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An examination is made of the basic factors which influence the crea- 
tion of forces causing powders to adhere to solid surfaces in the pres- 
ence of a temperature field. An experimental investigation has been 
conducted on an apatite concentrate. 

The adhes ion  of powde r s  to so l id  s u r f a c e s  i s  a phe-  
nomenon tha t  is  both widely  encoun te red  and l i t t l e  
s tud ied .  In a n u m b e r  of c a s e s  i t  c r e a t e s  c o n s i d e r a b l e  
d i f f i cu l t i e s  in so lv ing  c e r t a i n  t echn ica l  p r o b l e m s .  

I nves t i ga t i ons  conducted  with the ob j ec t  of s tudying  
condi t ions  of o c c u r r e n c e  and d e v e l o p m e n t  of adhes ion  
of apa t i t e  c o n c e n t r a t e ,  a powdered  m a t e r i a l  with mean  
p a r t i c l e  d i a m e t e r  D m = 58 �9 10 -6 m,  to the wa l l s  of a 
s p e c i a l  wagon, have  shown that  the  c o n c e n t r a t e ,  when 
loaded ,  has  a humid i ty  not  exceed ing  1.5%, and a t e m -  
p e r a t u r e  of 323-333  ~ K, while  the wa l l s  of the wagon 
have  a t e m p e r a t u r e  up to 243 ~ K in w i n t e r  t ime .  

A c c o r d i n g  to c o n t e m p o r a r y  ideas  of the theo ry  of 
m a s s  t r a n s f e r  [1], the f o r m a t i o n  of a t e m p e r a t u r e  
f i e ld  c a u s e s  d i s p l a c e m e n t  of the m o i s t u r e  u n d e r  the 
inf luence  of the t e m p e r a t u r e  g r ad i en t ,  which in tu rn  
c a u s e s  a r e d i s t r i b u t i o n  of the m o i s t u r e  within the 
m a t e r i a l .  

As  m a y  b e  seen  f r o m  Fig .  l a ,  a no t i c eab l e  change  
in m o i s t u r e  content  i s  o b s e r v e d  only n e a r  the wagon 
wa l l s ,  in a c o m p a r a t i v e l y  thin l a y e r .  S i m i l a r  r e s u l t s  
w e r e  a l so  ob ta ined  in l a b o r a t o r y  condi t ions  du r ing  in-  
ve s t i ga t i on  of a co lumn of aPa t i t e  (F ig .  lb ) .  In p r a c -  
t i ce  the humid i ty  of the l a y e r  a t  the  wal l  m a y  v a r y  in 
the r a n g e  3 to 12%. 

Mois t en ing  of the  b o u n d a r y  l a y e r  due to d i s p l a c e -  
m e n t  of m o i s t u r e  u n d e r  the  inf luence  of the t e m p e r a -  
t u r e  g r a d i e n t  c r e a t e s  condi t ions  fo r  the g e n e r a t i o n  of 
c a p i l l a r y  f o r c e s ,  the r e s u l t  of the ac t ion  of which is  
a l so  adhes ion  of the m a t e r i a l  to the  so l id  s u r f a c e .  

F o r  wet tab le  powdered  m a t e r i a l s ,  f o r  which the 
con tac t  ang le  m a y  be  a s s u m e d  to be  ze ro ,  the c u r v a -  
t u r e  of the m e n i s c u s  f o r m e d  in a c a p i l l a r y  i s  nega t ive .  
The amount  of m o i s t u r e  c o n c e n t r a t e d  in the b o u n d a r y  

l a y e r  i s  not  enough fo r  the l iquid  to r i s e  in the c a p i l -  
l a r y  to the l i m i t i n g  height .  As  a r e s u l t ,  the  c a p i l l a r y  
f o r c e s  caus ing  the adhes ion  ef fec t ,  which m a y  be ca l l ed  
a " suc t ion  w phenomenon,  wi l l  be  e x p r e s s e d  by the r e -  
l a t ion  

p c = p g h e a p - - p g h = p g ( h c a p - - h ) .  (1) 

In the given e a s e  hcap  is  the  l i m i t i n g  he igh t  of c ap -  
i l l a r y  r i s e  in the p o w d e r s  examined ;  h is  the ac tua l  
he igh t  of c a p i l l a r y  r i s e  (in the c a s e  w h e r e  the so l id  
s u r f a c e  is  ho r i zon ta l ,  h i s  the  he igh t  of the c a p i l l a r y  
r i m  above  the so l id  su r f ace ) .  

Since the  amount  of m o i s t u r e  c o n c e n t r a t e d  c l o s e  to 
the s u r f a c e  is  su f f i c i en t  to s a t u r a t e  only a l a y e r  of 
s m a l l  height ,  while  the  he igh t  hcap  m a y  be  of the 
o r d e r  of s e v e r a l  m e t e r s ,  the quant i ty  h in th is  c a s e  
m a y  be  neg lec ted ,  and then f o r m u l a  (1) t a k e s  the f o r m  

Pc = pgheap. (2) 

Since 

hcap= 2o/r, 

w h e r e  a i s  the s u r f a c e  tens ion ,  and r i s  the  r a d i u s  of 
the  s y s t e m  c o n s i s t i n g  of c y l i n d r i c a l  c a p i l l a r i e s  of a 
s ing le  r a d i u s ,  equ iva len t  a s  r e g a r d s  c a p i l l a r y  r i s e  
to the  d i s p e r s e  m e d i u m  examined ,  then 

Pc = 2o/r. (3) 

The ac t ion  of t h e s e  f o r c e s  a l so  c a u s e s  "suc t ion"  of 
the ske l e ton  of the d i s p e r s e  m a t e r i a l  to the so l id  s u r -  
f ace .  

The phenomenon of " suc t ion  n in condi t ions  of d i s -  
t r i bu t ion  of m o i s t u r e  s i m i l a r  to those  which a r i s e  in 
condensa t ion  and t h e r m a l  t r a n s f e r  of m o i s t u r e  in 
wagons ,  was f i r s t  o b s e r v e d  by  us  u n d e r  l a b o r a t o r y  
condi t ions  in a s p e c i a l  i n s t r u m e n t .  On the so l id  s u r -  
f a ce  was  s e t  up a r ing ,  into which was pou red  an 

w f r 

3 2 303 

2 r 

- ~ . zo3 / -  

3 
,b 

2 
, x , , , . _  

273 2~~ 33Y~ 
0 ~! a2 0.3 ~ 0,5 l Z ~ 5 a /0 ~, 

Fig .  1. Va r i a t i on  of a) humid i ty  W, % (1) and of t e m p e r a t u r e ,  
T,  ~ K (2) in the s p e c i a l  wagon, and b) of the humid i ty  in a 
co lumn with apa t i t e  ( l  i s  the length,  No. i s  the r i n g  number) .  
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Expe r imen ta l  Values of the Force  Requi red  to Displace  the Specimens  

Material 

Glass (smooth) . ~ . . . . . . . .  
Plastic . . . . . . . . . . . . . . .  
Steel sheet ( rol led) . . .  . . . . . .  
Epoxy resin ED-5 . . . . . . . . . .  
Laminated plastic . . . . . . . . . .  
Polyvinylchloride TU4040 . . . . .  
Low-pressure polyethylene . . . . .  
Textolite . . . . . . . . .  . . . .  
Concrete . . . . . . . . . . . . . .  
Nickel steel . . . . . . . . . . . . .  

Displacing 
force, N 

17.6 
13.7 
14.2 
13.2 
12.2 
t7. t 
11.8 
13.2 
14.2 
12.2 

Friction co- 
efficient 

0.74 
0 6 0  
0.62 
0:70 
0,62 
0.81 
0.76 
0.71 
0,9 
0.66 

Normal force 
Ne, N 

22.8 
22.8 
23.0 
18.9 
19.7 
21,2 
15.5 
18.6 
15.7 
21.8 

ace ty lene  concen t ra te  sa tu ra ted  with water ,  this  
be ing  in a f luid s ta te .  The top was f i l led up With dry  
apat i te ,  and then a spec imen  was fo rmed  with the 
aid of a p r e s s .  Then the force  n e c e s s a r y  to d i sp lace  
the spec imen  was d e t e r m i n e d  (see table) .  The m a s s  
humidi ty  of the boundary  layer ,  m e a s u r e d  af ter  d i s -  
p l acemen t  of the spec imen,  was 9-12%. 
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Fig.  2. Dependence of Pc (1), k w 
(2), q~ (3), and q~ (4) on Wg. 

As may be seen  f rom the table,  the adhes ion force  
in a given case  is p rac t i ca l ly  independent  of the na -  
tu re  of the m a t e r i a l  of the solid sur face .  We examined 
the m e c h a n i s m  of this  phenomenon in [2]. 

We will  now examine  the poss ib i l i ty  of obta in ing 
the quant i t ies  ment ioned  by ca lcula t ion .  The "suct ion" 
force  of the d i s p e r s e  m a t e r i a l  to the solid su r face  per  
uni t  a r e a  is 

qo = Pckw. (4) 

The dependence of the va r i a t ion  of cap i l l a ry  p r e s -  
su re  on the humidi ty  of the powder for  apat i te  con- 
cen t ra te  was obtained expe r imen ta l ly  in [3] and is 
shown in Fig.  2, curve  1. 

If we a s s u m e  that the law of va r i a t ion  of quanti ty 
of m o i s t u r e  in the sec t ion  of the boundary  l aye r  unde r  
examina t ion  is ident ica l  to the law of va r i a t ion  of quan-  
tity of m o i s t u r e  in the volume,  then the dependence 
of the va r i a t ion  of the a r e a  occupied by the m o i s t u r e  
on the backing upon the weight humidi ty  of the pow- 
de red  m a t e r i a l  may be r ep re sen t ed  by a coeff icient  
of water  sa tu ra t ion :  

kw= Vw/Vpore= W~ym/100 eTw. (5) 

The quant i ty  k w (Fig. 2, l ine  2) may va ry  in the 
range  0 to 1. 

Having pe(Wg) and kw(Wg ) ava i lab le  f rom the graphs ,  
we obta in  the dependence qa(Wg). 

In d e t e r m i n i n g  the total fo rce  of adhes ion  of the 
powders  to the backing,  we should take into account ,  
in addi t ion to the component  due to cap i l l a ry  p r e s s u r e ,  
the component  due to su r face  t ens ion  a applied to the 
p e r i m e t e r  of the wetted a r e a  •  

When the powder makes  contact  with the backing,  
the re  may exis t  s imu l t aneous ly  in the boundary  l aye r  
reg ions  of cont inuous coverage ,  together  with i so la ted  

a r e a .  There fore ,  s imu l t aneous ly  with the i n c r e a s e  of 
p e r i m e t e r  of an individual  a r e a ,  there  will  occur  a 
d e c r e a s e  of the total p e r i m e t e r  of the wetted a rea ,  as 
the individual  a r e a s  fuse  together .  F r o m  these con-  
s ide ra t ions ,  we obta in  an exp re s s ion  for  the compo-  
nent  of specif ic  adhes ion force  due to the ac t ion  of 
su r face  tens ion,  

(Y yl 

q : =  R 2 c ( 1 - : k 0 ,  (6) 

where  c = t g ~ ( 2 - - t g  20~ ) is a t r i gonome t r i c  funct ion 

depending on the humidi ty ,  and obtained for  the case  
of contact  of a spher ica l  pa r t i c l e  with a plane.  

The dependence q~Wg) is  shown in Fig.  2 by curve  
3, obtained by calcula t ion,  us ing  a sphe r i ca l  pa r t i c l e  
model  [4]. The packing was a s sume d  to be cubic,  
s ince  the poros i ty  of the model  (nm = 47%) is  c lose  
to that of apat i te  (n a = 45%). The pa r t i c l e  rad ius  is 
R = D m / 2  = 29-10  - 6 m .  

Thus,  the total specif ic  adhes ion force  may be 
r e p r e s e n t e d  in the fo rm 

- - - - c ( 1 - ~ ) .  (7) q' = q ~ + q ~ = P c k w +  R 2 

The dependence qz(Wg) is  shown in Fig.  2 by curve  
4. Having the dependence qE(Wg) ava i lab le  graphica l ly ,  
we may  ca lcula te  the total  adhes ive  force  ac t ing  on 
the a r e a  of contact  w c of the powder with the backing:  

N = q~ %. (8) 

We will  ca lcu la te  the total adhes ive  force  accord ing  
to (8) for  the case  when Wg = 11% and Wc = 20 .10  -4 
m z (the a r ea  of the specimen) �9  

F r o m  the graph of Fig.  2 we d e t e r m i n e  qE = 1.22 �9 
�9 104 N / m  2. Subst i tu t ing the values  of qz  and w c in (8), 

we obtain 

N --- 1.22. 104-20 �9 l0 -4 = 24.4 N. 
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A c c o r d i n g  to the da ta  of the t ab le ,  the adhes ive  
f o r c e  i s  N e = 22.8  N fo r  the c a s e  of con tac t  of a pa t i t e  
with g l a s s ,  a va lue  v e r y  c l o s e  to that  c a l cu l a t ed .  

NOTATION 

Pc i s  the c a p i l l a r y  p r e s s u r e ;  p i s  the dens i t y  of 
f luid;  g is  the  a c c e l e r a t i o n  due to g rav i ty ;  hca  p, h a r e  
the  l i m i t i n g  and ac tua l  he igh t  of c a p i l l a r y  r i s e ;  (r is  
the  s u r f a c e  tens ion ;  r is  the r a d i u s  of equ iva len t  cap -  
i l l a r y ;  q~ is  the spec i f i c  " suc t ion"  fo r ce ;  kw is  the  
w a t e r  s a t u r a t i o n  coeff ic ient ;  V w is  the vo lume of 
w a t e r  in p o r e s ;  Vpore  i s  the vo lume of p o r e s ;  Wg is  
the  humid i ty  by weight ;  R i s  the  p a r t i c l e  r ad iu s ;  | i s  
the p o l a r  angle ;  Wc is  the a r e a  of contact ;  N i s  the  
to ta l  a d h e s i v e  fo rce ;  7m,  7w a r e  the spec i f i c  weight  
of powder  and w a t e r .  
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