
E F F E C T S  O F  W A L L  R O U G H N E S S  ON P R E S S U R E  

L O S S  AND V E L O C I T Y  D I S T R I B U T I O N  F O R  A I R  

I N  F I X E D  AND M O V I N G  G R A N U L A R  L A Y E R S  

V.  K. D u r n o v  a n d  V.  N.  T i m o f e e v *  UDC 532.546 

Increase  in fr ict ion between the mater ia l  and the wall under counterflow conditions is 
accompanied by a reduction in the p res su re  loss and an increase  in the nonuniformity of 
the gas flow in a horizontal  c ross  section of the bed. 

The proport ion of a granular  mater ia l  in effective contact with the wall is usually expressed via the 
geometr ical  rat io d /D  and is governed by a number of factors  [1-4]. 

The effects of the geometr ica l  simplex on the p re s su re  loss have been examined [5-7], but these stud- 
ies were for a stat ionary layer ;  if one has a moving close-packed gravitat ional  layer,  one gets a layer  near 
the wall with distorted open s t ruc ture  whose thickness is largely dependent on the fr ict ion between the ma-  
terial  and the wall [8-13]. It is also c lear  that the porosi ty  of the layer  as a whole will also be dependent 
on the wall roughness.  Both of these factors  should be reflected in the total p r e s s u r e  loss and in the d is -  
tribution of the gas flow in a horizontal  c ross  section of a bed if one var ies  the coefficient of fr ict ion.  

Consider a layer  consist ing of two par ts :  one near  the wall and a central one, which differ in packing 
density. We assume that the p res su re  distribution is the same throughout the c ross  section, and then 

APw = APe = AP. (1) 

We give as follows the p re s su re  loss over the various par ts :  

h ~v~, 
hPw = ~ - D - "  2g ' 

Also, general  considerat ions give that 

F = Fw, + Fc; 

(2) 

h vv~ (3) 
APe : ~ d 2g 

W = W w + W c; V w, = W w/Fw; V c =  Wc/Fc. (4) 

We use (4) to represent  the reduced velocity throughout the c ross  section as the weighted-mean one: 

V =  Vw ' Fw, , Fc 
" F " V c - - F "  

F r o m  (1) together with (2) and (3) we get 

Then (5) may be put as 

*Deceased. 

V W - - V  c 

l 
D ) T .  
d 

V = V c (  L 
D i - - F  v F c ,  
d ) 2 - - 5 - ~ - +  c--if- 

(5) 
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Fig. 1. Model of blast furnace (volume 0.069 m3) �9 1) com- 
mon gas line, 2) skip; 3) receiving hopper; 4) smal l  cone; 
5) large cone; 6) charge hole; 7) column; 8) side tempera-  
ture monitor;  9) feed screw; 10) supporting disk with holesl 
11) horizontal strain,gauge; 12) hearth; 13) air  nozzle; 14) 
annular air  inlet; 15) outlet; 16) cutter drive shaft; 17) re -  
ceiver;  18) two-way distribution stopcock; 19) reduction 
gear .  

whence 

V 

We making the following two assumptions: 

a) The coefficient for the aerodynamic resistance to the gas flow moving along the wall is propor- 
tional to the square of the coefficient of friction for the material at the wall, i.e., 

(6) 
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)~ = K~f~w ; (7) 

b) The relative area of the wall layer is represented by Fw/F and is proportional to the above geo- 
metrical ratio for the layer, i.e., 

d (8) 
K 2 - -  

D 
F w  

F 

Then these assumptions give with (6) that 

h 7 
ARc = ; -5-" 2g 

where 

V 2 
1 

l 

The change in the p res su re  loss with wall roughness under otherwise equal conditioms is defined by 

AP~ ~.2 l �9 

Consider the relative magnitude of the flow occurr ing in the par t  near  the wall; the above relat ionships 
enable us to put that 

1 

W,wi = ( ~ D "-~-') W - - W  w Fw.. 
Z, d , F c 

(9) 

(10) 

This express ion is t ransformed to give finally that 
l 

0( V , 
Ww fw 
W l 

(11) 

The unknown quantity in (10) and (11) is 0, which may be determined by experiment,  where the coefficient 
of f r ic t ion at the wall is a variable quantity. The rat io [1/~2 may be replaced by the following express ion 
(14, 15]: 

~__L1_ 1 - - e ~ ( e  2 / 3 " (12) 

~ 1 -  e~ \ e t / 

The experiments  were done with a cold model for a blast furnace (Fig. 1). Full details have been 
given elsewhere [16]. In place of the shaft of the blast furnace we had a cylindrical  steel pipe of diameter  
320 mm and height 890 ram; instead of the mater ia l  loaded into the column we used loading via an inter-  
mediate funnel and grid (random loading). The speed of the mater ia l  was constant at 12 m m / m i n  in all 
cases .  The wall roughness was provided by depositing electroteehnical  graphite or f ine-grained emery  
powder on the wall. The traveling medium was a coke in nar row fract ion s izes :  2-3, 3-5, or 5-7 mm. 
We took into account the transient  response time, which is involved in the s t ruc ture  al terat ion when the 
layer  passes  f rom the immobile state to the mobile one [17]. Table 1 gives the porosi ty and coefficient of 
fr ict ion at the wall. 

We draw up a sys tem of three equations for the immobile layer :  

1 

, . 0  , § 
\ ~ ~ z % o  7 " , APe0 1--aeo ' " 1 +Ogo [g 
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Fig. 2. Effects of wall fr ict ion on pressure  loss AP (mm) 
w a t e r a s a  function of air  speed V (m/sec) ;  A) coke 2-3 mm 
fraction;  B) ditto 5-7 mm; 1) a t  res t ;  2-4) moving, for fwof: 
a) 0.39; b) 0.57; c) 0.80. 

I [ 12 l+ _-~s hPgo l--ago (eso  ~a . Oso 1 , 

( _ ~ _ ) T  1 AP,so 1--eso \ ego / 1 +Og o V 

i 

�9 ~s 

(13) 

From the experimental  data (curves 1A and 1B of Fig. 2) we find APg 0 / A P c 0  = APg 0 / A P s 0  = APs  0 / A P e  0. 
for the immobile layer,  so one can determine 0 for various coefficiefits of fr ict ion.  

The value of 0 for a moving layer  may be determined, for instance, f rom the following equation for a 
steel  wall: 

APs0 
APsm 

l--eso ( 8sm /a [ 
I -- ~sm 

1 +  sm_k D ] -~c . 

fc 

(14) 

Here fs remains  constant for immobile and mobile layers ,  in accordance with the above assumption. 

In (14), we take the ratio of the p ressure  loss for the immobile and mobile layers  in accordance with 
Fig. 2 (curves 2A-4A and 2B-4B), but for an infil tration rate not exceeding the limiting value, i.e., a speed 
at which there was no additional expansion of the layer  in response to the lifting forces of the r is ing gas 
flow [18]. 
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We solve (13) and the three analogous equations of (14) to get 
0 for all cases  of interest  (see Table 1). 

Table 2 gives the observed and calculated changes in the 
p res su re  loss for  the coke in the var ious  fract ions in the immobile 
and mobile beds; Equation (11) gave the proport ion of the flow in 
the part  near  the wall. 

Table 1 shows that the porosi ty  of the granular  layer  in- 
c reases  with the coefficient of fr ict ion; for an immobile and finely 
divided material ,  there is a r ise  in the porosi ty  to a smal le r  ex- 
tent than that found with a moving coa r se -g ra ined  material ,  which 
means that the p re s su re  loss will be reduced when the layer  is 
mobilized and when the coefficient of f r ic t ion at the wall increases  
(whether the layer  is immobile or mobile). On the other hand, in- 
c r ease  in the coefficient of fr ict ion changes the distr ibution of the 
gas flux over  the radius of the layer;  in an immobile layer  there is 
a reduction in the flow near  the wall, while in a counterflow case 
there is a r ise (Table 1). 

A r ise  in the gas flow nonuniformity due to the radial  s t ruc-  
ture of the granular  layer  is accompanied by a reduction in the 
overal l  p re s su re  loss;  flow equalization resul ts  in an increase  in 
the loss.  

P o r o s i t y  increase  and reduction in flow nonuniformity for an 
immobile layer  cause the p res su re  loss as a function of coefficient 
of fr ict ion to be represented essential ly by a single curve (Fig. 2); 
in the case of countercurrent  flow, the two factors ,  ( increased 
porosi ty  and nonuniform velocity distribution) together facilitate 
reduction in the p res su re  loss.  The par t  of Fig. 2 for counter-  
cur rent  flow is c lear ly  represented by three curves corresponding 
to the different coefficients of fr ict ion at the wail. 

Table 1 also shows that the exact magnitude of the flow non- 
uniformity increases  with the grain  size and remains  substantial 
even when d / D  is less than 0.01. 

It is c lear  f rom the experiments and calculations that in- 
c reased  wall roughness reduces the nonuniformity in the air  d is -  
tribution along a radius when the layer  is immobile, whereas one 
gets an increase  in the nonuniformity when we have a countercur -  
rent situation. 

We made tests  on the partit ion of the flow over the radius for 
immobile and mobile layers  with various wall roughnesses  for this 
apparatus by the method of [19]; the entire c ross  section of the bed 
was divided into five concentr ic  zones equal in area .  Around the 
c i rcumference  of each zone we placed 38 naphthalene spheres  of 
d iameter  close to the linear d iameter  of the bed grains .  The 
height of the zone where the spheres were emplaced was 850 mm 
above the zone of flow stabilization near  the bottom, the level of 
this being 1 /8  of the radius of the bed. 

Figure 3 shows in relative coordinates the average resul ts  
for  severa l  runs with the two states  of motion and var ious  wall 
roughnesses;  the general  trends in the curves  agree well with the 
resul ts  considered above. There  is a nonuniformity in the air  
speed along the radius for the immobile bed (curve 2), which be- 
comes more  marked when the bed begins to move (curve 4). The 
maximum in the air  flow speed also moves towards the wall. 
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T A B L E  2. O b s e r v e d  and C a l c u l a t e d  P r e s s u r e  L o s s e s  fo r  C o t m t e r c u r -  
r e n t  F l o w  with Rough W a l l s  

Coke fraction 

2--3 

3--5 

5--.7 

_ Pressure loss change _ _  

APgm ~Pgm AP,sm 
A~em APsm APem, 

1,20 
! ,19 
1,21 
1,23 
1,27 
1,24 

1,09 
1,06 
1,08 
1,09 
1,08 
1,05 

1,13 
1 ,ll  
I ,15 
1,12 
1,17 
1,19 

Notes 

Obs 
Calc 
Obs 
Ca lc 
Obs 
Calc 

Vr/Vp I I F ig .  3. R e l a t i v e  d i s t r i b u t i o n  of f low 
1.1 / $ . ~ :  ~ _  , v e l o c i t y  o v e r  r a d i u s  of l a y e r  of coke  

f r a c t i o n  5 -7  ram:  1) i m m o b i l e  l a y e r ,  
' f f " ~ .  ~ O : ~ - ' ~ t '  g r a p h i t e  wal l ;  2) e m e r y  wa l l ;  3) m o b i l e  

0.91 -o " - " - - " - ' ~  ~ '  l a y e r ,  g r a p h i t e  wa l l ;  4) e m e r y  wa l l  (Vp: 

o.4 �9 "~'~ - - - . . 2 ~  i va lue  of f low v e l o c i t y  at p e r i p h e r y ;  V r 
0 0.2 0.4 0.6 o.s rr /rrUnning va lue ;  r :  r a d i u s  of l a y e r ;  r r :  

r u n n i n g  va lue  of r a d i u s .  

The  o v e r a l l  c h a r a c t e r i s t i c s  w e r e  u s e d  to c a l c u l a t e  the  a c t u a l  change  in  a i r  s p e e d  when the i m m o b i l e  
l a y e r  i s  s e t  in m o t i o n  ( for  the c a s e  of a wa l l  c o v e r e d  with e m e r y ) .  

The  amoun t  of m a t e r i a l  e v a p o r a t i n g  f r o m  the s u r f a c e  of a g r a i n  in  uni t  t i m e  i s  p r o p o r t i o n a l  to the  gas  
f low s p e e d  V and the m a s s - t r a n s f e r  s u r f a c e  S [19]: 

1/n (15) 
Aq = KSV , 

w h e r e  n is  a quan t i ty  c h a r a c t e r i z i n g  the m o d e  of mo t ion ;  i t  fo l lows  f r o m  (15) tha t  

1/n 
Aq0 KSVo 
Aqm - . ~ .  i / n  (16)  

~5Vm 

The  t e s t  was  run  a s  fo l l ows .  A i r  was  b lown th rough  i m m o b i l e  and m o b i l i z e d  b e d s  of 2-3  m m  coke  f o r  an 
h o u r  at  the  s a m e  b l o w e r  output ;  the  weight  l o s s  in the naph tha l ene  s p h e r e s  (of i d e n t i c a l  s i z e  in both  c a s e s )  
was  l a r g e r  by  a f a c t o r  2.3 fo r  the i m m o b i l e  bed,  and we had  f r o m  (16) tha t  

1/n 
2,3 = (vo/vm) 

We had  m = 0.67 fo r  Re --- 144 u n d e r  the cond i t i ons  u sed .  

Then  the fo l lowing  i s  the change  in the  a c t u a l  a i r  f low s p e e d  when the bed  i s  m o b i l i z e d ,  a s  a v e r a g e d  
o v e r  the r a d i u s :  

Vo/Vm= 1,75. 

T h i s  f a l l  in the  s p e e d  i s  due to i n c r e a s e  in  the  p o r o s i t y  and e f f ec t s  of the  i n c r e a s i n g  n o n u n i f o r m i t y  in  
the v e l o c i t y  d i s t r i b u t i o n  when the bed  ,is m o b i l i z e d .  

Thus  the wal l  r o u g h n e s s  h a s  a m a r k e d  e f fec t  on the s t r u c t u r e  of a c o u n t e r c u r r e n t  l a y e r ,  which  i s  
r e f l e c t e d  in the  change  in  the  p r e s s u r e  l o s s ,  a s  wel l  a s  in  the v e l o c i t y  d i s t r i b u t i o n  and in the  b e h a v i o r  of 
the g a s  a long  the r a d i u s .  Al l  of t h e s e  f a c t o r s  should  have  an  a p p r e c i a b l e  e f fec t  on the h e a t  and m a s s  
t r a n s f e r  in  such  a s y s t e m .  

When one i s  u s ing  m o d e l s  fo r  a e o u n t e r c u r r e n t  p r o c e s s ,  one m u s t  t ake  into  accoun t  the  wa l l  rough~- 
n e s s  a s  r e g a r d s  the  f ina l  r e s u l t s  not  only  by m e e t i n g  the r e q u i r e m e n t  ( d / D ) n a t  = ( d / D ) m o d  but  a l s o  b y  
m e e t i n g  the s p e c i f i c a t i o n  (fw)nat = (fw)mod.  
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N O T A T I O N  

AP is the p r e s s u r e  loss;  
V is the reduced gas flow velocity;  
D is the d iamete r  of the layer ;  
d is the charac te r i s t i c  dimension of the par t ic les ;  
F is the c ros s - sec t iona l  a r ea  of the layer ;  
W is the amount of gas;  
h is the height of the layer ;  
7 is the specific weight of the gas;  

fw 

g 

g 

is the coefficient of f r ic t ion at the wail; 
a re  the aerodynamic res i s tance  coefficients for  the a i r  moving along the wall and in the layer ,  r e -  
spect ively;  
is the porosi ty  of the layer ;  
is the acce lera t ion  due to gravi ty .  

S u b s c r i p t s  

w 

c 

P 
g 
s 

e 
o 

m 

denotes the wall; 
denotes the cent ra l  par t  of the layer ;  
denotes the per iphera l  par t  of the layer ;  
denotes the graphite wall; 
denotes the steel  wall; 
denotes the emery  wall; 
denotes the immobile layer ;  
denotes the mobile layer .  
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