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F i g . 1. P a t h of s a l t a t i n g p a r t i c l e . 

D e v e l o p m e n t of u p - t o - d a t e t h e o r i e s of the m o t i o n of s e d i m e n t r e q u i r e s r e l i a b l e ob-
s e r v a t i o n a l d a t a that can b e u s e d b o t h to test a d o p t e d h y p o t h e s e s a n d to b r i n g out n e w de-
t a i l s of the m e c h a n i s m of the e f f e c t u n d e r s t u d y . A m o n g the least u n d e r s t o o d c h a r a c t e r -

i s t i c s are t h o s e of t h e i n i t i a l s e g m e n t s of 
the p a t h s of p a r t i c l e s t h a t h a v e j u s t b e e n 
d e t a c h e d and the p a r t i c l e - a c c e l e r a t i o n c h a r a c -
t e r i s t i c s , w h i c h play a n i m p o r t a n t r o l e in 
p r o b a b i l i s t i c t h e o r i e s of s e d i m e n t m o t i o n [ 1 , 
2 ] . E x p e r i m e n t a l d e t e r m i n a t i o n of t h e s e c h a r -
a c t e r i s t i c s is the s u b j e c t of the p r e s e n t 
p a p e r , w h i c h is a f u r t h e r d e v e l o p m e n t of [ 1 ] . 

T h e t r a j e c t o r y c h a r a c t e r i s t i c s w e r e de-
t e r m i n e d by s t a t i s t i c a l p r o c e s s i n g of m o t i o n 
p i c t u r e s t a k e n w i t h a n S K S - 1 M c a m e r a at a 
s p e e d of 500 f r a m e s p e r s e c . W e w e r e a i d e d 
in the d e s i g n a n d p e r f o r m a n c e of the e x p e r i -
m e n t by G . A . D m i t r i e v a . S i x t e e n m i l l i m e t e r 
film w a s u s e d . T h e m o t i o n of s p h e r i c a l p a r -
t i c l e s 8 m m in d i a m e t e r w i t h a d e n s i t y of 1.4 

О 
g / c m and a s e t t l i n g s p e e d of 30 ± 3 c m / s e c 
in the flow w a s r e c o r d e d on the f i l m . The 
e x p e r i m e n t w a s c a r r i e d out in a g l a s s c h a n n e l 
7 m l o n g a n d 20 cm w i d e . T h e a v e r a g e flow 
v e l o c i t y w a s 27 c m / s e c , the d e p t h 9 c m , and 
the g r a d i e n t 0 . 0 0 6 . P l e x i g l a s p l a t e s w i t h 
p o l y s t y r e n e b a l l s 5 - 7 m m in d i a m e t e r b o n d e d 
to t h e m w e r e p l a c e d on t h e b o t t o m of the c h a n -
n e l . 

D e t e r m i n a t i o n of the p a r t i c l e c o o r d i n a t e s 
Is s u b j e c t to e r r o r s due to the e r r o r of t h e 
m e t h o d i t s e l f [ 3 ] , t h e u n s h a r p c o n t o u r s of the 
m o v i n g p a r t i c l e and t h e s t a t i o n a r y l a n d m a r k , 
a n d the i m p r e c i s i o n of the i n s t r u m e n t s u s e d 
to fix s u c c e s s i v e p o s i t i o n s of the p a r t i c l e . 
In o u r c a s e , t h e last two f a c t o r s d o m i n a t e d ; 
w e m a y t h e r e f o r e say t h a t the t o t a l e r r o r in 
the d e v i a t i o n of the m e a s u r e d c o o r d i n a t e v a l u e 
f r o m the a c t u a l v a l u e is a r a n d o m v a r i a b l e 
a n d , like a l l n o n s y s t e m a t i c e r r o r s , h a s a 
of c o o r d i n a t e m e a s u r e m e n t s , w e s h a l l u s e t h e 
T h e f i d u c i a l p r o b a b i l i t y of t h e c o n f i d e n c e in-
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F i g . 2 . D i s t r i b u t i o n of t a k e o f f a n d 

l a n d i n g a n g l e s c ^ and a 2 of s a l t a t -

ing p a r t i c l e s . 

0,01 № Ш № № t, sec 

F i g . 3. I n i t i a l s e g m e n t s of s a l t -
a t i n g - p a r t i c l e p a t h s . 

n o r m a l d i s t r i b u t i o n . To e s t i m a t e the e r r o r s 

s t a n d a r d d e v i a t i o n o ^ of t h i s d i s t r i b u t i o n . 

t e r v a l is 0 . 6 8 . 

T h e e x p e r i m e n t a l l y d e t e r m i n e d s t a n d a r d d e v i a t i o n s w e r e d i f f e r e n t for the v e r t i c a l (z) 
a n d h o r i z o n t a l (x) a x e s : a = 0 . 0 3 c m , a = 0 . 0 4 c m . T h i s can be e x p l a i n e d by the d i f f e r -

z X 
e n c e s in the l e n g t h and p o s i t i o n o f t h e m e a s u r i n g s c a l e s . ( O b v i o u s l y , n u m b e r s a r e r e a d 
v i s u a l l y w i t h g r e a t e r c a r e f r o m the s h o r t e r v e r t i c a l s c a l e t h a n f r o m the l o n g h o r i z o n t a l 
s c a l e . ) A n o t h e r f a c t o r is t h e p r e s e n c e of t h e b o t t o m on the f r a m e , w h i c h p e r m i t s m o r e ac-
c u r a t e d e t e r m i n a t i o n o f the p a r t i c l e ' s v e r t i c a l c o o r d i n a t e . 
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W e s h a l l d i s c u s s t h e v a r i a t i o n of t h e v e r t i c a l c o o r d i n a t e b e l o w , s i n c e s t a t i s t i c a l 
p r o c e s s i n g of t h e f i l m s h o w e d t h a t t h e m o t i o n of t h e p a r t i c l e in t h e l o n g i t u d i n a l d i r e c -
t i o n c a n b e r e g a r d e d as u n i f o r m . The t r a j e c t o r i e s w e r e w o r k e d up s e v e r a l t i m e s to r e d u c e 
the e r r o r of p a r t i c l e - c o o r d i n a t e d e t e r m i n a t i o n . In a g i v e n s e r i e s of n m e a s u r e m e n t s , t h e 
a r i t h m e t i c m e a n x is a l i n e a r f u n c t i o n of the r e s u l t s of a s i n g l e m e a s u r e m e n t . S i n c e t h e 
r e s u l t s of s i n g l e m e a s u r e m e n t s a r e i n d e p e n d e n t r a n d o m v a r i a b l e s , w e find f r o m t h e t h e o r e m I 
of t h e v a r i a n c e of a l i n e a r f u n c t i o n of s u c h v a r i a b l e s t h a t t h e m e a s u r e m e n t e r r o r is re-
d u c e d b y a f a c t o r /n on n - f o l d p r o j e c t i o n . W e p r o j e c t e d the t r a j e c t o r i e s n i n e t i m e s . T h u s , ) 
t h e e r r o r in d e t e r m i n a t i o n of t h e s u c c e s s i v e p a r t i c l e p o s i t i o n s o n the p a t h w a s r e d u c e d b y 
t w o - t h i r d s . In our c a s e , the e r r o r w i l l n o t e x c e e d 0 . 0 1 cm at a 0.68 f i d u c i a l p r o b a b i l i t y . . 
C o n s i d e r i n g t h a t the v e r t i c a l p a r t i c l e d i s p l a c e m e n t (Fig. 1 ) on t h e i n d i c a t e d t i m e i n t e r v a l ; 
a r e 2-3 m m if w e e x c l u d e the n e i g h b o r h o o d s of t h e i n f l e c t i o n p o i n t s , the a c c u r a c y a t t a i n e d j 
can be r e g a r d e d as a c c e p t a b l e . 

S t a t i s t i c a l d i s t r i b u t i o n c u r v e s of t h e p a r t i c l e t a k e o f f and l a n d i n g a n g l e s can b e 
e x a m i n e d to o b t a i n m o r e c o m p l e t e d e s c r i p t i o n of the m o t i o n of a p a r t i c l e a l o n g its p a t h . 
The t a k e o f f a n g l e is the a n g l e f o r m e d by s t r a i g h t l i n e s d r a w n f r o m t h e c e n t e r of t h e p a r -
t i c l e at the i n s t a n t at w h i c h s a l t a t i o n b e g i n s . The f i r s t line r u n s p a r a l l e l to t h e b o t -
t o m in the d o w n s t r e a m d i r e c t i o n , w h i l e the s e c o n d p o i n t s to t h e c e n t e r of t h e p a r t i c l e in 
the n e x t p a r t i c l e p o s i t i o n r e c o r d e d on the s c r e e n . S i m i l a r l y , the l a n d i n g a n g l e is t h e 
a n g l e b e t w e e n t h e d i r e c t i o n f r o m the c e n t e r of a p a r t i c l e t h a t h a s j u s t s e t t l e d to the b o t -
t o m to its c e n t e r at the t i m e p r e c e d i n g its c o n t a c t w i t h the b o t t o m . T h e t a k e o f f a n g l e s 
are n e a r l y n o r m a l l y d i s t r i b u t e d (Fig. 2 ) . T h e l a n d i n g - a n g l e c u r v e is a s y m m e t r i c a l . T h e 
p a r t i c l e a p p e a r s t o b e a c c e l e r a t e d on a v e r y short i n i t i a l s e g m e n t of its p a t h , and t h e r e -
a f t e r its m o t i o n is g o v e r n e d in large p a r t by r a n d o m v e l o c i t y f l u c t u a t i o n s in t h e l a y e r s 
of the f l o w at the p a r t i c l e c r o s s e s . T h i s m a y e x p l a i n the d i s s i m i l a r i t y b e t w e e n the t a k e - : 
off- and l a n d i n g - a n g l e d i s t r i b u t i o n c u r v e s : the p a r t i c l e " f o r g e t s " its t a k e o f f a n g l e d u r -
i n g its f l i g h t . 

To d e t e r m i n e t h e a c c e l e r a t i o n of the p a r t i c l e s i m m e d i a t e l y a f t e r s e p a r a t i o n f r o m the 
b o t t o m , the i n i t i a l p a t h s e g m e n t s w e r e p r o j e c t e d at the s h o r t e s t p o s s i b l e i n t e r v a l (At = 
= 0 . 0 0 2 s e c ) , w h i c h w a s d e t e r m i n e d by the f i l m i n g r a t e . T h e i n i t i a l p a t h s e g m e n t is a 
s t e p p e d c u r v e c o n s i s t i n g of s e g m e n t s of p a r a b o l a s w i t h a p o s i t i v e p a r a m e t e r ( F i g . 3 ) . T h e 
p a r a b o l i c s h a p e of the c l i m b i n g s e g m e n t s i n d i c a t e s that the o p e r a t i n g a c c e l e r a t i o n is p o s i -
t i v e . Let us a s s u m e d t h a t the a c c e l e r a t i o n is c o n s t a n t on each c l i m b i n g s e g m e n t , an as-
s u m p t i o n t h a t is a d e q u a t e l y j u s t i f i e d by the s h o r t n e s s of the t i m e i n t e r v a l s ( 0 . 0 0 6 - 0 . 0 0 8 

о 
s e c ) ; t h e n the c a l c u l a t e d v a l u e s , w i t h c o n s i d e r a t i o n of the e r r o r s , lie in the r a n g e 2.5*10• 

3 2 
to 9 . 4 - 1 0 cm/s ec . T h e r e s u l t s i n d i c a t e t h a t in the i m m e d i a t e v i c i n i t y of the b o t t o m , a 
s i g n i f i c a n t f r a c t i o n of the e n e r g y in the t u r b u l e n t - f l u c t u a t i o n s p e c t r u m f a l l s I n t o t h e 
h i g h - f r e q u e n c y end of the s p e c t r u m (around 1 5 0 - 2 0 0 H z ) . E s t i m a t i n g the e d d y s i z e s In ac-
c o r d a n c e w i t h the " f r o z e n - t u r b u l e n c e " t h e o r y , we o b t a i n a v a l u e on the o r d e r of t h e r o u g h - : 
n e s s h e i g h t , w h i c h t e n d s to s u p p o r t the a b o v e h y p o t h e s i s . 

The f o l l o w i n g c o n c l u s i o n s can be d r a w n on the b a s i s of the w o r k d o n e . 

At the i n s t a n t of s e p a r a t i o n f r o m the b o t t o m of the f l o w , the p a r t i c l e e x p e r i e n c e s 
e x t r e m e l y b r i e f ( 0 . 0 0 6 - 0 . 0 0 8 s e c ) p o s i t i v e a c c e l e r a t i o n s t h a t v a r y f r o m 2 . 5 - 1 0 3 to 9 . 4 - 1 0 ^ 

c m / s e c 2 . 

In its s k i p p i n g m o t i o n t h r o u g h the b o t t o m r e g i o n , a p a r t i c l e m a y be a c t e d u p o n s t r o n g -
ly b y the t u r b u l e n t f l o w . It m a y be a s s u m e d that in the i m m e d i a t e v i c i n i t y of t h e b o t t o m , 
a s u b s t a n t i a l p a r t of the e n e r g y in the t u r b u l e n t v e l o c i t y f l u c t u a t i o n s p e c t r u m is in its 
h i g h - f r e q u e n c y r a n g e (at a p p r o x i m a t e l y 1 5 0 - 2 0 0 H z ) . 
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