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A granu la r  medium consis t ing of i r r e g u l a r l y - s h a p e d  pa r t i c l e s  s im i l a r  in s ize and with an 
ex t r eme ly  rough sur face  is cons idered .  

This  pape r  const i tutes  a continuation of e a r l i e r  invest igat ions published in [1]. 

The influence of the geome t r i ca l  s implex  of a l aye r  of the kind envisaged has  been studied by a num- 
b e r  of authors  [2:-8], but a lways fo r  a s ta t ionary  l aye r  and without p r o p e r  al lowance for  the effects  of the 
exper imenta l  conditions.  Quanti tat ive recommenda t ions  as  to the choice of the D/d  ra t io  when s imulat ing 
l aye r  p r o c e s s e s  differ  by an o rde r  of magnitude as  between different  au thors .  In recent  y e a r s  Gorbis  and 
col leagues have c a r r i e d  out a s e r i e s  of invest igat ions [9-11], f rom which it follows that, during the f o r m a -  
tion of s t ruc tu re  in a loose medium,  compl ica ted  physical  phenomena take place at  the boundar ies  with the 
wall .  The degree  of influence of the ra t io  D/d  on the development  of heat -  and m a s s - t r a n s f e r  p r o c e s s e s  
and gas -dynamica l  phenomena in such cases  may  change substant ia l ly  as a r e su l t  of changes in the s tate  of 
the walls ,  the sur face  p rope r t i e s ,  the shape of the pa r t i c l e s ,  and so on. It was shown in [1] that the rough-  
ness  of the walls  had a cons iderable  influence on the s t ruc tu re ,  not only in the region c lose  to the wall,  but 
a l so  over  the whole l aye r .  

The number  of invest igat ions re la t ing  to a compact  gravi ta t ing l aye r  is  e x t r e m e l y  l imited,  although 
this type of loose medium is widely encountered in indust r ia l  p r o c e s s e s  (in shaft p r o c e s s e s  during the r e -  
mel t ing  of pig i ron and nonferrous  me ta l s ,  the roas t ing  of var ious  m a t e r i a l s ,  and the rma l  power  sys t ems) .  

Our expe r imen t s  were  c a r r i e d  out in the model  of a shaft  furnace i l lus t ra ted  schemat ica l ly  in Fig. 1. 
This  enabled us to e l iminate  the influence of the var ia t ions  taking place  in the fo rm fac tor  of the f r agments  
with varying s ize .  The D/d  ra t io  was var ied  by using shafts  of different  d i a m e t e r s .  Different  deg rees  of 
wall  roughness  were  c rea ted  by deposit ing e lec t ro technica l  graphite  or  f ine-gra ined  e m e r y  powder on the 
inner  sur face  of the shaft .  The pr inc ipa l  d imensions  of the shafts  and the coefficient  of f r ic t ion of coke in 
a s tate  of r e s t  re la t ive  to walls  of differ ing roughness  a r e  indicated in Table 1. 

The e r r o r  in de termining  the coeff icient  of f r ic t ion of the m a t e r i a l  with r e spec t  to the wall  amounted 
to ~5%. 

The poros i ty  of the l aye r  was de te rmined  f r o m  the bulk and apparen t  densi t ies  of the coke, and the 
hydraul ic  r e s i s t ance  was deduced by measu r ing  the loss  of head over  the height of the l ayer  and the total  
ra te  of a i r  flow pass ing  through the la t te r .  The m e a s u r i n g  e r r o r s  of these quanti t ies never  exceeded +1%. 

In o rde r  to reduce  the exper imenta l  e r r o r  a s soc i a t ed  with the additional reduct ion in coke par t i c le  
s ize in success ive  tes t s  due to the loading, moving,  and unloading p r o c e s s e s ,  we sys temat i ca l ly  rec leaned  
the whole m a s s  of m a t e r i a l  and r emoved  the 3 m m  frac t ion  a f t e r  eve ry  8-10 exper imen t s .  The m e a s u r e -  
ments  showed that the number  of coke pa r t i c l e s  s m a l l e r  than 3 m m  was in this case  around 2.0-2.5%. 
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Fig. 1. Arrangement  of the apparatus:  
1) bunker with trap (gate); 2) mesh 
(screen); 3) v ibrator ;  4) demountable 
shaft with static p r e s su re  takeoff 
points; 5) a ir  conduit; 6) a i r  supply 
tuyeres ;  7) mater ia l  d i ssec tor ;  8) 
rotating blades to remove mater ia l  
f rom the shaft; 9) receiving bunker;  
10) gates for removal  of mater ia l ;  11) 
blade drive; 12) diaphragm for  mea -  
suring air  flow. 

TABLE 1. Pr incipal  Geometr ical  P a r a m e t e r s  of 
the Interchangeable Shafts and Coefficient of F r i c -  
tion between the Coke and the Wall 

Type of coating and coef- 
ficient of friction on the 
wall 

Graphite fg = 0.45 

Untreated steelfs = 0 . 5 7  

Fine-grained emery powder 
fe = 0.72 

' Dia mete__ r of__the.shaft, m_m Height 

96 12o IG~ 2-~ 32O 400 of the 
isha ft, mm 

-- l 

1 ! 
I 

1 

- -  1 

1 1 

1 1 

Despite the fact that a comparat ively narrow 
fract ion of coke was employed in these experiments ,  
during the motion of the mater ia l  in the s tore  bun- 
ker  which occur red  while filling or emptying the 
la t ter ,  we noted a fluctuation in the size dis t r ibu-  
tion and segregat ion of the par t ic les  with respec t  
to size in the in ter ior  of the bunker. This led to a 

- -  89o considerable stat is t ical  sca t ter  in the resul ts  of 
I 890 exper iments  ca r r i ed  out in shafts of small  d iameter  

(D = 96-166 mm) when the volume of mater ia l  in 
l s90 these amounted to 3-10% of the total mass  of coke 

taking par t  in the experiments .  In order  to obtain 
the number of experiments  was therefore  increased  by comparison r ep resen ta t ive  resul ts  for  such shafts, 

with shafts of l a rge r  d iameters ,  in which the fluctuations and segregat ion of the mater ia l  with respect  to 
par t ic le  size in the s tore  bunker exerted no ser ious  influence. 

In o rde r  to eliminate subjective fac tors  associa ted  with the manual loading of the mater ia l  into the 
shaft, we used an intermediate  b u n k e r - s c r e e n - s h a f t  sys tem ("shower" loading}. 

During the motion of the charge allowance was made for  the time taken by the t ransient  p rocess  in 
which the layer  passed f rom the stat ionary into the moving state [12]. 

Finally the whole se r ies  of experiments  was randomized,  which also tended to reduce the e r r o r s  
associa ted  with changes in the charac te r i s t i c s  of the loose mater ia l  f rom one experiment  to another.  

The whole complex of measures  just indicated great ly  increased  the labor involved in the exper i -  
ments,  but it also substantially reduced the measur ing  e r r o r ,  which ultimately proved to be one of the 
mos t  important  factors  in making a final choice of the method of conducting the experiments .  

Determinat ion of the Mean Poros i ty  of the Layer .  Altogether  we ca r r i ed  out 77 experiments ,  the 
resul ts  being presented in Fig. 2. 

The experimental  dependence of the mean poros i ty  of the layer  on the rat io D/d may be approximated 
by a hyperbola of the type 

~ =  a - - + b ,  (1) 
n 

where a and b are  constants .  
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Fig.  2. Influence of the geomet r i ca l  s implex  of the l aye r  (D/d) 
on the poros i ty  for  var ious  deg rees  of roughness  of the enclosing 
walls:  I) shaft wails covered  with e lec t ro technica l  graphi te ;  II) 
shaft  wails  consis t ing of unt rea ted  s teel ;  III) shaft  wails  covered  
with f ine ly -d i spe r sed  e m e r y ;  A) moving layer ;  B) s ta t ionary  
l aye r .  

In o r d e r  to e lucidate  the physica l  meaning of the constants  in Eq. (1), le t  us cons ider  the specif ic  
fo rm of the l a t t e r  for  each exper imenta l  curve  of Fig. 2. It follows f rom Table 2 and Eq. (1) that the co-  
efficient  b is  the poros i ty  of a l aye r  un re s t r i c t ed  by wails (case of n ~ ~o). F o r  any finite s ize of the l aye r  
the mean  poros i ty  will a lways be  g r e a t e r  than that of a l aye r  un re s t r i c t ed  by walls ,  while the coeff icient  b 
may be r ega rded  as the poros i ty  in the cen t ra l  pa r t  of a l aye r  of finite dimensions  (ec). 

Thus the p r e s ence  of a l ayer  with a loose r  s t ruc ture  than the main bulk c lose  to the wall  a lmos t  a l -  
ways leads to a ce r ta in  ove re s t ima te  of the mean  poros i ty  of the l aye r ,  as  compared  with one un re s t r i c t ed  
by waits .  

F o r  any specif ied value of the i nc remen t  in the mean  poros i ty  of the r ea l  l aye r  over  the poros i ty  of 
a l aye r  un re s t r i c t ed  by walls  (or the poros i ty  in the cen te r  of the rea l  layer ) ,  somewhere  within the range 
of our  expe r imen t s  there  is  a lways a comple te ly  speci f ic  value of D/d  (Table 2). Some conclusions which, 
in our  own view, a r e  e x t r e m e l y  in te res t ing  follow f r o m  these data.  

In both s ta t ionary  and moving l aye r s  the ra t io  D/d  i n c r e a s e s  with inc reas ing  wall  roughness  for  the 
same  specif ied excess  of the mean  poros i ty  of the l aye r .  We find, on compar ing  the mean poros i t i e s  of 
the s ta t ionary  and moving l aye r s  under  o therwise  equal conditions, that  the ra t io  D/d  for  the moving l ayer  
is  a lways s m a l l e r  than for  the s ta t ionary  one. 

In actual  fact ,  the g r e a t e r  the fr ic t ion between the l aye r  and the s ides of the vesse l ,  the m o r e  does 
the pe r tu rb ing  influence of the wall  on the s t ruc tu re  of the l aye r  appear .  On the other  hand, it is  well  

TABLE 2. Dependence of the Geomet r i ca l  Simplex on the 
Specified E r r o r  in the Mean Poros i ty  and the Coefficient of 
Fr ic t ion  with the Wall 

of wall, coef. of fr ic-  [Spe- Type 
t ion of the mater ia l  with [cffled 
the wall  in state of rest, and[error 
,,form of the equation [: 

Wall  coated with electro - 
te chnica I graphite 
fg = 0.45 

_ 1 , 5 0  

s x = - - @ 0 , 3 3  
n 

% = 1,35. +0 ,37  

Untreated steel wall  
fs = 0.67 

= 2,10 @0,33 
n 

~_ = 1,68 +0,38 
n 

Wall coated with f ine- 
grained emergy fe 
= 0.72 

e, = 2'4--~4-4 +0 ,34  
n 

- 1,70 
e~ = - -  +0 ,40  

n 

Mean porosity of 

. . . .  

0,0 0 , 3 3  0,37 
--}-3,0 0.34 0,38 
+5,0 0,35 0,39 
-}-8,0 0,36 0,40 

-}-12,0! 0,37 0,42 

0,33 0,38 0,0 + 3 , 0  0,34 0,39 
-}-5,0 0,35 0,40 
+8,0 0,36 0,41 

-{-12,0 0,38 0,42 

0,0 0,34 0,40 
-t-3,0 0,35 0,41 
-{-5,0 0,36 0,42 
+I-8,0 0,37 0,43 

+12,0 0,39 0,45 

~eomet r i ca l  simplex 
_ _  ~ f t h e  layer_...______ 

i stat ion- 
ary moving 

a o  o o  

150 123 
88 71 
56 45 
38 29 

o o  c o  

191 143 
124 83 
78 53 
47 34 

9O CO 

244 142 
143 85 
87 53 
58 35 
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TABLE 3. Poros i ty ,  Number  of P e r t u r b e d  Rows in the 
Wall Region of the Laye r ,  and Genera l ized  Charac te r i s t i c  
(c) of a L a y e r  of Coke (3-5 m m  Frac t ion) ,  E x p r e s s e d  as  
Functions of the Coefficient  of Fr ic t ion  between the Mate-  
r i a l  and the Shaft W a l l  
Type of walland coefficient of 
friction between the material  and 
the wall* 

Walls covered with el~ctrotectmica] 
graphite, fg = 0.45 

Untreated steelwalls,  fs = 0.57 

Walls covered with finely-dispersed 
emery powder, fe  = 0.72 

Static 

~ 8  m c 

0,13 6 970 0,14 

0,13 8 950 0,14 

0,13 10 900 0,14 

In motion 

~ 8  m C 

5 818 

6 795 

7 744 

*Only for a stationary layer. 
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Fig.  3. C o m p a r a t i v e  data regard ing  
the influence of the geome t r i ca l  s i m -  
plex of the l aye r  on the m e a n p o r o s i t y :  
1A-3A) s ta t ionary  l aye r ,  our  own data;  
1B-3B) moving layer ,  our  own data; 
4A) f r o m  [6, 7]; 5A) f r o m  [4]. 

granules  of r egu la r  shape and a s tee l  wall  
>_ 20. Under  the conditions of our p r e s en t  
1A-3A and 1B-3B). 

known that the coefficient  of f r ic t ion is a lways g r e a t e r  in motion 
than in a s tate  of r es t .  It is  thus reasonable  to expect  that in a 
moving l aye r  the s t ruc tu ra l  pe r tu rba t ion  will a lways appear  to 
a l e s s e r  extent than in a s ta t ionary  l aye r .  

It follows f r o m  these s a m e  data (Table 2) that, if  the mean 
poros i ty  of the l ayer  is cons iderably  (12%) g r e a t e r  than that of a 
l aye r  un re s t r i c t ed  by walls ,  the ra t io  D/d  will be g r e a t e r  s t i l l  
- of the o rde r  of 30-50. 

The absolute  value of the poros i ty  in the cen t ra l  pa r t  of 
the l aye r  is  d i rec t ly  re la ted  to the coefficient  of f r ic t ion between 
the m a t e r i a l  and the wall.  The g r e a t e r  the coeff icient  of f r ic t ion,  
the loose r  is the s t ruc tu re  in the cen t ra l  p a r t s  of the l ayer .  Thus 
the influence of the coeff icient  of f r ic t ion between the m a t e r i a l  
and the wall  is not r e s t r i c t e d  to the region adjoining the wall,  
but af fec ts  the s t ruc tu re  of the whole l aye r .  

F igure  3 i l lu s t r a t e s  the r e su l t s  obtained in [4, 6, 7] to-  
gether  with our own data, f rom which it follows that for  polished 
sphe re s  and a smooth wall  (curve 5A) the poros i ty  of the l aye r  
r e m a i n s  p rac t i ca l ly  constant  for  a ra t io  of D/d  - 20. Fo r  
(curve 4A) there  is a substant ia l  change in poros i ty  for  D/d  
expe r imen t s  this re la t ionship  appea r s  st i l l  m o r e  sharp ly  (curves 

Thus,  in view of the g rea t  va r i e ty  of p r o p e r t i e s  cha rac te r i z ing  these loose media and enclosing walls 
which a r e  mos t  f requent ly  encountered in indust r ia l  ins ta l la t ions ,  no unique recommenda t ions  can be made 
as  to the choice of D/d  ra t io  when s imulat ing the p r o c e s s e s  under  l abora to ry  conditions; the specif ic  con-  
ditions have to be  cons idered  eve ry  t ime .  

It is  of pa r t i cu l a r  in te res t  to de te rmine  the thickness  and poros i ty  of the l aye r  next to the wall.  
Using the s e m i e m p i r i c a l  equation of Verman  and Baner jee ,  Aerov  and Todes  der ived an equation for  a 
cyl indr ica l  shaft ,  re la t ing  the mean  poros i ty  of the l ayer  to the poros i ty  in the pe r iphe ra l  and cen t ra l  r e -  
gions, the geome t r i ca l  s implex  of the l aye r ,  and the thickness  of the boundary region ( layer next to the 
wall) [14]: 

he re  ~ e  = e .w-ec.  By compar ing  Eqs.  (1) and (2) we find 

(3) 
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Fig. 4. Relative change in the head 
losses  (APi /AP)  in a layer  of coke 
(3-5 mm fraction) for various ra t ios  
D/d: 1) shaft wall covered with e lec-  
t rotechnical  graphite; 2) untreated 
steel; 3) covered with fine emery ;  
AP i) head loss for  var ious  D/d rat ios;  
Ap) the same for  D/d = 100. 

After simplifying (3) we obtain 

m 2 -  2nm + an = 0, (4) 
As 

The thickness of the wall par t  of the layer  (with a s t ruc -  
ture looser  than that of the center) amounts to 1-3 d iameters  of 
a typical f ragment  [15, 16] and depends on the coefficient of f r i c -  
tion between the mater ia l  and the wall. Thus for polished steel 
spheres  [4] the thickness of this par t  of the layer  is equal to the 
diameter  of a f ragment;  for  Raschig rings,  alumina Spheres, 
granules of fused magnesi te ,  and corundum it amounts to two 
d i ame te r s  [6, 7]. The fluctuations of Ae here lie within the 
range 

0.1 ~ Ae ~ 0.2. (5) 

It follows f rom Table 2 that the constant a increases  
regular ly  with increas ing degree of roughness of the wall for  
both stat ionary and moving layers .  This type of relationship 
may be associa ted with an increase  in the number of rows next 
to the wall having an abnormally large porosi ty ,  or  with an in- 
c reas ing  value of Ae. 

It follows f rom a numerical  analysis  of Eq. (4) that the constant a depends only slightly on n and is 
unrelated to Ae. 

Allowing for the inequality (5) and the whole-number nature of m, we may take 

m = 4a. (6) 

Let  us calculate the value of AS and m f rom Table 2 and Eq. (4). The resul ts  of the calculation are  
presented in Table 3. It follows f rom these that the increase  in the thickness of the abnormal  region next 
to the wall is re lated to the increase  in the coefficient of fr ict ion between the mater ia l  and the wail. For  
a stat ionary layer  the thickhess of this region will be grea te r  than for a moving layer .  These resul ts  
agree closely with the data of Table 2. 

The change of porosi ty  in the section close to the wall is g rea te r  for a moving than for  a s tat ionary 
layer  and is independent of the coefficient of fr ict ion between the mater ia l  and the wall. This conclusion 
confi rms the resul ts  of our ea r l i e r  investigations [1] obtained by direct  measurements  of the velocity 
fields of the gas phase ac ros s  the radius of the layer .  

The losses  of p r e s su re  head over the height of the layer  were measured  by means of water manom-  
e ters .  Close to each end of the layer  there is a t ransient  gas-phase  velocity field; in the lower par t  of 
the shaft this a r i s e s  f rom the per iphera l  injection of gas, and in the upper par t  f rom the t rans i tory  r e -  
a r rangement  of the s t ructure  due to the motion of the layer ;  the head losses  in these regions were there-  
fore not considered.  

Figure 4 i l lus t ra tes  the resul ts  of our experiments  on passing gas through a layer  of coke in shafts 
of various d iameters  with walls of various degrees  of roughness.  A change in the geometr ical  simplex 
over  the range studied (24-100) for the same roughness of the wall is accompanied by a considerable in- 
c rease  in the head losses .  

Analogous resul ts  were obtained in [3, 17]. 

On analyzing the experimental  data in the form X = (p(Re) we had to choose an equation of the type 

AP = q~ (W), (7) 

which enables us to exclude the influence of D/d  and the coefficient of fr ict ion between the mater ia l  and 
the wail. The most  acceptable form of the equation in our own case was one of the form [14] 

AP = ~_~__c . ~117 ~ 
h h  2 g -~3 ' (8) 

here  c is an experimental  quantity allowing for  the proper t ies  of the par t ic les  and also the degree of rough- 
ness of the wall and the ra t io  D/d.  

708 



~ f  . �9 n [ 

+ ~  
�9 V - - 4 ~  

h - - 5  

tO' fOe " Re 

Fig. 5. Dependence of the layer  res i s tance  X on the Rey-  
nolds number: 1, 2) D/d = 100, untreated steel  wall, e 1 
= 0.36, E2 = 0.39 for the stat ionary and moving layers ,  r e -  
spectively; 3, 4) D/d = 30, wall covered with e lec t ro tech-  
nical graphite,  e3 = 0.37, e4 = 0.41 for  the stat ionary and 
moving layers ,  respect ively;  5, 6) D/d = 42, wall covered 
with fine emery  powder, e~ = 0.41, e6 = 0.44 for the s ta-  
t ionary and moving layers ,  respect ively .  The broken lines 
denote the region of sca t te r  charac te r iz ing  the exper imen-  
tal data without allowing for  the coefficient of fr ict ion be -  
tween the mater ia l  and the wall and the type of motion of the 
layer.  X = A P / H .  e3/e �9 2g/WZ03/, Re = 4 / c .  W 0 T / g ~ .  

Allowing for the well-known relat ionships 

W t = 5 ,  deq= 4e , Re=--WtdeqY, (9) 
e c i.tg 

we may write 

Re = 4W~, 
c~tg (lO) 

In o rde r  to determine the value of c we make use of the well-known express ion for the region in 
which viscous fo rces  predominated 

c= 1 / (11  ' AhWt, tk 

For  this purpose we ca r r i ed  out experiments  in shafts with d iameters  of 120-400 mm having differ-  
eat degrees  of roughness under both s tat ionary and moving conditions, blowing gas through the coke layer  
at fi l tration velocit ies of 0.02-0.04 m / s e c  (10 <_ Re - 20). The resul ts  of our determination of c indicate 
that this quantity is re la ted in a specific manner  to the coefficient of fr ict ion between the mater ia l  and the 
wall and also to the state of the layer  (Table 3). 

The resul ts  are  shown in Fig. 5, a f ter  analysis  in the form X - r The experimental  points all  
lie close to a single curve,  despite the considerable  variat ions in porosi ty ,  the geometr ica l  simplex of the 
layer ,  and the coefficient of fr ict ion between the mater ia l  and the wall. The total sca t te r  is made up of 
the e r r o r s  commit ted in determining the porosi ty  and the coefficient of friction, respect ively .  

If in determining the value of c we take no account of the influence of the walls or  the state of the 
layer  (under s tat ionary or  moving conditions), e i ther  by d i rec t  measuremen t  of the surface area and 
volume of individual f ragments  or  by way of the equivalent d iameter  of a f ragment ,  the sca t te r  in the ex- 
per imental  data will be severa l  t imes g rea te r  than the e r r o r  lust indicated (Fig. 5). 

The resul ts  so obtained (relating to the blowing of a granular  layer  in model form) will depend 
neither on the roughness of the walls,  nor on the rat io D i d ,  nor on the state of the layer ,  although by 
themselves  these conditions have a considerable influence on the s t ruc ture  and loss of head. 
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However ,  if we wish to t r an s f e r  the r e su l t s  f rom the model  to the real  sample ,  the p r o p e r t i e s  of the 
par t ic le  (shape, in terna l  poros i ty ,  sur face  roughness)  should be identical  to those of the sample .  This 
r equ i r emen t  a r i s e s  f r o m  the well-known fact  that for  porous  media the hydraulic  r e s i s t ance  of the l aye r  is 
control led by the s t ruc tu re  and p r o p e r t i e s  of the porous  space ,  which cannot be  analyt ical ly  calculated 
f r o m  the or iginal  c h a r a c t e r i s t i c s  of the l ayer .  

When, for  any pa r t i cu la r  reason ,  it is  imposs ib le  to de te rmine  the genera l ized  cha rac t e r i s t i c  of the 
l ayer  c, in choosing the s imulat ion p a r a m e t e r s  it  is essen t ia l  that the geomet r i ca l  s implex  of the l aye r  
should be specif ied with due allowance for  the p e r m i s s i b l e  e r r o r  (tolerance) of the p a r a m e t e r  under  d i s -  
cussion.  Thus, for  example ,  by  ext rapola t ing  the r e su l t s  of Figs .  2 and 4 it  may be shown that increas ing  
D/d  above 100 is undes i rable ,  since the expected change in the p a r a m e t e r  under  cons idera t ion  due to this 
fac tor  (in the p r e s e n t  case  the r e s i s t ance  of the layer)  will lie within the range of the exper imenta l  e r r o r  
a r i s ing  f rom the changes taking place in the cha r ac t e r i s t i c s  of the l ayer  f r o m  one exper iment  to another .  
However ,  in eve ry  case  the r ecommended  D/d ra t io  wilt be g r e a t e r  for  the l ayer  under  discussion than for  
smooth sphe res .  

In conclusion, i t  should be noted that  the foregoing laws will r ema in  valid when studying hea t -  and 
m a s s - t r a n s f e r  p r o c e s s e s  in s i m i l a r  l aye r s .  
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N O T A T I O N  

is  the  d i am e t e r  of the l ayer ;  
i s  the par t i c le  s ize ;  
i s  the geome t r i ca l  s implex  of the layer ;  
is the poros i ty ;  
is the thickness of the boundary l ayer  (close to the wall); 
is  the number  of rows with changed s t ruc tu re  (m = 25/d); 
~s the loss  of head; 
1s the height of the l aye r ;  
is  the ae rodynamic  r e s i s t ance  of the l aye r ;  
~s the coefficient  of f r ic t ion between the m a t e r i a l  and the wall; 
ls  the genera l ized  c h a r a c t e r i s t i c  of the l ayer  allowing for  the shape,  s ize,  and a i r - p e r m e a t e d  
sur face  a r ea  of the par t i c le  and the s t ruc tu re  of unit volume of the layer ;  
is  the density;  
is  the flow velocity r e f e r r e d  to the total c r o s s  sect ion of the layer ;  
is the Reynolds number ;  
is  the dynamic viscosi ty ;  
is the K o s e n i - C a r m a n  constant ;  
is  the gravi ta t ional  acce le ra t ion .  

S u b s c r i p t s  

c denotes the 
w denotes the 
s denotes the 
g denotes the 
e denotes the 
eq denotes the 
t denotes the 
i denotes the 
1 denotes the 
2 denotes the 

cen t ra l  p a r t  of the l a y e r ;  
wall  pa r t  of the l ayer ;  
unt rea ted  s teel  wall;  
wall  coated with e lec t ro technica l  graphite;  
wall  coated with f ine-gra ined  e m e r y  powder;  
equivalent value; 
t rue  value; 
cur ren t  value; 
s ta t ionary  layer ;  
moving l aye r .  

1. 
2. 
3. 
4. 
5. 
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