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The d ischarge  of a mix ture  through a shor t  spout is analyzed. A fo rmula  for  d e t e r -  
mining the veloci ty  of pa r t i c les  has been der ived and exper imenta l ly  checked. The con- 
ditions of c r i t i ca l  d i scharge  are  analyzed and a fo rmula  is proposed for  de termining  the 
c r i t i ca l  a i r  veloci ty  in a mixed s t r e a m.  

Not enough cons idera t ion  has been given to pneumatic t r anspo r t  of powders in a h igh-concent ra t ion  
s t r e am.  No procedure  for  designing such pneumatic  t r anspo r t  exis ts  a t  present ,  which is explained by the 
novelty of this method on the one hand and by the overa l l  s ta tus  of the mult icomponent  flow theory [1]. 

In o rde r  to develop a design procedure ,  it is n e c e s s a r y  to answer  s eve ra l  questions concerning the 
ra t io  of component  ve loci t ies  and the total f r ic t ion  losses  in the case of a complex t r anspo r t  route.  Until 
these quest ions have been finally resolved ,  i t  would be of in te res t  to invest igate  s implif ied schemes  with a 
min imum number  of unknowns. 

The authors  consider  a device shown in Fig. 1o Compressed  a i r  is fed underneath the d i s t r ibu tor  
grid 2 into a he rme t i ca l l y  closed ve s s e l  1 full of powder, whereupon the a i r  and powder mixture  d i scharges  
through a shor t  cyl indrical  spout 3 into a medium at a tmospher i c  p r e s s u r e .  Under s t eady - s t a t e  conditions 
the p r e s s u r e  Pk in the ves se l  as well  as the a i r  flow ra te  G~ and the powder flow ra te  Gp r ema in  constant.  
It is des i red  to de te rmine  the powder d i scharge  velocity.  

In o rde r  to use the ma themat i c  appara tus  available f r o m  the theory of continuous media,  one r e -  
places  the d i sc re t e  quanti t ies with continuous ones by the method of s p a c e - t i m e  averaging  [1]. 

The fundamental  equation will be obtained f r o m  the Law of Energy  Conservat ion for  a s teady s t r e a m  
[2]. The ene rgy  per  second t ransmi t ted  through any sect ion of the s t r e a m  is 

u P + z + g h  �9 (1) P ~ + g h  + 6  a Pa E m = Gp . Up + ~ + 2 a T  

Passing to an infinitesimally near section in the stream, 

dEm= dQe, (2) 

where  Qe is the externa l  heat  per  second supplied to the s t r e a m  through the wails of the given segment .  

F r o m  the F i r s t  Law of The rmodynamics  follows 

GpdU"p+Gadua=dQe +dQf  - -Gppd ( ~ p ) - - G a P d ( 1 )  (3) 

where dQf is the heat per second dissipated inside the given stream segment and equal to the work of fric- 
tion. 
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Fig. i .  

Inser t ing dQ e f r o m  (3) and dE m f r o m  (1) into (2), 
considering that 

we obtain 

and 

\ P a l  \Pa:/ = ~ a '  

�9 dp 

q:- (Gp:~i Ga).gdh + dQf --- O. (4) 

Schemat ic  d i ag ram  of the ap-  
para tus .  

Assuming,  with litt le e r r o r ,  the expansion of a i r  to be 
i so the rma l  when the powder concentrat ion is high [3], we then 
in tegra te  Eq. (4) f r o m  the s t r e a m  sect ion  inside the vesse l ,  
where  COa = COp = 0, h = 0, p = Pk to an a r b i t r a r y  section: 

2 2 

p_~ 1--~ r176 . 2P+gh+,  L,.: p rln. 

Here  L is the ene rgy  loss per  k i logram of mixture .  

We note that  the left-hand side of Eq. (5) physical ly  signif ies the useful ex terna l  work  per  k i logram 
of mixture ,  which is de te rmined  only by the p r e s s u r e  drop and the quantity ft. Into the r ight-hand side of 
Eq. (5) may,  genera l ly ,  be entered any energy  los ses ,  a lso those  occur r ing  when the veloci t ies  and the 
concentrat ions of the components are  dis t r ibuted a r b i t r a r i l y  over  a s t r e a m  section. 

In our  p rob lem express ion  (5) can be s implif ied by the omiss ion  of the smal l  quanti t ies gh, fl(CO2a/2), 
and L. Thus, fo r  Pk > 1.5 a tm abs. ,  p = 1 a tm abs. ,  and pp ~ 3000 k g / m  3 the left-hand side amounts to 
m o r e  than 120 m 2 / s e c  2 with gh less  than 5 m 2 / s e c  2 (when the f luidization zone in the v e s s e l  is not higher 
than 0.5 m above the spout exi t  section). With COa ~ 2COp and fl < 0.01, according to tes t  data,  we find that 
flW2a/2 amounts tonot  more  than 4% of (1-fl)(CO~/2). The f r ic t ion  losses  have been neglected here ,  on the 
bas i s  of the analogy to a d i scharge  of homogeneous fluids through spouts.  

With Pt denoting the spout exi t  p r e s s u r e ,  which can be higher  than the ambient  p r e s s u r e ,  we have 
then 

Pk--Pl 
~ -  Pl tip 

This express ion  is,  except  for  the fac tor  (1-/3), identical  to the fo rmula  in [4] for  g a s - l i q u i d  m i x -  
tu res  with equal veloci t ies  of the components.  

Let us compare  fo rmula  (6) with other known expres s ions  for  the d ischarge  veloci ty  of a pseudofluid 
f r o m  a ves se l  under  p r e s s u r e .  

Urban in [5] shows the re la t ion  

2 Pk--  Pz 
O:,p = pp(1 - -  el) ' 

(5) 

(6) 

where  at is the poros i ty  at the exit  sec t ion  of the spout. 

This fo rmula  can be der ived by in tegra t ing (4) with the three  las t  t e r m s  on the left-hand side omit ted 
and with G a = elPaFcoa and Gp = (1-s assuming  here  that coa = COp and F = const.  With this a s -  
sumption,  express ion  (4) will yield Urban ' s  fo rmula  instead of fo rmula  (6). 

We note that, according to the r e su l t s  shown here ,  subsequently,  the condition of equal veloci t ies  does 
not apply. The probabi l i ty  and the poss ibi l i ty  of sat isfying the second condition (of a constant  s t r e a m  c r o s s -  
sect ion area)  a re  smal l ,  because  the flowing mixture  f o r m s  a funnel inside the vesse l ,  e spec ia l ly  at high 
p r e s s u r e s ,  and the t es t  data  indicate that the veloci ty  of pa r t i c les  is quite high a l ready  at the spout en-  
t rance .  
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On the basis of a test  data evaluation, Massimil la  [6] has derived a formula  for the flow rate of fluidized 
powder discharging f rom a vessel .  It has been shown in [7] that the discharge velocity in Mass imi l la ' s  f o r -  
mula is determined by the relat ion 

2 Pk --  P~ 
COp~ 2 (1 --ek~p p' 

where e k is the porosi ty  of the pseudofluid inside the vessel .  

The tast  express ion can be obtained by integrating the equation of energy conservat ion for  some 
constant-densi ty  fluid: 

d -- (1 --ek)p p 

with (1-ck)p p considered constant. Since, during discharge,  the density of a mixture must  vary  with the 
p ressure ,  hence the assumption of a constant density renders  Mass imi l la ' s  formula  applicable to low p re s -  
sures  only. 

In compar ison with the formulas  given by Massimil la  and Urban, we note that formula  (6), not being 
limited with regard  to p ressure  nor requiring a constant channel sect ion and equal velocities of the com-  
ponents, is more  general.  Since fr ict ion is d isregarded in formula  (6) while the p ressure  on the mixture 
components is assumed equal and independent of the distance between part icles,  this express ion is appli- 
cable only to a complete fluidized powder around the exit opening. 

We note that, in order  to calculate the discharge effectiveness,  one must  know not only COp but also 
~i, the tat ter  being a function of the component velocit ies ratio.  Inasmuch as the laws governing this rat io 
in a high-concentrat ion s t r eam have not yet been sufficiently well explored, such calculations are difficult. 

The validity of formula  (6) was checked experimental ly  on the apparatus shown in Fig. 1. 

The hermet ica l ly  closed vesse l  1 contained approximately 70 kg of powder concentrate with an average 
gra in  size 58 g and a density of 3200 k g / m  3. The cylindrical  spout 3 had the minimum necessa ry  (struc-  
rurally) length of 85 mm. The diameter  of the exit channel was made small ,  9 mm only, in o rder  to suf-  
ficiently extend the s teady-s ta te  discharge time. The upper spout end was positioned at 30 mm f rom the 
plane of the gas dis t r ibutor  mesh,  the lat ter  made of technical-grade felt. Oscil lographic ineasurements  in-  
eluded pressure  Pk in the vessel ,  p ressure  Pl at the spout exit section, air flow rate G~, change in the 
vesse l  weight, and jet momentum at the exit section. The last i tem was measured with a s t r a i n - g a g e  s t r ip  
as in [8]. 

For  measur ing  Pl, at 1.5 mm f rom the exit section, holes were provided in the channel connecting 
it to the tes t  chamber.  The ambient p ressure  was at a tmospheric  level, the powder tempera ture  was T 
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The test  resul ts  are  shown in Table 1 (columns 2-6). 

The theoret ical  values of velocity C0pT of part icles  at the exit section have been calculated by formula  
(6) f rom the test  values of Pk, Pl, and/3, and they are listed in column 13. A comparison betv~een cop and C0pT val-  
ues shows a sa t i s fac tory  agreement  at p ressures  Pk > 2~ N / m  2. The wide divergence at lower p r e s -  
sures  (tests No. 1 and No. 2) can, apparently,  be explained by the more  significant s t ray  energy losses at 
the entrance,  for  example. 

We must emphasize an important,  in Our opinion, fact: in the tests  with Pk > 2.5" 10 5 N / m  2, Pl > Po- 
This kind of inequality in a s t r eam of "pure" air would apply the cr i t ical  discharge velocity, which is equal 
to the velocity of sound. Since in our tests the air  velocity was much lower than the velocity of sound, it 
would be interest ing to est imate  the cr i t ical  air  velocity in the mixture. 

Such a velocity, assuming that the s t r eam fills the entire channel section, can be determined on the 
basis of the following considerations.  

In passage along the channel into an infinitesimally near section, the volume per second of mixture 
inc rease  by dV m due to the increment  of air  volume. In order  to pass this additional volume through the 
section, the air  velocity and other related to it pa ramete r s  must  also change. The change in air  velocity 
depends on the part  of the p ressu re  head dp used for accelerat ion.  The maximum possible increment  of 
volume per second which is due to the increment  of velocity will occur when there are  no losses and the 
entire p ressure  head dp is used for  acceleration.  This maximum possible increment  of volume per second 
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TABLE 1. T e s t  Resu l t s  and Calcu] 
ca ~ 

. t a  r-4 , .~  r-~ 

, ~ 2 1 3 L  4 

1 1,54 D,981 14,2 
2 2,14 3,981 21,7 
3 2,58 1,03 34,6 
4 2,86 1,08 41,5 
5 3,3 1,16 46,6 
6 4,03 1,19 70 
7 4,23 1,17 70 
8 4,33 1,2.1 72 
9 4,6 1,23 76 
I0 4 ,83 1,24 79 
tl 5,31 1,32 92 

6 [ 7 

0,53 4,9 
0,67 9;32 
0,72 17,8 
0,82[ 24,2 

24,7 0,89 3~ '8 1,0 
0,98 
1,0 40,7 
1 ;04 44 
1 , 0 6  43,7 
1,12 48,2 

Note. Oa=(}' a -  GPPk" -@R-~--. COp- 

ated Values 
�9 . . . . .  . . . . .  

7 / a /  / a . / ' ~  I 

| 
11,8 22,3 9,3 0,778] t9,5 2,1 
17,2 25.6 13.9 10,829| 26,8 1,92 
30,8 41,7 24 4 ]0,867~ 43,5 1,78 
38,4 50,3 28.7/0,865 t 52 1,81 
37,4 41,8 26,6 0,846 48,4 1,82 
56 56 35,4 10,862[ 69,5 1 9:6 
57 58,2 36,6 10,87 ~ 72,6 1,98 
58 58 39,3 t0,868] 70,5 1,80 
60 57.5 40,8 ]0,864] 72 1,76 
63 59,5 39,7 ]0,865 t 73,6 1,85 
72 64 41,'t [0,8661 81,5 !,98 

S -- (Pt-- Po)F 
6p 

iii,3 
19,6 
27 
30,3 
28,9 
36 
37,7 
37,8 
38,2 
39,2 

' 4 1 , 6  

Ga/~T 
por~ = ~i piF 

will  be denoted by dV~n. Obvious ly ,  f low can o c c u r  only when dV~a > dVm, because  p a r t  o f  dp is  los t  o n  
f r ic t ion ,  lift ,  e tc .  The l imi t ing  case  dV m = dV m c o r r e s p o n d s  to the c r i t i c a l  mode.  If such  a flow mode  
w e r e  to p reva i l  at s o m e  i n t e rm e d i a t e  s ec t ion  of the cy l ind r i ca l  channel ,  t he r e fo re ,  then a f a r t h e r  flow would 
be imposs ib l e .  In o r d e r  to d e t e r m i n e  the c r i t i c a l  ve loc i ty  of mix tu re  componen t s ,  t h e r e f o r e ,  i t  is  n e c e s -  
s a r y  to find dV m and dV m and to equate  them.  

The vo lume  pe r  second of m i x t u r e  is  

w h e r e  

and 

= qP + G---&a, (7) Vm 
Pp ea  

G a ~ Pama~ F (8) 

Gp = ppCOp(1 - -  g) F. (9) 

F r o m  (7) we find 

or ,  cons ide r ing  (8), 

d V  m = - -  tO ae F dP----&a . (3.0) 
Pa 

In o r d e r  to d e t e r m i n e  dV~n , we wr i t e  (7) with (8) and (9) as  p 

V m -~ r F + r - - e )F ,  

and f r o m  he re ,  a s s u m i n g  w p F ( 1 - ~ )  = const ,  we find 

d V  m = ~ F d t o  a + r (e F). 

Into this e x p r e s s i o n  we i n s e r t  dw a found f r o m  the equat ion  of m o m e n t u m  change fo r  the mix tu re ,  wi thout  
l o s s e s ,  

~a,% + %d% =--eaP. 

After  this subs t i tu t ion  and t r a n s f o r m a t i o n s  with (8) and (9) taken  into account ,  we obta in  

1 
dV'm = ~Oad(~F) + xoap---- ~- [ - - F d p  - - r  (1 --e)  d (op]. (11) 

In se r t i ng  into (11) 

e ( 1 - - , ) d o p =  0pa[ (1-~)F] ,  
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which fol lows f r o m  (9), and in t roduc ing  COp = COa/tg where  k is a va r i ab le  quant i ty  (function of the flow 
p a r a m e t e r s ) ,  we then equate (10) and (11). Appropr i a t e  t r a n s f o r m a t i o n s  will  yield the c r i t i ca l ,  i .e . ,  the 
m a x i m u m  poss ib le  ve loc i ty  coa = cocr: 

2 dp " 
r176 = dF PPl  dF 3 -  (12) 

d (ePa) @ pa e ~ -  @ (1 - -  e) - f i@ d(1--Q J 
F o r  the case  whe re  e = 1 and F = cons t  (flow of "pure"  a i r  through a cy l ind r i ca l  channel) ,  e x p r e s s i o n  (12) 
b e c o m e s  the we l l -known f o r m u l a  

w h e r e  aa  denotes  the ve loc i ty  of sound in a i r .  

Separa t ing  (8) and (9), 

2 dp a2 
(~ -- dp a a, 

We now i n s e r t  (13) in to  (12), 
of (12) by dp. Af te r  d i f fe ren t i a t ion  with d p / d P a  = a2a and app rop r i a t e  t r a n s f o r m a t i o n s ,  we obtain 

then let t ing u = G p / G a ,  we obtain 

e =  P P - -  
pp + k~tp a (13) 

let  dF = 0 (our t e s t  condit ions) ,  then divide the n u m e r a t o r  and the denomin a to r  

k~tp a )~ 
_ o a l  1 - } -  - ~ - p  ] 

~~ = (14) 
1 + @ @ ~tp a - - - -  

,, Pp 

ek 
@ 

Let t ing k = eonst ,  we have 

o ( k~tp a ~2 
2 a~fe 1 -r- - -  �9 

~  k @ ~ pp ] 

The las t  e x p r e s s i o n  d i f fe rs  f r o m  the approx ima te  f o r m u l a  obtained in [3] fo r  the c r i t i ca l  ve loc i ty  by the 
f a c t o r  in pa ren thes i s .  

When k = 1, e x p r e s s i o n  (14) y ie lds  

(1 + ~!:)2 aa a2 2 2 2 ~ " 
a)a'cr = aa - - 1  -~- ~ - -  (i5) 

E x p r e s s i o n  (15) f o r  the c r i t i c a l  a i r  ve loc i ty  in a mix tu re  is ident ica l  to the f o r m u l a  fo r  the ve loc i ty  of 
sound in a t w o - c o m p o n e n t m i x t u r e  with equal  ve loc i t i e s  of the componen ts  [9, 10]. 

We note tha t  ca lcu la t ions  in [9] show the ve loc i ty  of sound in the mix tu r e  to be v e r y  low when k = 1. 
Thus,  COa, c r  = 12.1 m / s e c  at e = 0.7, p = 1 a tm ads. ,  and pp = 3200 k g / m  3 (apatite concent ra te ) .  

A s s u m i n g  that  the a i r  ve loc i ty  was  c r i t i c a l  in our  t es t s ,  where  Pi > P0, and i n se r t i ng  into (14) the 
value  of a i r  ve loc i t y  as  well  as the va lues  of o ther  quant i t ies  obtained in these t es t s ,  we find that  d k / d p  is 
negat ive  and, consequent ly ,  the r a t i o  COa/COp i n c r e a s e s  toward the exi t  sec t ion .  

Pk is the 
Pl is the 
P0 is the 
p is the 
G~ is the 
G a is the 
Gp is the 
E m is the 
Up is the 

N O T A T I O N  

p r e s s u r e  ins ide  the v e s s e l ;  
p r e s s u r e  at  the spout  exit;  
ambien t  p r e s s u r e ;  
p r e s s u r e  at any s t r e a m  sec t ion ;  
r a t e  (per second) of a i r  f low into the ves se l ;  
r a t e  (per second) of a i r  f low in the mix tu re ;  
r a t e  (per second) of pa r t i c l e  flow; 
e n e r g y  of mix tu re ;  
i n t e rna l  e n e r g y  (per k i logram)  of  p a r t i c l e s ;  
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Ua 

Pp 
Pa 
~0p 
~o a 
g 
h 

Qe 
Qf 
L 
R 
T 
S 

F 
g 

Vm 
~a, cr  
~ a  

p = Gp/G a. 

is the internal energy (per kilogram) of air; 
~s the density of powder material; 
ts the density of air; 
ts the true velocity of particles; 
~s the true velocity of air; 
~s the gravitational acceleration; 
is the height; 
is the external heat; 
ts the heat of friction; 
is the energy loss (per kilogram) in mixture; 
ts the gas constant; 
ts the absolute temperature; 
ts the jet momentum; 
~s the area of channel cross section; 
ts the porosity (ratio of air volume to total volume of mixture); 
~s the per second volume of mixture; 
is the critical velocity of air in mixture; 
is the velocity of sound in mixture; 
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