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A theore t ica l  ana lys is  of the methods of packing loose medium in humidity s enso r s  is given 
and their  exper imenta l  invest igat ions a re  presented .  Power  packing is r ecommended  for  
continuous mois tu re  s ens o r s ,  while ine r t i a l -power  packing is r ecommended  for  d i sc re t e  
s enso r s .  

One of the main p rob lems  to be solved in moi s tu re  m e a s u r e m e n t  of loose m a t e r i a l s  is to min imize  the 
in te r fe r ing  fac tors  in the sensor  [1]. Among these  in te r fe r ing  fac tors  is the var iabi l i ty  of the g ranu lomet r i e  
composi t ion r and the density P of the control led sample .  Fo r  a number  of m a t e r i a l s ,  whose g ranu lomet r i e  
composi t ion va r i e s  within smal l  l imi ts ,  the effect  of r and P can be el iminated or  stabil ized by compact ing  
in the sensor  [1, 2]. Some authors  [3-5] consider  that v ibra t ional  packing pe rmi t s  to stabil ize the fac tors  
r and P be t t e r  than power packing and thereby obtain be t t e r  reproducibi l i ty  and s m a l l e r  e r r o r  of m e a s u r e -  
ments .  Others [2, 6], on the other  hand, take the power packing as the opt imum method.  This  con t rad ic -  
tion in the p resen t  p rob lem depends p r i m a r i l y  on the different  nature of the phys ico-mechan ica l  c h a r a c t e r -  
i s t ics  of the invest igated ma te r i a l s ;  secondly,  it is  accounted for  by the fact that in many a r t i c l e s  on m o i s -  
ture  m e a s u r e m e n t  there  a re  no compara t ive  invest igat ions of the two methods of packing. 

In the presen t  a r t ic le  an a t tempt  is made to provide a validation of the opt imum method of packing 
for the products  of mining enr iching industry for the purpose of developing ra t iona l  moi s tu re  s enso r s .  

P r i m a r y  conve r t e r s  of the two const ruct ions  were  p repared  for the invest igat ions.  One is s im i l a r  
to the ve rs ion  presented in [2]; it is  a capaci t ive  mois tu re  sensor  with power packing and has plane r ing  
e lec t rodes .  The second s imi l a r  to the ve rs ion  given in [3]. Here  packing is  produced as a r e su l t  of v i b r a -  
tion of the sensor .  The tes t s  were  conducted in identical  c l imat ic  si tuations with the s ame  m a t e r i a l  (apatite 
concentrate)  and the same measu r ing  ins t rument  ( F - m e t e r  type moi s tu re  meter ) .  

The collected s ta t i s t ica l  se ts  of r e su l t s  and the chosen es t ima te  c r i t e r i a ,  for which the co r re la t ion  
coefficient  r and the root  mean square  SW in measu r ing  the moi s tu re  were  used, showed that the sensor  
with power packing gives be t t e r  met ro log ica l  c h a r a c t e r i s t i c s .  The values of SW and r for the sensor  with 
power packing a re  0.121 and 0.965% absolute in the range of 0-1.6% mois ture ;  in the case  of the v ib rosen -  
s o t  the cor responding  values  were  0.254 and 0.92% abs.  Consider ing the identical  nature of the conditions 
of the exper iment  (except the method of packing) the l a r g e r  e r r o r  in the second case  should be at tr ibuted 
only to the method of packing. 

During the exper imen t s  the effect  of separa t ion  of the loose medium into c l a s s e s  di f fer ing in c o a r s e -  
ness  and specif ic weight could be detected in the v i b r o s e n s o r s .  Hencefor th  we shall  cal l  this the v ib ro -  
segregat ion  effect .  The negative influence of v ib rosegrega t ion  on the met ro log iea l  c h a r a c t e r i s t i c s  of the 
mo i s tu re  s enso r s  is  de te rmined  by two bas ic  fac tors :  

A. The intr insic  s t ruc tu re  of the medium is  layered  dur ing the v ibra t ions  and hence i ts  p a r a m e t e r s  
such as the coeff icients  of poros i ty ,  fo rm of the mois tu re  inclusions,  d imensions  of the par t i c les  
in local zones of the s enso r ,  d ie lec t r ic  constant  of the m a t e r i a l  e tc .  change.  

]3. The chemica l  composi t ion of the loose ma te r i a l  changes in local  zones of the s enso r ,  for e x a m -  
ple,  in the n e a r - e l e c t r o d e  zone. 
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Fig. 1. -Dynamics of the process  of separat ion of a loose medium 
in the v ib rosensor  of mois ture  (a) and the group of forces  acting on 
a part icle  in the process  of v ibrosegregat ion (b). 

The last s tatement is valid for products of inorganic origin,  for example,  clay, construct ion sand, 
products  of mining enriching industry,  etc. ,because in the process  of size reduction of such mater ia l s  into 
different c lasses  of c o a r s e n e s s , p a r t i c l e s  of different minerological  (chemical) composit ion separate  out, 
whose electrophysic 'al  cha rac te r i s t i c s  are  intr insical ly in sharp contras t .  

The basic theoret ical  p remises  justifying the separat ion of a loose medium under the action of v ibra-  
tion [1, 7] can be reduced to the following: 

1. Predominance of the drag  force acting on the part icle in the medium in the positive direct ion 
(downward) over  the force in the negative direct ion (upward) 

F + >  F_. 

2. The presence  of par t ic les  in the volume of the loose medium, that are  heavier than the medium, 
io eo 

rt~ 
A :  > 1 ,  

/7/0 

where m is the mass  of the part icle,  m 0 is the average mass  of the mater ia l  (medium) in the volume equal 
to the volume of the part icle ,  and A is the index of the presence of par t ic les  heavier than the medium. 

3. The presence  of cer ta in  vibrat ion conditions, i .e .  

A(o2 > F_mo(A-- 1)g , 
,n o (A - -  1) 

where g is the accelerat ion of free fail, A, w are the amplitude and frequency of vibration for which "float- 
ing" (to the surface of the medium) of the heavier par t ic les  is observed.  

4. The presence  of nonsymmetr ie  oscil lat ions of the loose medium during Symmetr ic  oscil lat ions of 
the container 

U'  (~ + n) ~ U '  ('0, 

where U' is the accelera t ion of external  perturbat ions acting on the medium. For  th i scase  the rate  of 
relat ive displacement  of the par t ic les  in the medium, when its effective weight P* is equfil to zero ,  is 
given by the known formula [7, 1] 

I m o ' U '  v - (A - -  1) ~ [u '  (0) ~- (n)], (1) 
2 m 

where 

1 
P* = m 0 ( A - - 1 ) g - -  ~-(F+--F). 

2 -  (2) 
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Fig.  2. Graph showing the p resence  of c l a s s  + 0.42 
m m  in opposite sect ions  of the reg ions  of the senso r  
as a function of the moi s tu re  of the loose m a t e r i a l  (a): 
1) W = 1.4%, 2) 0.4% and on the v ibra t ion  acce le ra t ion  
(b): 1) a = 12 g, 2) 5g,  3) l g .  Cont inuouseurves  - 1 s t  
segment ;  dashes  --  2rid. P in %. 

Hence during nonsymmet r i c  osci l la t ions of the medium v ~ 0 and the re fo re  the effect  of v i b r o s e g r e g a -  
tion will be c l ea r ly  seen. The f i r s t  and fourth conditions may rad ica l ly  change the effect  of the second and 
thi rd  conditions. This  is  accounted for ,  for example ,  by the floating of the heavy par t i c les .  

The theore t ica l  p r e m i s e s  for the effect  of v ib rosegrega t ion  [1, 7] were  obtained for  an idealized loose 
medium,  i . e .  a medium with pa r t i c l e s  of s t r ic t ly  spher ica l  shape in the absence of any type of sur face  
forces  at the points of contact  of the pa r t i c les  with each other .  

It  was  n e c e s s a r y  to ver i fy  conditions 3 and 4 exper imenta l ly  for r e a l  loose m a t e r i a l s .  F u r t h e r m o r e ,  
it was n e c e s s a r y  to de te rmine  the effect  of moi s tu re  and the state of the sur face  of the pa r t i c les  on the r a t e  
and degree  of manifes ta t ion of v ib rosegrega t ion  effect.  The answers  to these quest ions were  provided by 
the exper iments ,  whose r e s u l t s  a re  presented  below. 

Ground bi tumenous coal and tin concent ra te ,  whose phys ico-meehan ica l  p rope r t i e s  di f fer  sharply ,  
were  chosen as the invest igated m a t e r i a l s .  The granulomet r ic  composi t ion  of these m a t e r i a l s  is a lmos t  
identical  (0-3) ram; the specif ic  weight has different  values:  for  coal  y = 1.5 g / c m  ~, while for tin concent ra te  
l ies  in the range  3.1-7 g / e m  3. The state of the sur face  of the pa r t i c les  is also different:  whe rea s  carbon 
is  a s t rong adsorbent ,  tin concent ra te  does not have these p rope r t i e s .  The exper imen ta l  equipment con-  
sis ted of a v ibra t ion bench,  the mois tu re  sensor ,  a capaci t ive  mo i s tu re  m e t e r ,  and an acce le ra t ion  m e t e r  
with p iezoe lec t r ic  sensor .  The v ibra t ion  bench consis ted of a v ibra t ion  platform�9 and equipment for  r e -  
gulating the f requency in the range  10-1000 Hz and acce le ra t ion  in the range  0-13 g. 

The complet ion of the packing a n d ,  hence,  the complet ion of the p roce s s  of v ib roseg rega t ion  was 
de te rmined  f rom the t ime  of comple te  damping of the var ia t ions  in the capaci ty  of the senso r  with the m a -  
t e r i a l .  The degree  and ra t e  of v ib rosegrega t ion  a f te r  the v ibra t ion  t r ea tmen t  were  de te rmined  by g raau-  
lomet r i c  analys is  of the m a t e r i a l  f rom different  reg ions  of the inner volume of the sensor .  The cons t ruc -  
tion of the sensor  made it poss ible  to c a r r y  out l ayer  by l ayer  separa t ion  of the volume (height of each 
l ayer  15 m m ,  number  of l aye r s  4, inner  d i ame te r  of  the chamber  60 mm).  

The p r o g r a m  of the invest igat ions included s eve ra l  s tages :  f i r s t  -- de te rmina t ion  of the r anges  of  
r a t e s  and acce le ra t ions  of vibrat ion giving r i s e  to the phenomenon of v ib rosegrega t ion .  The exper imen t s ,  
c a r r i ed  out with carbon at W = 1%, showed that v ibra t iona l  separa t ion  is c l ea r ly  observed  at f requencies  
of 20-50 Hz in acce le ra t ion  range  a = 1-13 g. The dec r ea se  of the acce le ra t ion  to a < 1 g r e su l t s  in an in-  
c r e a s e  of d i s c r e t e n e s s  and de te r io ra t ion  of the reproducibi l i ty  of the m e a s u r e m e n t s ,  since the ampli tude 
of the v ibra t ions  is negligibly smal l .  F o r  example ,  at a = 1 g and f = 50 Hz 

50a 
A = -~0.1 . ~ .  13) 

2p 
In the construct ion of v ibra t ion mois tu re  s enso r s  used in prac t ice  the energy  of osci l la t ions  with 50 

Hz frequency is used,  since the use of  a frequency other  than the supply frequency in e l ec t romechan ios l  as 
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Fig. 3. Charac te r i s t i c s  os 
p roces s  of separat ion:  1) tin con-  
cent ra te  (W = 0.4%, f = 50 Hz, 
a = 5g)and  2) ground carbon 
( W = l . 2 ~ ,  f =  50Hz,  a =  5g), 
AP' in %, t in min. 
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well as e lect romagnet ic  exci ters  considerably complicates  the 
mois ture  measur ing  equipment. Therefore ,  in the subsequent stages 
the experiments  were ca r r i ed  out at vibration frequency of 50 Hz. 

It was found that even on laboratory test  benches somet imes  
it is not possible to produce s t r ic t ly  ver t ica l  vibrat ions.  This leads 
to a unique nature of separat ion of the loose medium. Let us clarify 
this s tatement  (Fig. 1). 

At the time t = 0 the sensor  is completely filled and the s t ruc-  
ture of  the mater ia l  is identical over  the volume. The v ibra tor  is 
then switched on. The per turbing force (of vibration) F 2 is directed 
at an angle y to the horizon. At the time t = t l, the mater ia l  sett les 
and free space appears  in the sensor .  Due to the horizontal  compo-  
nent of the vibration force the par t ic les  get displaced from left to 
r ight (see Fig.  1) and then at the time t = t 2 they get displaced up- 
ward along some incl ined Surface MM. During the vibrational 
t rea tment  the angle of inclination a of the plane M'M' (at t ime t -, t 3) 
tends to the angle of the per turbing force vector  y. 

The par t ic les  of the coarse  c lasses ,  having a tendency to float, 
slide downard along the surface M'M' ,  since the force of fr ict ion F 1 becomes  inadequate for sustaining them 
on this surface.  Therefore  such par t ic les  occupy the volume to the left of the plane M'M' .  The finer par t i -  
c les ,  which are subjected to capil lary adhesion forces  to a l a rge r  extent, occupy the volume to the r ight of 
this surface.  A third cha rac te r i s t i c  region (below the plane NN) can be distinguished, which consis ts  of 
par t ic les ,  which belong to the finer c lasses  and are  densely packed. 

The equations of motion of a part icle (Fig. lb) along the coordinate axes (x the direct ion along the 
slip plane M'M' and y the direct ion perpendicular  to x) were derived in [1] and are writ ten in the form 

mS.~ = mAr ~ cos 13 sin cot (1 - -  K 1 )  - -  m g  sin cz -r (4) 

roSy = mAco 2 sin 13 sin cot (1 - -  K s )  - -  m g  cos a + N ,  

where S'x, S'y are the accelera t ions  of the par t ic les  along the axes x and y respect ive ly ,  /3 is the angle of 
the vibration force relat ive to the plane M'M' ,  K s and K 2 are coefficients that depend on the forces  of ad- 
hesion of the par t ic les  to each other,  and N is the normal  react ion of the inclined plane M'M' .  

The conditions of motion of the part icle  up the inclined plane can be expressed in the form 

m~'~>0, (5) 

roSy > 0. 

In the case discussed above condition (5) can not be satisfied for the entire range of par t ic les  in the 
sample.  

It should be noted that the l imiting angle of inclination of the plane M'M' ,  ~, depends onthe mois ture  
of the mater ia l  and the activity of the surface forces  at the points of contact of the par t ic les  with each other.  

The above statement  can be accounted for by the unique nature of the distribution of par t ic les  in a 
polydispersive medium in the closed volume of the v ibrosensor .  Therefore  in the next s tages of invest iga-  
tion the granulometr ic  analysis  was done in sect ions.  Each segment is a cavity to the left or  right of the 
plane, whose t race  is shown in the form of the axial line of the sensor  (see Fig. 1). 

In the second stage of the investigations the effect of the mois ture  on the degree of v ibrosegregat ion 
was determined.  The resu l t s  are  i l lustrated in Fig.  2a for experiments  with tin concentrate .  The cavity 
of the sensor  was divided into two sections each of which separated into coa r seness  c lasses ;  the most  
coa rse  and charac te r i s t i c  c lass  + 0.42 mm was taken as an indirect  index of vibrosegregat ion.  In Fig. 2a 
the total weight P of the par t ic les  of this c lass  is plotted along the abscissa  as the percentage of the total 
weight of the loose medium of the analyzed section; the ser ia l  number  of the experiment  n is plotted along 
the ordinate.  

On increas ing  the humidity of the loose medium the v ibrosegregat ion  gets less because the number 
of par t ic les  + 0.42 mm in the f i rs t  (left) section dec reases  and in the second section increases .  For  exam- 
ple, the ar i thmetic  mean value (from 6 tests) of the weight difference of par t ic les  + 0.42 mm in opposite 
sections is 35.6% for W = 0.4%, while it is 26.31% for W = 1.4%. 
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The dependence of the degree  of v ib rosegrega t ion  on the acce le ra t ion  was de te rmined  in the third 
s tage.  This  dependence is  i l lus t ra ted  in Fig. 2b for  tin concent ra te .  At f = 50 Hz the phenomenon of v ib ro -  
segregat ion  begins  to be seen at a = 1 g; it i n c r e a s e s  cons iderably  on changing the  acce le ra t ion  in the range  
a = 1 - 5 g  but i n c r e a s e s  insignificantly for a > 5g. The procedure  of the exper iment  in this case  is s i m i l a r  
to the p reced ing  proeedure .  

The effect  of the sur face  fo rces  could be  es t imated  by compar ing  the r e su l t s  obtained for carbon and 
tin concentra te .  The weight moi s tu re  of the f i r s t  was  taken as 1.2% and for  the second 0.4%, since the 
specif ic weights of these m a t e r i a l s  a re  1.5 and 4.5 g / c m  r e s p e c t i v e l y .  This  made it possible  to obtain 
identical  volume mois tu re  of the two m a t e r i a l s ,  i . e .  to have identical  expe r imen ta l  conditions. The r e su l t s  
a re  shown in Fig.  3. As is  evident f rom this f igure,  the di f ference in the s tate  of the sur face  of the pa r t i -  
c les  and the di f ference of the specif ic  weights  of the pa r t i c les  lead to the r e su l t  that in carbon the r a t e  and 
degree  of v ib rosegrega t ion  are  s m a l l e r  by a fac tor  of two than for the tin concent ra te .  Fo r  example ,  A P '  
for carbon is 16~, while for tin concent ra te  it is 40.5%; Ap,  is the di f ference in the weight of pa r t i c l e s  of 
c lass  + 0.42 m m  in opposite sect ions of the sensor .  The ra t e  of  separa t ion  is a lso  s m a l l e r  by the same 
factor  for  carbon (3T 1 --- 15 min,  3v = 5.5 min r e spec t ive ly ,  where  T, ~'l a re  t ime constants  of damping of the 
separa t ion  p rocess ) .  

Thus the theore t ica l  p r e m i s e s  were  conf i rmed exper imenta l ly  for  the invest igated ma te r i a l s ;  f u r t h e r -  
m o r e ,  an idea of the effect  of the mois tu re  and the state of the sur face  of the par t i c les  on the phenomenon 
of v ib rosegrega t ion  was also obtained. In the products  of mine enr iching industry the effect  of v i b r o s e g r e -  
gation i s  enhanced st i l l  more  by the fact that the e lec t rophys ica l  p rope r t i e s  of pa r t i c les  of different  c l a s s e s  
di f fer  sharply .  F o r  example ,  the fine c l a s s  of tin concentra te  contains a la rge  par t  of f luori te  mine ra l ,  
whose specif ic  r e s i s t a n c e  p is  5.1012 ~.  em,  whereas  the coa r se  c l a s s e s  contain mainly c a s s i t e r i t e  for 
which p is only 8.102 ~. em. 

Considering this and also the extreme nonreproducibility of the results of the experiment, the power 
packing method is given preference. It could be possible to consider a combination method, i.e. inertial- 
power packing method which in certain cases gives better results than those analyzed here. In this case 
a static load is used to obtain such a density of the medium that the force acting against the vibrosegrega- 
tion forces become predominant. However, this method is suitable only for discrete measurements in sta- 
tionary conditions not sa t is fying the r equ i r emen t s  of continuous control ,  since it  is not poss ib le  to obtain 
a continuous flow of the m a t e r i a l  undergoing vibra t ion and being power-packed  at the same  t ime.  
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