-  

; 
- -

; 
- , -

, , -
. 

.  
, , -

, . 
, 

, ,  
hi  hi 

1 1

2 2

1 1

0 , 5 c o s 1

.

0 , 5 s i n 1

i

i i

i i

i

i i

hh

h h o
i i

h h h i

hh

h h o
i i

x d d h

y R x

z d d h

 

(1) 

,  



 88 . 15, . 3 
 

   

 
 hi. 

 
(y=Asin( t+ + o)),  Rhi(1-cos ),  

Rhisin ,  
 

0

0

( ) (1 c o s ) c o s ( )
,

( ) s i n s i n ( )
h i

h i

x t R t
y t R t  

(2) 

   , =2  (  –  ); 
t + 0 ; 
0  t = 0. 

,  
, -

 yn(t) 
 

0( ) '( ) sin( ).v t t A t  (3) 

, -
, , -

,  Ft -
, ,  

-
 

c o st oF F t , 
(4) 

 F0   
, 0( ) sintv t A ;  

t – .  
, -

 Ft=m kvv/t, 
 kv , -

. 
 

 ( ), zi (  
)  

 ( , . 1).  



 89 . 15, . 3 
 

   

 
 

. 1.  
 

, -
. 

-
 

2

2

2

2

2

2

2

2

,

i

i
i

i
i

i
i z

i
i i

d xm F
dt

m F
dt

d zm F
dt

dJ M
dt

 (5) 

 t ; 
 m i  i- ; 
 Ji  i- ;  
 F  ,  (  

); 

iM  ijF  i– . 



 90 . 15, . 3 
 

   

pihi, -
,  ( . 1), -

 

1 1

1

1

1

1 1

/6 1

cos cos
2

cos sin sin ,
2 2

hi

i

i h

i i

n
i i

ih i i
i

h n
i i i i

ih i t ih i t
i n i

p m

p mg f p f
 (6) 

  
n

i
hi

p
1

,  hi ;
 

  – ; 
 nhi –  hi .  

, -
, ,  

 ( . 2). 

 
.2.  

 
-

,  d . 
 [3] -

, ,  
d , ,  d  

0 ,5 co s0 ,5

0 0

4 d ,
d

i

i

d

d dP d x  (7) 

   – . 
, -

, -
 [6,7] 



 91 . 15, . 3 
 

   

2a rcc o s0 ,5

0 0

4 d x .
d

i
i

i

z
d d

d dP d  
(8) 

 n  hi , -
, -

,  
,

i i

c
i d hn P n  (9) 

 Pdi – . 
 hi, -

 Z,  
 Z  

 
,  hi . 

 -
, , , -

 
  

 

1 10 1( ) cos ,h hr r  (10) 
  r0, r1 , , -

; 
  –  h1 . 
 ,  

,  hi , -
 

1
cos ,

i ih h h vd h k  (11) 
  d–  hi ; 

hi –  hi ; 
  k v –  
(k v= 1,10…1,12). 
  hi  

 
0,5

2 .i

i

h
h

h

d
arctg

x  (12) 

 hi    
2 2 .0,52

cos
i

i i i

dh
h

h h v

n darctg
x d h k

 (13) 

  hi -
 



 92 . 15, . 3 
 

   

2 .0, 52
0, 866 1 1

i

dh

h v

n darctg
d h k

 (14) 

 
 (14) , , 

 8  77,  5,9909  
5,9986 , , . ,  c 

,  hi -
 6

idh in h . 
 (qi– 1 = qi = qi+1),  ,  -

,  ndhi–1vdhi–1 =  ndhivdhi =  ndhi+1vdhi+1, -
  

 

1

1
.i

i

i

d h
h d h

d h

n
v v

n  (15) 

d ,  
 ( . 3) -

. 
-

,  x  [0; 0,5d ],  –  
,  [0; 0,5 ].  

d  
 
 

0 , 5 d 0 , 5

0 0

4 d c o s .
d

d d d  (16) 

 
, -

-
, . 

   ( . 3) -
 ( )  

,  
 (13). 



 93 . 15, . 3 
 

   

 
.3. ,  i-   

 
 

, -
. , -

,  0,25 d 2. 
-

, -
 

1

1

cos sin (1 ) cos
2

cos sin ,
2

it i

t

mg f p p dp

f F

 (17) 

    – ; 
 m– ; 

 , i–1 – i -1 -
; 

 F i – , ; 
 – -

 Y.  
-
 
 

. 
-

,  
 (p . 4)

 (2 ) cos .t t tmgf dp f F  (18) 
i  i- -

: 
[ sin ( ) ] ,

³

âí âí
õ i t i t i t iM mg f p f p dp f rR  (19) 



 94 . 15, . 3 
 

   

[ sin ( ) sin ] .
³

âí âí
y t i t i t iM mgf p f p dp f R  (20) 

 F  
 ( ij> 0) -

, . -
 [8]. 

 

 
. 4. ,  

 
 

.  [9]  F   
3
2

2 2

4 ,
3 1 1

i j i j
î ò ij

i ji j j i

E E R R
F

R Rv E v E
 (21) 

 vi – ;  
Ei –  .  

 
 t,  

, 
-
-

. 
. -

 
, -

 
. 

 
: 

1. . -
 / 

., ., .;  .  - ,  
2006. –  ( )  0101U007019; . 0206 
U002844. 

2. . -



 95 . 15, . 3 
 

   

 
 : . . . : 05.20.01 / . . – -

, 1988. – 392 . 
3. .  

 / . . – :  „ ”, 
1998. – 140 . 

4. . : .  
. / . , . . –  .: , 1987. – 640 . 

5.  C.B.  
 

 / .  // –
 ( ). - 2009. - 

12. - . 273–277. 
6. .  / . . – 9– ., 

.– .: , 2003. – 480 . 
7. .  / . . – 4–  

., . –  .:  ; , 1969. – 576 .  
8. Kruggel-Emden H. Review and extension of normal force models 

of  the  discrete  element  method  /  H. Kruggel-Emden [et al.] // Powder 
Technology. – 2007. – 171. 

9. . : . . / C. . -
, . . – .: , 1975. – 576 . 
 

-
-

 
 

., . 
 

  – -
 

,  
, -

. 
 

MODELING OF THE SINGLE-LAYER GRAIN MOTION 
ON A VIBRATING INCLINED CIRCUMFERENTIAL SURFACE 

 
V. Shatsky, D. Demyanenko 

 
Summary 

Based on the discrete element method, the motion of grain ma-
terial particles on the inclined circular surface oscillating horizontally 
is studied. Quality indicators of the particle distribution on the surface 
are determined. 


