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Results are presented of an experimental investigation which confirms 
the possibility of applying two-phase fluidization theory to dense- 
phase pneumatic transport of pulverized and powdered materials. 

Dense-phase pneumatic t ransport  of pulverized and 
powdered mater ia ls  differs considerably in its char -  
ac ter is t ics  f rom ordinary pressure  pneumatic t rans -  
port.  
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Fig. 1. Schematic of the experimental apparatus 
(9 is the power supply unit). 

The nSuperior Separator ~ company has published the 
following comparative data on the charac ter is t ics  of 
dense-phase and ordinary pneumatic transport :  

For ordinary For dense-phase 
pneumatic pneumatic trans- 

transport port 

bed [1] to dense-phase pneumatic transport ,  i . e . ,  we 
will consider,  arbi t rar i ly ,  that moving along the pipe 
there is a two-phase medium consisting of a pseudo- 
fluid (a fluidized mater ia l  with porosi ty corresponding 
to minimum fluidtzation) and air  bubbles. 

We assume that the motive force in the pseudo- 
fluid--air  bubble sys tem is the excess p ressure  of 
the a i r  at the pipe inlet. 

This kind of model permits us to avoid examination 
of the motion of an individual part icle in the a i r  s t ream 
and to go over to mean velocities of the mass  of fluid- 
ized mater ia l .  

We note that Wen [5] has demonstrated experimen- 
tal ly the fruitfulness of this kind of transit ion for hor -  
izontal pneumatic t ranspor t  in the dense phase. 

To confirm the validity of the proposed model, and 
to obtain some character is t ics  of vertical pneumatic 
t ranspor t  in the dense phase, we constructed a lab- 
ora tory  apparatus, a model of an intermittent (chamber 
feed) pneumatic elevator.  

The apparatus (Fig. 1) consisted of a t ransparent  
cylinder 1 of diameter  200 mm and height 380 mm, 
a porous diaphragm 2, a pipe 3, and a receiving hop- 
per  with fil ter 4. The pressure  in the cylinder was 
recorded on the oscillograph 7 with the aid of s t rain 
gauges 11. The a i r  mass  flowrate was measured  in 
advance by the calibrated diaphragm 10. To determine 
the mean porosity of the mixture by the neut-offn 
method, two cut-off valves 12 were located at a c e r -  
tain distance apart  along the pipe. 

Mass concentration coefficient, p, 0.5--4 75--200 
kg/kg 

Air velocity, C~a, m/see 20--45 3--15 
Diameter of the conveyor pipe, 3-30 3/4--4 

Dp, inch 
Pressure, AP, kg/m z 700--2800 2100--21000 
Power consumption, 1000 hp/b~ 2 - - 7  0.8--2.5 

We see then that dense-phase pneumatic t ranspor t  
is distinguished by high mixture concentration in the 
pipe, and comparat ively small velocities of a ir  and 
material ,  and requires higher air  p ressure  at the 
pipe inlet. 

Moreover, the computational relations of ordinary 
pneumatic t ransport  prove to be unsuitable for dense-  
phase pneumatic transport ,  a fact which some authors 
have not taken into account [4]. 

We will apply the two-phase theory of the fluidized 

Fig. 2. Oscil logram for measurement  of sphere 
velocity: 1, 2, 3) signals from the induction probes; 

4) signal time gen.erator. 

To determine the velocity of the material, induction 
probes 5 were spaced along the pipe at intervals of 
im. 
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Table 1 

Determinat ion of ~s  with Dp = 20 mm, Ap = 0.4 kg /cm 2, 

7 s ' g/cm3] ~a, m/see at V, Nm3/hr ~s,  m/see at V, Nm3/hr 

ds, mm I't , 5.3  t'~: 8 i/~=lt} 1',~:5.3 1'~ 8 V:~ 10 

8 
[0 
14 

1.1 
{}. 98 
0. 904 

4.66 7,06 8.84 
2.31 
2.36 
2.32 

3.3 
3.41 
3.35 

4.09 4:? 

t = l S ~  

r m/sec 
according 

to [21 

9.9 
8.9 
6,7 

The cy l inder  was loaded with 15 kg of apati te  con- 
centra te ,  which is a powdered po lyd i spe r se  m a t e r i a l  
with mean pa r t i c l e  d i a m e t e r  60 #.  In addition to the 
apati te ,  the cy l inder  contained a cer ta in  number  of 
hollow meta l  spheres  of various d i a m e t e r s .  During 
t r anspor ta t ion  the spheres ,  moving along the pipe 
with the ma te r i a l ,  were  r ecorded  success ive ly  by 
each induction probe;  the s ignals  were  passed  through 
the ampl i f i e r  6 and recorded  on a N-102 type o sc i l -  
lograph 7. A s imultaneous r eco rd  was made of the 
s ignals  f rom clock 8. 

F rom the osc i l log ram (Fig. 2) we de te rmined  the 
t ime  in which the sphe res  passed  through the mea -  
sur ing sect ions,  and calcula ted the mean ve loc i t i e s  of 
the sphe res  over  the measu remen t  sect ions of the 
pipe.  

Since the law of velocity variat ion along the pipe 
was not known, we took a r i thmet i c  mean values of 
the veloci t ies  of the spheres  as a f i r s t  approximat ion.  

Resul ts  of the exper iment  c a r r i e d  out in a 20-mm 
pipe a r e  given in Table 1. 

In each reg ime 15 d i scharge  cycles  were  c a r r i e d  
out. 

it  may be seen from the table that the velocity of the 
sphe res  depends only on the t ranspor ta t ion  reg ime 
(mass f lowrate of a i r )  and is p rac t i ca l ly  independent 
of the s ize  of the s p h e r e s .  

The ca lcula ted  c r i t i c a l  veloci t ies  of the spheres  in 
the confined conditions a r e  fa r  g r e a t e r  than the f i l -  
t ra t ion  veloci t ies  obtained in the exper iment  at sma l l  
a i r  m a s s  f lowra tes .  
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Fig.  3. Dependence of mean veloci t ies  (m/see)  
of m a t e r i a l  ~m(1) and sphere  Ws (2) on the mean 
a i r  veloci ty Wa with 7s = 1.0 g / cm 3, Dp = 12 mm, 

d s = 8 ram. 

With the apat i te  miss ing,  spheres  located at the 
porous diaphragm d i rec t ly  below the pipe did not r i se ,  
even at the maximum a i r  supply ra te .  

i 
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Fig. 4. Dependence of modified friction 
coefficient fM on the mean velocity of the 
material w-- m (m/see) along pipes with 
Dp=14mm (I), 20 (2), 34 (3) and 70 (4). 

It is not possible to explain the motion of the spheres 
of different sizes with identical velocities at the same 
air velocity on the basis of ideas that are valid for 
ordinary pneumatic transport. An explanation may be 
found if the spheres are regarded as aggregates of 
particles or particles of pseudo-fluld in the pseudo- 
fluid--air bubbles system. In this case the velocity 
of the spheres will be equal to the velocity of the 
pseudo-fluid, independently of the sphere size [3]. 

The volumetric weights of the hollow spheres were 
chosen to be about equal to the weight of unit volume 
of the fluidized material at concentrations corres- 
ponding to minimum fluidization (m l.s = 0.7, Ts = 1.0 
g/cm3). 

To determine the slip velocity of the hollow spheres 
relative to the moving material, the following experi- 
ment was performed. 

Spheres of diameter d s = 8 mm and specific weight 
7s = 1.0 g/cm 3 were injected directly into the conveyor 
pipe through a special fitting, and their mean velocity 
was determined along the measuring section in various 
transportation regimes. Then, for the same trans- 
portation regimes, the mean porosity of the mixture 
in the pipe was determined by the "cut-off" method. 
From the known capacity of the system and the mean 
porosity of the mixture, the mean velocity of the mix- 
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tu re  was  c a l c u l a t e d .  The m a t e r i a l  ve loc i t i e s  thus o b -  
t a ined  w e r e  c o m p a r e d  with those  of the s p h e r e s  (Fig .  3). 

It m a y  be s een  f rom Fig .  3 that  the ve loc i t i e s  of 
the hol low s p h e r e s  and of the m a t e r i a l  a r e  p r a c t i c a l l y  
the s a m e  at  ve loc i t i e s  of the m a t e r i a l  t yp i ca l  for  pneu-  
m a t i c  t r a n s p o r t  in the dense  phase  (~M = 3 - 6 m / s e e ) .  

Tab le  2 

D e t e r m i n a t i o n  of ~ s  wi th  D O = 70 m m ,  H = 15 m,  
A P = 2 . 1 k g / c m  2, t = 2 0  ~ C, ds  = 2 8  mm, Ts = 

= 10 g / c m  a 

~a, m/see 

Wa, m/sec First see- Second Mean over transport- 
tion section ation 

10.34 
13.2 
15.03 

4,87 
5 
6.66 

5.33 
6.12 
6.94 

5.1 
5.56 
6.8 

The inf luence  of the  s p e c i f i c  weight  of the  s p h e r e s  
on the s l i p  ve loc i ty  was ve r i f i ed  in one of the t r a n s p o r -  
t a t ion  r e g i m e s ,  when s p h e r e s  of d i f f e ren t  s p e c i f i c  
weight  w e r e  i n j ec t ed  into the p ipe .  The dependence  
of r  o n T s  a t D p = 1 2 m m ,  d s = S m m ,  ~0 a-~- 
= 5.6 m / s e e  and w m = 3.5 m / s e e  was then as  fol lows:  

7s, g/era3 COs, m/sec tasl, m/sec 

0 .9- -1 .0  3.58 0.08 
1.4 3,56 0.06 
2.9 3,23 0.27 
3.8 2.96 0.54 
7.8 !.82 i .68 

It was  thus e s t a b l i s h e d  that  the s l i p  of a s p h e r e  
r e l a t i v e  to the m a t e r i a l  be ing  t r a n s p o r t e d  was  p r a c t i -  
c a l l y  z e r o  with Ts -< 1.4 g / c m  3, and m a t e r i a l  ve loc i ty  
~ m  < 10 m / s e c .  

Al l  this  g ives  r e a s o n  to be l i eve  that  the s p h e r e  
ve loc i t i e s  ob ta ined  (Table  1) a r e  the  m e a n  ve loc i t i e s  
of the f lu id ized  m a t e r i a l ,  and c o n f i r m s  the c o r r e c t -  
n e s s  of the t w o - p h a s e  mode l  a s s u m e d .  

The c h a r a c t e r i s t i c  pu l sa t i ons  of the t r a n s p o r t a t i o n  
p r o c e s s  a r e  exp la ined  by b u r s t i n g  of the a i r  bubb le s .  

One i m p o r t a n t  c h a r a c t e r i s t i c  of p ipe  c o n v e y o r s  is  
the m o d i f i e d  f r i c t i o n  coef f i c ien t  of the m a t e r i a l  

= A PD g/2H jm. 

The g r a p h i c a l  c o r r e l a t i o n  of the e x p e r i m e n t a l  da ta  
(F ig .  4) is  in c o m p l e t e  a g r e e m e n t  with the s ec t i on  of 
the  c u r v e  ob ta ined  by Wen fo r  h o r i z o n t a l  pneumat i c  
t r a n s p o r t  in the dense  p h a s e  in the s a m e  r ange  of 
pipe  and p a r t i c l e  d i a m e t e r s .  The equa l i t y  of the m o d -  
i f ied  f r i c t i o n  coe f f i c i en t s  for  v e r t i c a l  and h o r i z o n t a l  
pneuma t i c  t r a n s p o r t  in the dense  phase  is  one m o r e  
d i s t i n c t i v e  p e c u l i a r i t y  of th is  type  of t r a n s p o r t a t i o n .  

The e x p e r i m e n t  c o n f i r m s  the c o r r e c t n e s s  of the 
r e l a t i o n  ob ta ined  by H a r i u  and Mol s t ad  [6], Wen et  a t . :  

At  the  s a m e  t ime  as  the ve loc i t i e s  w e r e  m e a s u r e d ,  
m e a s u r e m e n t s  we re  made  of the height  of the r e s i d u a l  
m a t e r i a l  h0 a t  the  end of t r a n s p o r t a t i o n  as  a function 
of the d i s t a n c e  be tween the porous  d i a p h r a g m  and the 
in le t  nozz le  of the pipe,  h i (Fig .  1). 

The r e s i d u a l  height  p roved  to be roughly  equal  to 
the d i s t ance  be tween  the porous  d i a p h r a g m  and the 
pipe in le t  nozzle ,  independent ly  of the pipe d i a m e t e r  
and the t r a n s p o r t a t i o n  r e g i m e .  

F u r t h e r  i nves t i ga t i ons  w e r e  c a r r i e d  out on s e m i -  
i n d u s t r i a l  equipment  with a pipe d i a m e t e r  Dp  = 70 m m  
and a he igh t  H = 15 m .  M e a s u r e m e n t  of the m a t e r i a l  
ve loc i t i e s  was made  by the method  d e s c r i b e d  above,  
the  m e a s u r e m e n t  s e c t i o n s  be ing  at  he igh ts  of 4 and 
10 m;  The r e s u l t s  of the e x p e r i m e n t  for  t h r e e  t r a n s -  
p o r t a t i o n  r e g i m e s  a r e  p r e s e n t e d  in Table  2. 

It m a y  be s een  f rom Table  2 that  the mean  ve loc i ty  
of  the f lu id ized  m a t e r i a l  v a r i e s  ve ry  l i t t l e  with height,  
which a g r e e s  with the o b s e r v a t i o n s  of Wen [5]. The 
un i fo rm  na tu re  of the  mot ion  of  g r a i n  dur ing  t r a n s p o r -  
t a t ion  in t he  dense  phase  h a s  a l so  been  r e m a r k e d  by 
Welshof  [7]. 

It is  p o s s i b l e  that  the i n c r e a s e  of s l i p  ve loc i ty  o f  
the a i r  bubbles  is  a r e s u l t  of expans ion  of the gas  with 
t r a n s p o r t a t i o n  he igh t .  

NOTATION 

ml,  s) limiting stability porosity; COs and ~m) mean velocities 
of the spheres and fluidized material; ~a) mean velocity of air 
referred to total pipe cross section; COsl ) slip velocity of a sphere 
relative to material being transported; ds) sphere diameter; Ys) 
specific weight of metal sphere; fM) modified friction coefficient; 
Dp) pipe diameter; AP) pressure drop; H) elevation; t b t2) times 
taken by a sphere to cross the first and second measuring sections, 
respectively; V) mass flowrate of air; GM) capacity per second per- 
unit area of conveyor pipe; g) free-fail acceleration. 
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