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On the bas is  of an exper imenta l  investigation recommendat ions  a re  given for  the computation 
of nonuniformit ies  of the motion of a l aye r  along an inclined sur face  in the p r e sence  of t r a n s -  
v e r s e  blowing. 

The p re sen t  work has been done in connection with the investigation of heat exchangers  with inclined 
t r a n s v e r s e l y  blown layer .  Such a layer  has the following advantages  over  a ver t ica l  one: a) the height of 
a hea t -exchanger  with inclined layer  is apprec iably  smal le r ;  b) in a heat  exchanger  with inclined l ayer  one 
of the construct ional  su r faces  bounding the layer  f rom above may be absent ,  which in the case  of blowing 
of po lyd ispers ive  ma te r i a l  e l iminates  the poss ib i l i ty  of soiling of the upper  grid.  Bes ides ,  for higher t e m -  
p e r a t u r e s  of the h e a t - c a r r y i n g  agent  correspondingly  lower h e a t - r e s i s t a n t  ma te r i a l s  can be used. This 
may be one of the ways of increas ing  the maximum t e m p e r a t u r e  of heating. 

A scheme of a heat  exchanger  with inclined t r a n s v e r s e l y  blown layer  is used in k e r a m z i t e  g rave l  
r e f r i g e r a t o r s  [1] developed by the Keramzi t e  Scientific R e s e a r c h  Insti tute.  The use of this scheme in 
ignition of fuel [2] and the rma l  p repa ra t ionof  f ree ly  flowing raw ma te r i a l  for  baking [3] is a lso known. 

In watching the operat ion of nine industrial  ke ramz i t e  r e f r i g e r a t o r s  of s im i l a r  type it is es tabl ished 
that the motion of the layer  of the f ree ly  flowing ma te r i a l  along the inclined sur face  is marked  by a la rge  
nonuniformity of the veloci ty field of the layer  par t i c les ;  as a r e su l t  local values of the t ime of s tay of the 
pa r t i c les  in the hea t -exchange  chamber ,  the final t e m p e r a t u r e  of the pa r t i c l e s ,  the intensity of heat  ex-  
change, and other  indices differ  apprec iably  f rom their  mean values.  This makes  it difficult to sa t is fy  
the technological r equ i r emen t s  on the t r ea tmen t  of ma te r i a l s  (for instance,  r e s t r i c t i ons  on the r a t e  of 
cooling af ter  baking) and also lowers  the mean t e m p e r a t u r e  thrus t  and the eff iciency of the heat  exchangers .  
The coefficients of heat  t r a n s f e r ,  obtained by us in tes ts  on semi indus t r ia l  equipment,  a re  lower than those 
computed for a s ta t ionary  layer  by an o rder  of magnitude or more .  

Data on r ea sons  for  the mechanical  nonuniformity in an inclined t r a n s v e r s e l y  blown layer  a re  not 
avai lable  in l i t e ra tu re .  We have made an a t tempt  to invest igate  this nonuniformity under conditions of 
plane flow. An exper imenta l  bench (Fig. 1) was p repa red ,  in which the bin, the loading device,  and the 
working segment  of the inclined l ayer  have identical width 0.26 m. The unloading and loading is done by a 
uniform motion of a loading ca r r i age  and the p resence  of ver t ica l  s tabil izing entrance and exit  segments .  
The effect of the side walls is e l iminated as far  as poss ible .  The ra t io  of the wid thof the  layer  to the d i -  
a m e t e r  of the pa r t i c les  is more  than 20. One of the walls  is made of g lass .  

The bas is  of the technique is the study of the curves  and fields of the veloci t ies  of tinted pa r t i c les  
introduced in the layer .  The exper iments  were  ca r r i ed  out in the following sequence: for the format ion 
of the layer  the blowing and the loading device were  s t a r t ed  for  a while, a f te r  which s t r eaks  of colored 
pa r t i c les  were  introduced into the l ayer .  F rom photographs taken af ter  a cer ta in  t ime  the local  veloci t ies  
were  computed and the angles of inclination of the f ree  sur face  of the l ayer  were  de termined.  The following 
p a r a m e t e r s  were  var ied in the exper iments :  the angle of inclination of the bed sur face  (grid) fi f rom 0 to 
45 °, the r a t e  of blowing f rom 0 to 3 m / s e c ,  the ave rage  veloci ty of the l ayer  ~'l f rom 2 to 40 m m / s e c ,  
height of the layer  h f rom 50 to 200 ram. The direct ion of blowing and the fo rm of the grid were  also 
changed. The ma te r i a l  used, i . e . ,  ke ramz i t e ,  had par t ic le  s izes  of 2.5-5 and 5-10 mm.  
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Fig .  1. E x p e r i m e n t a l  bench:  a) s c h e m a t i c  d i a g r a m  of  
the  equ ipment ;  b,  e) g r i d s  used  in e x p e r i m e n t s .  

T A B L E  1. P h y s i c a l C h a r a c t e r i s t i c s  of D i s p e r s e d  
M a t e r i a l s  u sed  in the  E x p e r i m e n t s  

Coefficient of friction Keramzite,sample Keramzite, sample 
No. 1, ¢2.5-5mm No. 2, ¢5-10mm 

internal 
On steel 
On fire-clay brick 
On grid: 

type a 
type b 

0,57 
0,494 
0,53 

0,615 
0,429 

0,7 
0,515 
0,657 

o, 685 
o, 575 

F o r  the m a t e r i a l s  u sed  in the e x p e r i m e n t s  the  
p o r o s i t y ,  the  bulk  d e n s i t y ,  and the coe f f i c i en t  of v i s -  
c o s i t y  w e r e  d e t e r m i n e d  e x p e r i m e n t a l l y  b e f o r e h a n d  
(Tab le  1). The v i s c o s i t y  was  d e t e r m i n e d  by  a t r i -  
b o m e t e r  made  by  us .  The c oe f f i c i e n t s  of  f r i c t i o n  
of f r e e l y  f lowing m a t e r i a l s  on c o n s t r u c t i o n a l  m a t e -  
r i a l s  and the b a s e  g r i d s  u sed  w e r e  a l so  d e t e r m i n e d  
on the s a m e  t r i b o m e t e r .  Each  va lue  of the c o e f f i -  
c i en t  of f r i c t i o n  was  ob ta ined  as  the  a v e r a g e  of r e -  
s u l t s  of ten t e s t s .  G r i d s  of the f o r m  b and c (F ig .  
1) and a p l ane  s t e e l  s h e e t  w e r e  used .  F o r  the g r i d  

of form e the effect of the ratio of the width of the slit 5' to the grid step 6 on the coefficient of friction was 
investigated. It was found that for closed steps and large values of 6t/6 the coefficient of friction fe is 
close to the coefficient of friction of the same material on steel. With the increase in the grid step the co- 
efficient of friction approached the coefficient of internal friction of the material. Thus, for fi'/fi = 2.5, 
fe = 0.665. 

Observations of the motion of the layer showed that two types of nonuniformities occur: nonuniformity 
of the particle velocities along the height of the layer (transverse nonuniformity) and nonuniformity of the 
height of the layer along its length (longitudinal nonuniformity). 

In the presence of the nonuniformity of the first type the form of the velocity curve changes from 
convex (reminiscent of the velocitycurve of a turbulent motion) at small values of the coefficient of nonuni- 
fortuity of the particle velocities Wma xl/v¢l to concave for large Wmaxl/~lwith the predominant motion 
interspersed along the free surface of the layer. The reason for this type of nonuniformity is the presence 
of friction of the moving layer on the stationary bed surface. 

The nonuniformity of the height of the layer along its length is a characteristic of the inclined layer, 
in which the upper surface is formed not by a sustaining plane, but by the frictional force, blowing and so 
forth. The free surface formed by these factors can have an angle of inclination smaller or larger than the 
angle of inclination of the bed surface; the height of the layer correspondingly increases or decreases with 
respect to the grid below. 

The criterial relation 

w~ax z/~z = f (K)* 

was used to generalize the experimental data on the nonuniformity of the velocities. The flowage number 
[4] for the moving blown layer occurring here represents the ratio of the inertial forces to frictional forces 
of the layer: 

K* = ~Z Deps/S~C" 

H e r e  -r = L / ~ l .  De was  chosen  as  the  c o n t r o l l i n g  d i m e n s i o n ,  s i n c e  the  f lowage  n u m b e r  c h a r a c t e r i z e s  the 
b e h a v i o r  of the e n t i r e  d i s p e r s e d  s y s t e m .  The s t r e s s  s is ob ta ined  as  the  r e s u l t  of the  ac t ion  of  the f r i c -  
t i ona l  f o r c e  F f r  on the bed  s u r f a c e  F and the ac t i ng  f o r c e s  P a  (co inc id ing  in d i r e c t i o n  with  the d i r e c t i o n  of 
mot ion ,  F ig .  2): 
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Fig. 2. Dependence of the coefficient of nonuniformity of the 
velocities Wmaxl/~ l on the flowage number K*. 

Fig. 3. Dependence of the angle of inclination of the free su r -  
face of the layer  c~ (deg) on the angle of inclination of the bed 
surface fi(deg): 1) keramzi te  No. 1 on steel; 2) keramzi te  No. 2 
on steel; 3) keramzi te  No. 2 on grid c; 4) keramzi te  No. 2 on 
grid b. 

s = (Pa--Ffr )/F. 
The frict ional foree Ffr is obtained by multiplying the sum of the projeettons of the forces of weight 

and statist ical  and dynamical components of blowing on the y axis by the eoeffictent of external frietion fe: 

Ffr : fe (G. + Pi t + P Ynt 

The foree aeting in the direetion of motion is equal to the sum of the projections of the above-men-  
tioned forces on the x axis: 

Pa = +BrYn . 

In the experiments the flowage number was varied from 400" 10 -4 to 0.5 • 10 -4 (Fig. 2). The coeffi- 
etent of uonuniformity changed from 2.2 to 1.09, thus reaching sat isfaetory values for small  K*. The ex- 
perimental  data a re  well approximated by the relation 

Wmax Z/-~l = 2.42 (K*) °'1°9. 
The main possibil i t ies of the action of the coefficient of flowage are  included in s which can be con- 

trolled through such factors  as the intensity and direction of blowing, and also the angle of inclination of the 
bed surface and the coefficient of friction of the material  on the bed surface.  

Froude number Fr = gDe /~  ~ was varied from 103 to 5.105. In this range the coefficient of nonuni- 
fortuity of the velocities is selfs imilar  with respec t  to Froude number,  since it is considerably la rger  than 
the cri t ical  number F r c r  -~ 5 [5], which indicates the compact s t ructure  of the moving layer.  There were 
no breaks and pseudomotions of the layer  observed in the experiments.  

Since in all three dispersed mater ia ls  and three bed surfaces  were investigated, it was possible to 
t race only a qualitative dependence of the coefficient of nonuniformity of the velocities on the coefficients of 
internal and surface friction: with their increase the nonuniformity increases ,  other conditions being equal. 
The nonuniformity of the second type, i .e . ,  the nonuniformity of the layer  thickness along its length, was 
investigated mainly as a function of the slope of the bed surface and blowing of the layer .  The effect of the 
angle of the bed surface fi on the angle of the free surface a is i l lustrated in Fig. 3. In these experiments 
the angle of the bed surface was varied from 21 to 45 °. Two types of probe and three types of bed surface 
were used. There was no blowing. The effect of the angle of inclination of the bed surface on the angle of 
inclination of the free surface a is more noticeable than the effect of coefficients of internal and surface 
friction of different mater ia ls .  The points lie about the straight line 

u = 0 . 6 8 ~ + 1 1  ° . 
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The effect  of the second fac tor ,  i . e . ,  blowing, is shown in Fig. 4. The intensity and direct ion of 
blowing has a significant effect  on the angle of inclination of the f ree  su r face  of the layer .  The graph shows 
the dependence of the ra t io  of the angle of inclination of the f r ee  surface  c~ to the angle of internal  fr ict ion 
~0 on Re for k e r a m z i t e  No. 2 (Table 1). Curve 1 joins the values of oeAo = f(Re) for the angle of tncitnation 
of the bed sur face  equal to 26~ T. 

The curves  a r e  s imi l a r  in fo rm and have three  cha rac t e r i s t i c  segments .  The segment  a in the zone 
of sma l l e s t  values of Re is cha rac te r i zed  by a nonsteady motion in j amming  and collapse of the layer .  Seg- 
ment  b is the s teepes t  and is cha rac t e r i zed  by a l inear  dec r ea se  of the angle of inclination of the f ree  s u r -  
face of the l aye r  with the inc rease  in Re. It  is the opera t ing segment  for  heat  exchangers  with compact  
unmixed blown layer .  The third segment  c is a t rans i t ion to the pseudoliquefactton of the l ayer .  The 
points ,  at  which the angle of inclination of the bed sur face  is equal to the angle of inclination of the f ree  
sur face  of the l aye r ,  lie on the operat ing segments .  The intensity of blowing, n e c e s s a r y  for creat ing a 
l aye r  of equal thickness  for  di f ferent  angles of inclination of the bed sur face ,  can be found f rom curve 5 
joining these  points.  

Wmax l and Wl 
K* and F r  
fe and fin 
PS and p 
De 
T 
C~ 

N O T A T I O N  

a r e  the maximum and ave rage  veloci t ies  of the layer ;  

a r e  the flowage number  of the layer  and Froude number;  
a r e  the coefficients  of sur face  (external) and internal  friction; 
a r e  the densi ty of solid pa r t i c l e s  and gas; 
is the equivalent d i ame te r  of the layer ;  
is the t ime of motion of the layer ;  
is the angle of inclination of the f ree  sur face  of the layer ;  
is the angle of inclination of the bed sur face  (grid); 
is the angle of internal  fr ict ion.  
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3, 
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