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We examine the motion of a flow of a dust-gas mixture in a dust flowmeter device. We de- 

rive an approximate formula for the calculation of the dust flow rate from the known pres- 

sure difference. Unlike [3], we take into consideration the change in the resistance factor 

for the particle over channel length. 

The flow rate  of pneumatical ly t ranspor ted  dust is frequently determined f rom the p r e s s u r e  difference 
ac ros s  some thrott l ing device (for example, a c ro s s  a Venturi tube [1, 2]). The cal ibrat ion method usually 
employed for  such devices is not always convenient in the case  of large tube diameters  and for  great  gas 
and dust flow ra tes .  Approximate formulas  are  proposed in [3] for the design of dust f lowmeters .  The pa r -  
t icle res i s tance  factor  is assumed to be constant, and independent of var ia t ions  in the relat ive veloci ty of 
the par t ic le  over channel length. Below we derive a formula for  the calculation of dust in such an instal la-  
tion, with considerat ion given to the continuous var iat ion of the velocit ies for  the solid and gaseous phases .  

Let us examine the motion of a d u s t - g a s  mixture  in a channel formed by converging conical and cylin-  
dr ical  sur faces  (Fig. 1). We assume the gaseous phase to be incompress ib le .  The t empera tu re  of the mix- 
ture  along the length of the channel does not change. We neglect the interaction of the par t ic les  with the 
walls .  

With motion through the conical port ion of the tube, the par t ic le  is acted on by an aerodynamic force  
and the force  of gravi ty .  For  smal l  par t ic les  (with a diameter  no l a rge r  than 0.1 ram) the action of the 
second fo rce  can be neglected, since the aerodynamic force  is g r ea t e r  than the force of gravi ty  by two or -  
ders  of magnitude. If we assume that the increase  in the kinetic energy of the par t ic le  is determined p r i -  
mar i ly  by the increase  in the horizontal  veloci ty component, we can wri te  the following equation of par t ic le  
motion: 

where w = u- v. 
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Fig. 1. Diagram of a dust f lowmeter .  

dv pgw ~ m~ - c: ( 1 )  
dt 2 ' 

The solution of the differential equation (1) is substan- 
t ially simplified if we divide the channel into small  segments  
and assume that the velocity of the gaseous phase increases  
l inear ly  within the limit of each segment:  

u = u~_, + k~ (x  - -  x i _ 0 .  ( 2 )  

We denote the expression 

A = c / p g w  (3) 
2 

by A and we rewri te  (1), with considerat ion of (2) and (3): 

vdv 
m~ ~ + Av = A [~_, + k, (x - -  x~_O]. (4) 
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The r e s i s t a n c e  f a c t o r  c in (3) is a funct ion of ve loc i ty  (of the Reynolds  number )  and of the shape f a c -  
to r  f o r  the p a r t i c l e  [4, 5]: 

c = ksh(24Re -1 + 4Re-I/3). (5) 

With c o n s i d e r a t i o n  of (5), we can p r e s e n t  (3) in the f o r m  

A -- B (a + bw2/3), (6) 

w h e r e  

: ;  b = 4  ( B : 0,3925kods2pg; a = 24 ds \ds-s ] 

To obtain a solution for (4) in finite form, instead of the variable A let us introduce its mean integral 
value on the i-th segment, which is fully acceptable for a segment of limited length: 

Ai = 1 Adw, (7) 
~)i - -  ~')i-t  

zoi- 1 

wherei= 2,...,m. 

We know the value of wi_ l from the calculation of the previous segment; 
by the method of successive approximations. By integration of (7) we obtain 

W5/3 .~ 513 \ 3 i - - o v a - - l ]  . 
A, = B a +  ~ b w*--wH / 

With cons ide ra t i on  of the above, the solut ion fo r  (4) has  the f o r m  

v i = D ,  (;k,i + I - -  2yi) 2~ (k ,  - - 1  + 2 y ~ )  2~'d , 

the va lue  of w i is d e t e r m i n e d  

(8) 

(9) 

w h e r e  

u~ V 4msk~" Yi = - - ;  k~ -= 1 +  A--~ ' 
O i 

Di = vi-t (X i + l__2y,_i) 2x~ (ki, - 1 + 2yi_t) 2~i . 

Having s u c c e s s i v e l y  d e t e r m i n e d  v i in all  s egmen t s ,  we find the p a r t i c l e  ve loc i ty  v m at the end of the 
conve rg ing  sec t ion .  

Let  us  now examine  the mot ion  of the p a r t i c l e  in the  cy l ind r i ca l  po r t ion  of the dust  f lowmete r ,  and 
this  mot ion  is a l so  d e s c r i b e d  by (1). F o r  the solut ion of (1) we will  divide the  length of the cy l ind r i ca l  p o r -  
t ion  into n -  m s e g m e n t s  and  we will  f ind the mean  in t eg ra l  va lue  of A on the j - t h  s egmen t .  As a resu l t ,  f o r  
the j - th  segment ,  with c o n s i d e r a t i o n  of the fac t  that  u = const ,  we have 

u~, ap 

~ U  
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Fig .  2. Var i a t ion  in the  p a r a m e t e r s  
u (m/sec),  v (m/sec),  and Ap (n/m 2) 
of a t w o - p h a s e  flow along the length 
x (mm) of the channel  of a dust  f low-  
m e t e r .  

7j [ln (Ys-~--1) y~ YJ-t--Yi] = Xj 

J 

w h e r e  

ITlsTJrn V m % = - - ,  y j = - - - .  
Aj vj 

(10) 

Having s u c c e s s i v e l y  d e t e r m i n e d  the p a r t i c l e  ve loc i t y  (vj) 
in all  s ec t ions  of the cy l ind r i ca l  por t ion ,  we will  f ind the p a r t i c l e  
ve loc i t y  v n at  the point  at  which the  n e g a t i v e - p r e s s u r e  or i f ice  of 
the dust  f l o w m e t e r  is loca ted .  

Let  us p r o c e e d  to the de t e rmina t ion  of the p r e s s u r e  dif-  
f e r e n c e .  The  p r e s s u r e  drop a c r o s s  a channel  of v a r i a b l e  c r o s s  
sec t ion  is a r e s u l t  of the i n c r e a s e  in the kinet ic  ene rgy  of the gas  and 
of the p a r t i c  les .  F o r  an inf ini te ly  sma l l  s egmen t  dx we wr i t e  [7] 

ogudu + t%udv = --@. (11) 
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Afte r  in tegra t ion  of (11) f o r  the  i - th  s e g m e n t  we obtain the fol lowing exp re s s ion :  

gi 

Yi-1 

gl 

The in t eg ra l  I i = ~ v2dy a f te r  subs t i tu t ion  of (9) is b rough t  to the f o r m  

=e, IS {'-'('- W -'et- (l-t)*'-' 
0 6' 

The expressions inthe brackets represent the beta function [6] 

B t i ( P ; q ; ) =  /~-'(1--t) q~-~df= t~ ~&(Pl, 1--q~, l+p; ,  h), 
o P'f 

(12) 

(13) 

(14) 

w h e r e  2Fl(pl, 1 -- q~, 1 + pl, ti) is a hyTpergeometr ic  funct ion p r e s e n t e d  in the f o r m  of a s e r i e s .  With a c c u -  
r a c y  suff ic ient  f o r  p r a c t i c a l  p u r p o s e s ,  we can l imi t  o u r s e l v e s  exc lus ive ly  to the f i r s t  t h r e e  t e r m s  of the 
s e r i e s  

2Fl(a,  13, y, z ) :  l +  a~__~ z +  a ( a + l ) [ g ( ~ + l )  z2 § . . .  (15) 
y.1 V(Y +1).1.2 

We have  in t roduced  the fol lowing notat ion into (13)-(15): 

D~ 1 q~ _ 1 h -- ~ + 1--2yz 
E~ = - -  ~2~' P~ = ~ '  ~.~ ' 2k~ 

'~ = v; ,  ~ = 1 - -  G v - I + p;,  z = h.  

Afte r  having  ca l cu la t ed  the p r e s s u r e  drop a c r o s s  each  s egmen t  we f ind the  p r e s s u r e  drop  in the  con-  
v e r g i n g  por t ion :  

Ape = ~ Ap~. (16) 
i 

The  p r e s s u r e  drop a c r o s s  the c y l i nd r i ca l  segment ,  a c o n s e q u e n c e  of the longi tudinal  a c c e l e r a t i o n  of 
the p a r t i c l e s ,  is d e t e r m i n e d  f r o m  the fol lowing fo rmu la ,  taken f r o m  [7]: 

aPcyl= ~tpgU m (v,, -- v,~). (17) 

The to ta l  p r e s s u r e  drop,  e s t ab l i shed  in s t rumen ta l ly ,  is wr i t t en  in the f o r m  

6p = (1+ ~) s (u%--@ + ~ogu,. (v,,--v,.) § FOg Z (u~v~ --  .~_~v., - -  4). (18) 
2 2 

g 

H e r e  we have  in t roduced  the loca l  g a s - f r i c t i o n  f a c t o r  ~ fo r  the con ica l  por t ion .  

Given a known Ap, f r o m  (18) we f ind the flow r a t e  fo r  the sol id  phase :  

ap - (I + ~) -% (u~  - @ 
2 

Os = Og 1 It) + u m (v• Vm)] . (19) 
J 

i 

As an example ,  let us  c o n s i d e r  the c a s e  of the  mot ion  of a t w o - p h a s e  a i r - c o a l  dust  m ix tu r e  (par t ic le  
s i ze  20P) .  The or ig ina l  data  a re :  D 0 = 7 0 r a m ;  D n = 4 0  ram; L c =  5 0 r a m ;  Lc_y ] = 3 0  ram; # =  l k g / k g ;  
pg = 1.2 kg/m3; u = 1.5 �9 10 -5 m2/sec;  and u 0 = v 0 = 15 m / s e c .  F igu re  2 shows the change  in the p h a s e  v e -  
Ioc i t ies  and in the p r e s s u r e  d i f f e rence  along the length.  

The  r e s u l t s  f r o m  the ca lcu la t ion  of the dust  flow r a t e  in a c c o r d a n c e  with (19) f o r  spec i f ied  flow and 
channel  p a r a m e t e r s  d i f fer  f r o m  the va lues  de r ived  without  c o n s i d e r a t i o n  of the 15% v a r i a t i o n  in the  p a r t i c l e  
r e s i s t a n c e  f ac to r  [3]. 
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m s is the 
v is the 
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j is the 
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Gg is the 
G s is the 

~s the 

NOTATION 

m a s s  of the solid par t ic le ;  
ve loci ty  of the solid par t ic le ;  
ve loci ty  of the gas  phase; 
t ime;  
pa r t i c l e  r e s i s t a n c e  factor ;  
l a t e ra l  c r o s s - s e c t i o n a l  a rea  of the par t ic le ;  
densi ty  of the gas phase;  
r e la t ive  pa r t i c l e  velocity;  
coeff icient  of l inear  ve loci ty  i nc rea se  for  the gas  phase;  
coordinate  along the channel axis; 
pa r t i c l e  shape factor ;  
Reynolds number ;  
pa r t i c l e  d iameter ;  
coeff icient  of k inemat ic  v iscos i ty ;  
sequential  number  for  the c r o s s  sect ions  in the converging port ion of the dust f lowmeter ;  
sequential  number  for  the c r o s s  sect ions  in the cyl indr ica l  por t ions;  
coeff icient  of flow concentrat ion;  
p r e s s u r e  of the gas  phase  in the flow; 
m a s s  flow ra te  of the gas  phase;  
m a s s  flow ra te  of the solid phase;  
local  f r ic t ion  fac tor .  

S u b s c r i p t s  

0 is the flow p a r a m e t e r  at the inlet to the channel of the dust f lowmeter ;  
m is the p a r a m e t e r  at the end of the converging portion; 
n is the p a r a m e t e r  in the c r o s s  sect ion of the n e g a t i v e - p r e s s u r e  orif ice;  
g is the gas  phase;  
s is the solid phase;  
c is the converging portion; 
cyl is the cyl indr ica l  por t ion.  

1. 
2. 
3. 
4. 
5. 

6 .  

7. 

LITERATURE CITED 

P. A. Antikain, Teploenerge t ika ,  No. 12 (1956). 
A. A. Shatil ' ,  Teploen6rget ika ,  No. 8 (1957). 
A. A. Shatil ' ,  I z m e r i t e l ' n a y a  Tekhnika,  No. 9 (1961). 
L. S. Klyachko, Otoplenie i Venti lyats iya,  No. 4 (1934). 
Z. R. Gorbis ,  The Heat  T r a n s f e r  of D i s p e r s e  "Through" Flows [in Russian],  Izd.  Energiya,  Moscow 

- Leningrad (1964). 
I .  S. Gradshte in  and I. M. Ryzhik, Tab les  of In tegra ls ,  Sums, Ser ies ,  and Produc t s  [in Russian],  
F izmatgiz ,  Moscow (1963). 
M. P .  Kalinushkii ,  Pneumat ic  T r a n s p o r t  in Construct ion [in Russian],  Goss t ro i izdat ,  Moscow (1961). 

804 


