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Results are presented from the experimental determination of the free- 
fall velocities of particles (with eomideration of the collisions between 
these) for various flow characteristics. These data are compared with 
theoretical relationships derived earlier. 

The quant i ta t ive  re la t ionsh ips  governing  the mot ion 
and heat  t r ans fe r  of a po lyd i sperse  solid in a v e r t i c a l  
txvo-component flow a re  de te rmined  to a s ignif icant  
deg ree  by the col l i s ions  between pa r t i c l e s  of va r ious  
d imens ions .  The approximate  theore t i ca l  solutions of 
this p rob lem (exist ing in the l i t e r a tu re )  have been de -  
r ived  on the bas is  of numerous  s impl i fy ing a s sump-  
tions [1-4] .  The authors  of these  papers  fai led to take 
into cons idera t ion  phenomena such as the l a t e ra l  d i s -  
p lacement  of pa r t i c l e s ,  the i r  rotat ion,  and thei r  co l l i -  
sion against  the channel wal ls ;  in addition, the pa r t i c l e  
su r faces  were  assumed to be absolute ly  smooth,  e t c . ,  
thus resu l t ing  in the need for  the int roduct ion of sub-  
s tant ia l  co r r ec t i on  fac to rs  into the der ived  analyt ica l  
r e la t ionsh ips .  In this connection,  i t  is of cons ide rab le  
in t e re s t  to under take  an expe r imen ta l  de te rmina t ion  of 
the quant i ta t ive  re la t ionships  governing the co l l i s ions  
of pa r t i c l e s  in a flow and the compar i son  of these  r e -  
la t ionships with the theore t i ca l  solut ions.  

A fundamental  par t  of this p rob lem is the d e t e r m i -  
nation of the quant i ta t ive  re la t ionsh ips  governing  the 
motion of a so l i t a ry  l a r g e - s c a l e  pa r t i c l e  in a two- 
component  flow; it is p r e c i s e l y  to this phenomenon, 
that this p re sen t  paper  is devoted. The inves t iga t ion  
was c a r r i e d  out on an expe r imen ta l  ins ta l la t ion  which 
is made  up of a c losed contour for the sol id and of an 
open contour for  the t r anspo r t  gas (Fig~ 1). Thes tand  

consis ted of g lass  tube 2 (d = 76 ram, L = 9m), pneu- 
ma t i c  feed 1, se t t l ing  chamber  3, f i l t e r  4, hopper  5, 
and vacuum pump 6. The air  flow ra te  was m e a s u r e d  
by means  of a m e m b r a n e ,  while the flow ra t e  of the 
fine f rac t ion  was m e a s u r e d  by weighing the feed m e c h -  
an ism at each opera t ional  s tage.  

Mil le t  was used fo r  the f ine pa r t i c l e s  (52 = 2.25 ram, 
V2 = 7~ m / s e c )  in addition to a nar row f rac t ion  of an 
a lumos i l i ca te  ca ta lys t  with pa r t i c l e s  approx imate ly  
sphe r i ca l  in shape (52 = 2.94 mm,  v2 = 9.73 m / s e c ) ;  
the l a rge  pa r t i c l e s  consis ted  of hollow glass  beads 
which were  f i l led with m a t e r i a l s  of var ious  spec i f i c  
weights  (61 = 5.68-14.36 ram, V1 = 16.5--29.5 m / s e c ) .  

The ave rage  ve loc i t i e s  u2 for  the fine pa r t i c l e s  at 
var ious  concent ra t ions  of the m a t e r i a l s  and var ious  
gas ve loc i t i e s  had been de te rmined  p r io r  to the e x p e r -  
iments ,  as had the values  of the coeff ic ient  k for  the 
r e c o v e r y  of the normal  ve loc i ty  components  of the 
particles on collision. For the determination of uz on 
the stabilization and acceleration segments of the too- 

l ion we used an SKS-1 mot ion -p ic tu re  camera  to f i lm 
the flow at a speed of 800-1500 f r a m e s / s e e .  We c a r -  
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Fig.  1. Diagram of exper imenta l  
stand. 

r ied out 25-40  m e a s u r e m e n t s  in each reg ime .  This 
proved to be suff icient  to prevent  the widths of the 
confidence interval  for  the a v e r a g e - v e l o c i t y  value in 
the ma jo r i ty  of cases  f rom exceeding (0.1-0.15)U2av 
for  a f i v e - p e r c e n t  s igni f icance  level .  

To de te rmine  the values of the coeff ic ients  k we 

m e a s u r e d  the height L0 to which the pa r t i c l e s  had 
r i sen ,  i . e . ,  the pa r t i c l e s  e jected f rom a ce r ta in  
height L af ter  co l l i s ion  against  a hor izonta l  plate.  
Since the Reynolds number  for  the pa r t i c l e s  assumed 
values  in the range Re t = 13-800,  the equation of m o -  
tion for the pa r t i c l e  has the following fo rm [5]: 

u - -  = +_g-- g (1) 
dL 

where  the plus s ign cor responds  to a drop and the 
minus s ign co r re sponds  to a rebound. The integrat ion 
of (1) yie lds  

-g-e L=--t--~In (a--t)~ + 
2a 3 6 a 2 + at + t 2 

a 2 t + a  ~ a V ' 3  
+ ~ -  arctg (2) 

aV~ 18 
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(which denotes the fall ing of the part ic le) ;  

(a + to) ~ 
g---2a ~ Lo = to - -  __a6 In a~ _ at ~ + t~ 

~ - ~  arc tg 2 t o - - a  ~ a v 3  (3) 
a V 3  18 

(which denotes the rebounding of the par t ic le  unt i l  
stopped); here  t = ~u, a = v~. According to the def in i -  
tion, the recovery  factor  is equal to 

k ~  u0 (4) 
U 

For  cata lyst  par t ic les  whose shape is very  close to the 
spher ica l ,  we were  able to de te rmine  the value of k 
with suff icient ly high accuracy:  k c = 0.924. For  the 
mi l l e t  (part ic les  of elongated shape) we der ived only a 
tentat ive value of k m which was equal to 0.51. 

In the f i r s t  s e r i e s  of exper iments ,  for var ious  con-  
cent ra t ions  #2, we de te rmined  the reduced f ree - fa l l  
velocity v�94 for the l a r g e - s c a l e  par t ic le  (the air  velocity 
at which the par t ic le  is ca r r i ed  aloft in a two-phase 
flow) or the min imum velocity for its en t ra inment .  
The exper iments  were  ca r r i ed  out at Re = (61-137) .  
�9 103 for a flow with concentra t ions  of Pz = 0.075-3.54 
kg/kg. The re su l t s  demons t ra te  that the par t ic le  col l i -  
s ions in the flow exert  s ignif icant  effect on par t ic le  
motion, while the effect of the col l is ions  (even with 
insignif icant  concentra t ions)  is commensura te  with 
other forces  affecting the d i spe r se  subs tance  (weight, 
aerodynamic drag). For  example,  a par t ic le  with a 
f r ee - fa l l  velocity V~ = 29.5 m / s e c  at a f ine - f rac t ion  
concentra t ion  of p 2 = 1 kg /kg  may be ca r r i ed  upward 
with a gas velocity amounting only to 17 - 17.5 m / s e c .  

These resu l t s  were  processed  in d imens ion less  
quanti t ies:  

A 
gt = - -  ll~ U~Vi; (5) 

g 

y ~ = 1 - -  (vi/VO 2, (6) 

which a re  easi ly  der ived f rom the equations of motion 
for the par t ic les  of the l a r g e - s c a l e  f ract ion [4] 

g [(v,/VO ~ - -  II + a A ~ u2vl = 0. (7) 

Here we have introduced the denotation 

3 (I + k)pg(6~+~2) 2 
A -  4 pi63z -~ P26~ 

The physical significance of the dimensionless quanti- 
ties follows from Eq. (7): Yt represents the "theoret- 
ical" value of the average acceleration for the large- 
scale particle (referred to g); this value is governed 
by the collisions with the fine fraction; Ye is the 
experimental value of this quantity. 

Since the exact value of k on collision of millet 
par t i c les  with a glass  bead was unknown, in the calcu-  
lat ion of Yt it was assumed that k m = 1. In this connec-  
tion, the cor rec t ion  factor  c~ = Ye/Yt; in addition to the  
above-indicated factors ,  we also take into cons ide ra -  
tion that the col l is ions are anything but absolutely 
elast ic .  We see from the experimel~tal data (Fig. 2) 
that in the subject  range  the value of ~ is apparent ly 
independent of the par t ic le  cha rac te r i s t i c s ,  i . e . ,  of 
the rat ios  51/62 and P t / P 2  or V1/V2 (which, in the exper -  
iment,  assumed values of 61 /62  = 2.52-6.38,  Pi /P~  = 

= 1.12-2.78,  and vl/v~ = 1.95-3.86).  Appropriate  s t a -  
t i s t i ca l  p rocess ing  of the exper imenta l  data for the 
mi l l e t  confirmed this assumption.  In a range of smal l  
concentra t ions  for the fine f rac t ion  (#2 < 1-1 .2  kg /kg)  
and for correspondingly  sma l l  values of the pa rame te r  
Yt, the coefficient ~ is a weak function of #2 (or of Yt); 
for l a rger  Yt this coefficient d imin ishes  markedly .  

The empi r i ca l  re la t ionsh ip  between the d imens ion -  
less  pa r ame te r s  was de termined by means  of the 
method of leas t  squares ,  in the form ~ = a + by t. 
Other types of cor re la t ions  were  less appropria te .  
The following re la t ionships  were  obtaIned in the p ro -  
cess ing of the exper imenta l  data: 

for the cata lyst  par t ic les  

a = 0.968--0.1974 Yt; (8) 

for the mi l l e t  

a ---- 0.8594--0.2085 yr. (9) 

The curves  of these functions are  also shown in Fig. 
2. Deviation of the exper imenta l  points f rom the curves 
of (8) and (9) does not exceed • 
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Fig. 2. Relat ion between p a r a m e t e r s  Ye and Yt ( se r ies  
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I: a) mi l le t ,  b) catalyst):  1) 5t = 5.68 ram, Vt = 16.5 
m / s e c ;  2) 7.83 and 19; 3) 7.45 and 25.5; 4) 9.87 and 29.5; 5) 9.72 and 19.5; 6) 12.1 and 19.5; 7) 14.36 and 
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In the assumpt ion that the quant i ta t ive re la t ionsh ips  

govern ing  the co l l i s ions  a r e  independent of the kind of 
fine pa r t i c l e s ,  we can de r ive  an approximate  value 
f rom (8) and (9) for  the m i l l e t  r e c o v e r y  fac to r  km. 
This value was de te rmined  f rom the min imum condi-  
t ion of the express ion  

~/Trnax 

(0.968--0.1974 gt) - -  0.8594 1 -+. k m 

gTmin 

and it proved to be equal to k m = 0.606, which is in 
sa t i s f ac to ry  ag reemen t  with the above-c i ted  quantity 

(k m = 0.51). 
The second s e r i e s  of exper iments  involved d e t e r -  

minat ion of the t ime  dur ing which the l a r g e - s c a l e  

pa r t i c l e  passes  a tube sec t ion  of length L = 8.96 m, 
moving downward toward the ascending gas flow and 
thus also ove rcoming  the impact  of approaching fine 
pa r t i c l e s .  The exper iments  w e r e  c a r r i e d  out with the 
same  ca ta lys t  for  Re = (61-95) .  103 and concent ra t ions  
#2 = 0o214-2.28 k g / k g ,  The t i m e  of the bead motion 
was m e a s u r e d  with an e lec t ron ic  stopwatch. 

The exper imenta l  resul t s  demons t r a t e  that the effect  
of the co l l i s ions  on the ve loc i ty  of the descending m o -  
tion for the l a r g e - s c a l e  pa r t i c l e  was e x t r e m e l y  s ign i -  
f icant.  Thus, if the t ime of mot ion for a pa r t i c l e  
exhibit ing the d imens ion  51 = 9.87 mm in pure  a i r  (w = 
= 13.7 m) is 1.52 sec ,  in a two-component  flow, for  a 
f i ne - f r ac t i on  concent ra t ion  of 1.65 k g / k g ,  T = 12.4--13 
see .  

Visual observa t ions  showed that the t r a j e c t o r i e s  of 
mot ion for  the l a r g e - s c a l e  pa r t i c l e s  d i f fe r  l i t t le  f rom 
the r ec t i l i nea r~  In view of this,  the equation for  the 
descending motion of the l a r g e - s c a l e  pa r t i c l e  can be 

wr i t ten  in the f o r m  [4] 

dul 
d ,q 

=g [1-(\ (u, + (10) 

Equation (10) is eas i ly  in tegra ted  if we as sume  that 
uz = const = 52 

( r - -q - -pu  r+q  )=--2r'~, (ii) 
In r ~ q  r -+- q + pu 

or with cons idera t ion  of the fact  that uldT1 = dL 

l - - - - q )  In r- -q--pu + 
r r--q 

gu2 

The value of 52 was de te rmined  by averaging the 
ve loc i t i e s  of the fine f rac t ion  over  the t ime  of motion 
for  the l a r g e - s c a l e  par t ic le .  Here,  as shown in p r e -  
l imina ry  calcula t ions ,  the e r r o r  in de te rmin ing  L does 
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Fig.  3. Relat ion between p a r a m e t e r s  Ye and Yt 
( s e r i e s  II: notation f rom Fig. 2)~ 

not exceed 570. The value of ~ for  each exper iment  
was de te rmined  f rom Eqs.  (11) and (12) on a BESM-2 
computer .  F igure  3 shows the r e su l t s  f rom the p ro-  
cess ing  of the exper imenta l  data expres sed  in d imen-  

s ion less  quant i t ies  Yt and Ye = aYt" 
The s t ruc tu re  of the p a r a m e t e r  Yt follows d i rec t ly  

f r o m  (10): 

A + u~ 
Y t  = - -  w~t2 _ (13) 

g u~ 

We see  f rom the exper imenta l  data that the nature  of 
the re la t ionship  among c~, the pa r t i c l e  c h a r a c t e r i s t i c s ,  
and the m a t e r i a l  concentra t ion  (Fig. 3)is  approximate ly  
the s a m e  as in the f i r s t  s e r i e s  of exper iments .  P r o -  
cess ing  by the method of leas t  squa res  yie lds  the fo l -  
lowing e m p i r i c a l  re la t ionship:  

a = 0.951 - -  0,1803 Yt, (14) 

which is insignif icant ly  di f ferent  f rom Eq. (8). 
The der ived  exper imenta l  data thus conf i rm the 

e a r l i e r  conclusion [4] as to the s ignif icant  influence of 
the col l i s ions  on the mot ion of a po lyd i spe r se  m a t e r i a l  
in a two-component  flow. However,  under  actual  con-  
dit ions,  as shown by the exper iments ,  the effect  of the 
col l i s ions  is 10-30% s m a l l e r  than in the ideal ized case  
for  which the theore t i ca l  solut ion is  valid [4]. The 
l a t e r a l  d i sp lacements  and rota t ion of the pa r t i c l e s  
apparent ly  play a dec i s ive  ro le  in this case.  

where  

+ ( 1  + q~) l n - r - F q + p u r  r+q 2pL, (12) 

q2 a Aw ~t2 gw 
u~ V~ 

NOTATION 

g is the grav i ta t iona l  acce le ra t ion ,  m/sec2 ;  k is the 
r e c o v e r y  fac tor  for  the normal  veloci ty  component;  L 
is the flow length, m; u is the ve loc i ty  of the d i s p e r s e  
ma t t e r ,  m / s e c ;  u 0 is the ve loc i ty  of the pa r t i c l e  af ter  
impact ,  m / s e c ;  V is the f r e e - f a l l  veloci ty ,  m / s e c ;  v is 
the reduced f r e e - f a l l  veloci ty ,  m / s e c ;  w is the gas 



ii0 IN ZHENERNO- FIZICHESKII ZHURNAL 

veloci ty ;  Yt and Ye a r e  d i m e n s i o n l e s s  s e t s ;  ~ is  the 
c o r r e c t i o n  fac to r  accounting for  the devia t ion  of the 
r e a l  f rom the ideal  condit ions of col l i s ion;  5 is the 
p a r t i c l e  s ize ,  m; # is the flow ra t e  m a s s  concent ra t ion  
of m a t e r i a l ,  k g / k g ;  p is the dens i ty ,  kg/m3; T is the 
t ime ,  s ec .  Symbols:  1 and 2 a r e  f r ac t ions  of the po ly -  
d i s p e r s e  m a t e r i a l ;  g r e f e r s  to the gas (as a s u b s c r i p t ) .  
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