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Gas t ranspor t  is examined for  a jet entering a fluidized bed without the production of a gas space; 
the aerodynamic  pa rame te r s  of the jet  a re  examined. 

A jet  entering a fluidized bed at a low velocity produces no empty space,  since the gas infil trates the 
gaps between the par t ic les  [1]. The par t ic les  are  then not entrained by the jet ,  but instead the mobility is 
determined by the main flow of fluidizing agent. Resea rch  on such jets is essent ial  to the analysis of gas-  
distributing devices and to the descript ion of p rocesses  in fluidized beds generally.  

Our measurements  on mass  t ranspor t  in such a jet were  made with a sys tem of d iameter  263 mm in 
which the center  of the gas-dis t r ibut ing grid was fitted with a jet  of d iameter  4 mm. This was supplied with 
an a i r - C O  2 mixture ,  and the concentration pat tern was measured  with a sampler  leading to a KhL-69 chro-  
matograph.  The e r r o r  of measuremen t  did not exceed 2%. Samples were taken via a 0.8 mm • 0 .2-mm tube, 
which was moved in three mutually perpendicular  directions by a coordinate mechanism.  

The measurements  were made with the following pa rame te r s  for the jet and bed. The lower l imit  to the 
jet  velocity was 3.4 m/sec.  The upper l imit  was fixed by the onset of circulat ion [1], where an empty gas 
space is produced. The velocity was calculated f rom the flow ra te ,  which was recorded  with a ro tamete r  
having a maximum e r r o r  of 2.7%. The mass  concentration of the CO 2 in the mixture was in the range 0.12- 
1.0 kg of CO 2 pe r  kg of mixture.  The height of the bed ranged f rom 50 to 170 mm. The fluidization number 
in all cases  was W = 1. The solid mater ia l  was granular  polystyrene of narrow size range (the average d iam-  
e ter  ranged f rom 2 to 7 mm). The par t ic les  were  monoli thic,  so adsorption was negligible. 

The measurements  were  made in the steady state,  and the CO 2 concentrat ions along the axis and in 
t ransverse  sections fell steadily away f rom the nozzle (Figs. 1 and 2). However,  the concentration at the 
axis did not fall to that in the bed generally.  The concentration in a t r ansve r se  section var ied  f rom a maxi -  
mum at the axis of the je t  to the level in the layer .  

Affine behavior was found on p rocess ing  the curves  (Fig. 2b); the following approximation applies for  the 
concentrat ion pat tern in a section: 
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Fig. i, Variation in CO 2 concentration along the 
axis of the jet:  1) d e = 2.24 ram, U 0 = 3.43 m/see ;  
2) 2.24 and 23.4; 3) 3.24 and 3.43; 4) calculation 
f rom (6); x in mm. 
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Fig.  3 

Fig.  2. Var i a t ion  in CO 2 concen t r a t i on  in sec t ions  of the je t  050 = 3.43 m /  
sec ,  d e = 2.24 m m ,  (y in m m  and C in kg of CO 2 p e r  kg of mix tu re ) :  1) x = 
7 m m ;  2) 25; 3) 49; 4) 73; 5) ca lcu la t ion  f r o m  (1). 

Fig.  3. C o n c e n t r a t i o n  boundary  of the je t  0d 0 = 3.43 m / s e c ,  d e = 2.24 m m ,  
d o = 4 m m ,  C O = 0.32 kg CO2/kg of m i x t u r e ;  x ,  y ,  mm).  

,~ (q) = [z  (q)]~/-~, (1) 

w h e r e  Z(T/) is the d i m e n s i o n l e s s  ve loc i ty  d i s t r ibu t ion ,  which is d e s c r i b e d  by the s e r i e s  de r ived  in [2]. We 
found that  t h e r e  was  not  g r e a t e r  than 6% e r r o r  in t runca t ing  the s e r i e s  to the fol lowing t e r m :  

Z (q) = 1 - -  3~12 + 2qL (2) 

The ef fec t ive  concen t r a t ion  boundary  of the je t  could be deduced f r o m  the d i s t r ibu t ion  (Fig. 3); the con-  
cen t ra t ion  rad ius  is def ined as the a b s c i s s a  of the point  on the curve  at  which the concen t ra t ion  c o r r e s p o n d s  to 
the value in the bed (here zero) .  This  method  of def ining the concen t ra t ion  rad ius  is only app rox ima te  because  
the tail  of the curve  (Fig. 2) fa l ls  s lowly.  Our  cu rves  w e r e  t runca ted  at the concen t r a t ion  c o r r e s p o n d i n g  to 1% 
of that  at  the axis .  E x p e r i m e n t  indicated that  this e s t i m a t e  for  the concen t r a t ion  rad ius  was  quite suff ic ient  
fo r  the d e t e r m i n a t i o n  of  in t eg ra l  c h a r a c t e r i s t i c s .  

We a l so  examined  the ef fec ts  of some  p a r a m e t e r s  on the concen t ra t ion  va r i a t ion  along the ax is ;  the ra te  
of fall  of the concen t r a t i on  i n c r e a s e d  with the equiva len t  d i a m e t e r  of the p a r t i c l e s  (Fig. 1), but a d i f fe rence  
f r o m  a je t  with a f r e e  gas phase  [1] was  that  h e r e  the r a t e  of fall  d e c r e a s e d  as the flow ve loc i ty  i n c r e a s e d  
(Fig. 1). The ini t ial  concen t r a t ion  had no ef fec t  on the m a s s  t r a n s f e r ,  nor  was  the re  any de tec tab le  ef fec t  
f r o m  the depth of  the bed. 

The  e x p e r i m e n t a l  data w e r e  p r o c e s s e d  on the bas i s  that  the e x c e s s  content  of the componen t  is cons tant  
in the va r i ous  c r o s s  s ec t i ons ,  which is widely  used in the ana lys i s  of  m a s s  t r a n s f e r  in je t s  [3]; this condit ion 
is put fo r  our  case  as  

b 

2nepgJ U (C - - C  b ) ydy  = ~r~UoPg(C o -  C b ). (3) 
0 

If  (3) is r educed  to d i m e n s i o n l e s s  f o r m  and then t r a n s f o r m e d ,  we obtain the axial  concen t r a t i on  as 

C m 1 Uor~ i x _ _  Cb '~ C b 
Co 2Be U~b~ [ ] - - ~ o  +--Q--o ' (4) 

whe re  
l 

0 
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Fig. 4. Variat ion in velocity at the axis 
of the je t  (d e = 2.24 ram) for U 0 (m/sec) 
of 3.43 (a) and 23.4 (b): 1) calculated f rom 
(7); 2) calculated f rom the concentration 
via (6). 

The integral B was calculated for  known velocity and concentration distr ibutions;  these were derived f rom (1) 
and (2). Integrat ion gave 

B = 0.119m + 0.052, (5) 

where m = Ub/Um. 

If there is no gas component in the fluidized bed (C b = 0), (4) simplifies to 

C,, 1 Vor~ (6) 

Co 2Be Umb2d 

Figure 1 compares  calculations f rom (6) with the measurements ;  the agreement  is good. The concentra-  
tion radius b d used in these calculations was determined direct ly  f rom experiment.  

Equations (4) and (6) also allow one to evaluate the aerodynamic  charac te r i s t i cs  of the jet;  d i rec t  m e a -  
surement  of the local gas velocity in such a jet  is difficult, on account of the low dynamic p re s su re  and the 
high par t ic le  concentration. We now consider  an indirect  method of determining the speed at the axis. 

The gas in the jet  enter ing the fluidized bed is inert  with respec t  to the solid, so the concentration may 
be measured  at the axis and in t r ansve r se  sections;  the concentration curves define the concentrat ion boundary. 
The concentrat ion at the axis is used with the concentrat ion radius in (6) for each section to calculate the 
velocity at the axis;  the resul ts  are  used in plotting Urn/U0 = f(x) (Fig. 4). 

On the other hand, the velocity at the axis can be calculated f rom a published relat ionship [2], which can 
be simplified to 

/ re vo(v ub) um = - v  0 ; /  - , (7) 

where 

3 (l--m)2+ ~ re(l--m). A =  3--g- 

The dynamic radius appearing in (7) is [2] given by 

b = 4.5n 
1 - - m  
l + m  

x. (s) 

We can simplify (7) and (8) by using (2) together with the assumption that the par t ic les  are  not entrained 
by the flow, as well as that the velocity at the boundary of the jet  is equal to that in the sys tem general ly (Ub = 
UE). If n i s  measured ,  we can use (7) and (8) to calculate the speed at the axis and to plot Urn/U0 = f(x). 

The experimental  value for the coefficient was derived by comparing the Um/U 0 = f(x) curves derived 
from the CO 2 concentrat ions with calculations f rom (7) (Fig. 4). We found that this coefficient was independent 
of the je t  velocity. Figure 4 shows curves for the velocity at the axis for jets entering the bed with velocit ies 
of 3.4 and 23.4 m/sec ,  the other  pa rame te r s  being constant. In both cases we found that n w a s  about 0.35. 
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Fur the r ,  ~ is i nve r se ly  re la ted  to the pa r t i c l e  d i ame te r ;  for  example ,  a je t  of veloci ty  3.43 m / s e c  
showed a fall in ~t f r o m  0.35 to 0.15 as the equivalent  d i a m e t e r  inc reased  f rom 2.24 to 5.92 mm.  T h e r e f o r e ,  
this coeff icient  is independent of the veloci ty  but is dependent on the c h a r a c t e r i s t i c s  of the bed under  these 
conditions. 

NOTATION 

b, b d 
C, C o, Cm, 
Cb 
do, de 
r0 
U, U0, Urn, 
Ub 
X 

Y 

) g  
~4 

= (C-Cb)/ 
(Cm-C b) 
Z : (U-Ub)/ 
(Um-Ub) 

= y/b 

a re  the concentrat ion and dynamic  radi i  of jet;  

a r e  the m a s s  concentra t ions  in the gas phase" cur ren t ,  initial,  on the axis,  and at the boundary;  
a r e  the packing d i am e t e r  and equivalent  d i ame te r  of solid pa r t i c l e s ;  
is the radius  of packing; 

a r e  the ve loci t ies :  cu r ren t ,  init ial ,  on the axis ,  and at the boundary; 
is the longitudinal coordinate;  
is the t r a n s v e r s e  coordinate;  
is the poros i ty ;  
is the gas densi ty;  
is the expe r imen ta l  coefficient;  

is the d imens ion less  concentrat ion;  

is the d imens ion less  veloci ty;  
is the d imens ion less  t r a n s v e r s e  coordinate .  
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ALLOWANCE FOR THE THERMAL BOUNDARY LAYER 

AND DIFFRACTION EFFECTS IN DETERMINING 

THE TRANSIT TIME OF SOUND IN 

ULTRASONIC FLOWMETERS 

I. A. Kolmakov, N. N. Antonov, 
and I. A. Logvinov 

UDC 536.2.242:534.24 

The t r ans i t  t ime of sound in u l t rasonic  f lowmete r s  is invest igated with al lowance for  the the rma l  
boundary l aye r  and diffract ion effects .  

In de te rmin ing  the t ime tt in u l t rasonic  f lowmete r s ,  which is equal to the d i f ference  between the down- 
s t r e a m  and u p s t r e a m  t r ans i t  t imes  of sound, it is a s sumed  that the t e m p e r a t u r e  of the liquid is constant  ove r  
the ent i re  path f r o m  the source  to the r ece ive r .  In rea l  si tuations the liquid flowing in the duct often has  a 
t e m p e r a t u r e  other  than that of the duct wall.  In this case we know [1-3] that a the rmal  boundary l aye r  is 
f o rmed ,  in which there  is a cer ta in  t e m p e r a t u r e  distr ibution and outside of which the liquid t e m p e r a t u r e  is 
roughly constant  and equal to the t e m p e r a t u r e  at the duct entry  (Fig. 1). Under these conditions the veloci ty  
of sound propagat ion  va r i e s  as a function of the t e m p e r a t u r e  zone through which the sound wave p a s s e s .  At 
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