
8. T.F. Petrik and I. N. Taganov, "Application of the wave diffusion model to description of solid phase 
mixing in a fluidized bed, " Teor. Osn. Khim. Tekhnol., 14, No. 3, 461-463 (1980). 

9. V.A. Borodulya, Yu. S. Teplitskii, Yu. G. Epanov, Yu. E. Livshits, andI. I. Yanovich, "Mathematical 
simulation of heat and solid particle transport processes in fluidized beds," Inzh.-Fiz. Zh., ~ No. 2, 

251-259 (1982). 
I0. Yu. S. Teplitskii, "Circulation-diffusion model of solid particle mixing in a gas-fluidized bed," Vestsi 

AN BSSR, Set. Fiz. Eng. Nauk, No. 2, 119-126 (1981). 
Ii. V.A. Borodylya, Yu. S. Teplitskii, and I. I. Yanovich, "Description of particle mixing in a fluidized 

bed by means of a hyperbolic equation," Inzh.-Fiz. Zh., 42, No. 3, 357-363 (1982). 
12. Yu. E. Livshits, A. I. Tamarin, and Yu. S. Teplitskii, "Mixing of large particles in a fluidized bed 

with bunched tubes, " Vestsi Akad. Nauk BSSR, Ser. Fiz. Eng. Nauk, No. 4, 83-87 (1977). 
13. Yu. S. Teplitsldi,"Suitability of the circulation model for describing particle mixing in fluidized beds," 

Vestsi Akad. Nauk BSSR, Ser. Fiz. Eng. Nauk, No. 4, 59-66 (1980). 
14. V.A. Borodulya and A. I. Tamarin, "Use of instantaneous heat sources in investigating the mixing of 

particles in fluidized beds, " Inzh.-Fiz. Zh., No. ii, 101-104 (1962). 
15. A.P. Gerasev, "Investigation of the motion of particles in fluidized beds for simulating catalytic reac- 

tions, " Author's Abstract of Candidate's Dissertation, Leningrad (1978). 

CALCULATION OF THE EFFECTIVE 

OF A TWO-PHASE STREAM 

A. P. Vasil'ev 

PERMITTIVITY 

UDC 532.529.5 

A calculating equation is proposed for the effective permittivity of bubbly and gas-drop 

streams. 

The methods of electrical conductivity and inductance [I], which are widespread in the diagnostics of 
two-phase flows, cannot be used to measure the volumetric content of the gaseous phase in a stream of di- 
electric liquid. In this connection one can use a capacitive method based on measuring the capacitance of a 

capacitor placed in the two-phase stream. 

The dependence of the effective permittivity of a two-phase stream on the volumetric content of the dis- 
perse phase in it will be decisive for the use of this method. This dependence must also be at hand in many 
calculations of electron-ion technology and in problems of the electrohydrodynamics of two-phase flows [2, 3]. 

We note that methods are known in the literature [4-6] for calculating the coefficients of effective conduc- 
tivity of heterogeneous (nonflowing) media. Unfortunately, they ignore the possibility of reorganization of the 
structure of a two-phase stream with an increase in the volumetric content of the disperse phase. For exam- 
pie, the change in the mode of flow of a bubbly stream has a crisis character, so that the coefficients of con- 
ductivity should undergo a discontinuity at some limiting attainable volumetric bubble content. 

Let us consider a disperse stream of two dielectric media. Let the disperse phase be present in the 

form of equal-sized spherical drops or bubbles and be characterized by a permittivity 62, while the carrier 
(dispersion) phase is characterized by a permittivity ~ i- We assume that the fluctuations in volumetric con- 
tent, number density, and sizes of the disperse particles caused by turbulent pulsations and processes of 
particle fragmentation and coalescence do not exceed their average values q~, N, and R by many times. 

Let a small plane capacitor be placed in the two-phase stream so that the functions ~p, N, and R can be 

taken as uniform in the space between its plates. At the same time, the volume of the capacitor is represen- 
tative, i.e., a bh >> R 3, so that the nonuniform electrostatic field due to the disperse particles can be averaged. 

Let the distance a between the capacitor plates be a multiple of 2R. We divide up the region of the two- 
phase stream in it into layers of thickness 2R by equipotentia[ planes. In the resulting system of a/2R series- 
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connec ted  e l e m e n t a r y  c a p a c i t o r s  some  will conta in  d i s p e r s e  p a r t i c l e s  (condit ional ly " two-phase"  capac i to r s )  
while o t h e r s  will not ( "one -phase"  capac i to r s ) .  The n u m b e r  of  e l e m e n t a r y  " two-phase  '~ c a p a c i t o r s  will be 
a3~N while the n u m b e r  of " o n e - p h a s e "  e l e m e n t a r y  c a p a c i t o r s  is a / 2 R -  aZ,[--N. 

The capacitance of an elementary "one-phase" capacitor is 

AC~- s~ b h ,  
4~, 2R 

while the capacitance of the system of elementary "one-phas&' capacitors is determined from the condition of 

their series connection, 

C1= s~ bh. I (t) 

To ca lcu la te  the capac i t ance  of an e l e m e n t a r y  " two-phase"  c a p a c i t o r s  we a s s u m e  that i ts  c apac i t a a c e  is  
unchanged  if  the sphe r i ca l  d i s p e r s e  p a r t i c l e s  a re  r e p l a c e d  by cy l ind r i ca l  ones  [7]. In this case  the capac i t ance  
of an e l e m e n t a r y  " two-phase"  capac i t o r  can be found as  the sum of the c a p a c i t a n c e s  of  two "one -phase"  c a p a -  
c i t o r s  with p e r m i t t i v i t i e s  s t and s2: 

4a 2/? 

The capac i t ance  of the s y s t e m  of  all e l e m e n t a r y  " two-phase"  c a p a c i t o r s  is d e t e r m i n e d  f r o m  the condi -  
t ion of  t h e i r  s e r i e s  connec t ion  and will  be 

3/ - -  3 - -  

4~a 2/? V N 

The capacitance of this capacitor is found using Eqs. (i) and (2) and is 

! - -  n R  2 N 2 ) 

C =  
4~a el ~ 1 - -  ~R 2 sV/-~ " 

! - -  2R ~/-N 2 2R I / N 

On the other hand, the same capacitance can be calculated through the effective permittivity of the two-phase 

st r e  am ,  

C = %__L bh (4) 
4:~ a 

Comparing Eqs. (3) and (4) m~d allowing for the relation ~ = (47r/3)R3N, after transformations we find 

3 (t - -  s2/sl) ~ (5) el 1 + 

If we make  the l imi t ing  t r a n s i t i o n  to a o n e - p h a s e  s t r e a m  in (5) then we obtain  ~ ~ 0 and e * --* 1. IVIore- 
o v e r ,  it fo l lows f r o m  Eq. (5) tha t  f o r  any ~p E [0, 1] and two d i e l ee t r i ca l l y  ind is t inguishab le  l iquids e 1 = e 2 ~* = 
t ,  wh ich  a g r e e s  wi th  we l l -known phys ica l  concep t s .  

In bubbly and g a s - d r o p  s t r e a m s  q0 cannot  exceed  the value of  ~r/6 d e t e r m i n e d  by the condi t ion of c l o s e s t  
pack ing  of sphe re s .  F o r  a g a s - d r o p  s t r e a m  with  ~2 > e l  it fo l lows f o r m a l l y  f r o m  (5) that fo r  q) = ~0(c2 r) > v /6 ,  

whe re  ~(J) sa t i s f i e s  the cubic equat ion 

3 V ~ -  2 1 
~-- ~o 2/s O, 

3 s2,ls 1 - -  I 

s*--~ ~ ,  which  doe sn ' t  make  phys ica l  sense .  And fo r  a bubbly s t r e a m  with s 1 > s 2 we can find f r o m  Eqo (5) 

that f o r  va lues  of 
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Fig. 1. Reduced effective permit t ivi ty  

e of a s t r eam as a function of the volu- 
met r iceontent  ~0(%) of: 1) bubbles of 
the gaseous phase; 2) aerosol  of the 
liquid phase. 

cr (1 - -  %/el) a 6 

= O, which has no meaning. 

One can show, for  example,  that the values co (1) determine the conditions under which the capacitance of f o r  

all the "two-phase" capaci tors  is formal ly  reduced to ze ro ,  in which case the surface gas content gos of the 
bubbles in the l ayers  becomes  g r e a t e r  than unity, which violates the definition of gos, 

3 
% = a R 2 b h  ~/ 'N2 - -  % ~ 1, 

bh % - -  % 

since ~ 1 > ~ 2. 

Thus, for  bubbly and aerosol  s t r eams  Eq. (5) will be co r rec t  only for  go < ~/6. 

The function (5) can be used to find the volumetric  content of the d isperse  phase f rom the measured  
capae~tallce of a capaci tor  in a two-phase  s t ream.  Fo r  this we note that e* = C* = C(go)/C(0), where C(go) 
is the capaci tance of the capaci tor  containing a two-phase dielectr ic  while C (0) is the capacitance of the same 
capaci tor  fi l led with a one-phase  dielectr ic  with a permit t iv i ty  el- Using this,  we write (5) in the fo rm of a 
cubic equation (substituting go = t a) 

r -]- a~? 2 / a -~- c =- O, 

the real  root  of which can be found using the Cardan solution, 

3 q 2 a / q V ~ - 2 ) " / { P ~ a +  _ ,, , ~ - ~ ,  ( 6 )  

where  

_~ ~V / 9~ I - - C *  1 
a = 16 C *  ; p = -  --~- aZ; 

[.._a_a ~ a 2 l - - C *  el 
q = 2  - F c ;  c - -  

3 C*  e 1 - -  % 

It should be noted that the capacitance C(go) must  be measured  at several  values of the e lect ros ta t ic  field 
s trength so as not to cause its react ion to the gas content go in the capacitor.  Another drawback of the capa-  
citive method is its high sensit ivity to the geomet ry  of the disperse  par t ic les ,  so that Eq. (5) is valid only for 
monodisperse  s t reams.  A departure  f rom spherical  part icle  shape resul ts  in the need to use capacitive detec-  
t o r s  of large  size. 

Graphs of 'the function e* = e * (go) calculated f rom Eq. (5) for  bubbly and g a s - d r o p  s t r eams  of w a t e r -  
a i r  and a i r - w a t e r  sys t ems  are  shown in Fig. 1. Evidently, the graphic method is more  convenient to use than 
the cumbersome solution (6) to find go. 

We note that in bubbly s t r eams  e 1 >> ~ 2, so that the function (5) can be written as 

= = - -  3 = - - -  , ( 7 )  

e 1 2 1 -  r 

while in g a s - d r o p  s t r eams  e2>> e 1 and Eq. (5) takes the fo rm 
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p e r s e  p a r t i c l e s  can also be of in te res t .  
lira e* (% eje0.. As a result, we obtain 

e* eef /1 3 q)eJe I ~-~ 

- - l /  16 e 1 '- / 

The var ia t ion of the effect ive pe rmi t t i v i t y  of  a two-phase  s t r e a m  containing e l ec t r i ca l l y  conducting d i s -  
This  var ia t ion can be obtained f r o m  (5) by seeking the s imple  l imit  

eef I 

ea 1 - - - t / ~ ,  rp 

F r o m  th is  it i s  seen th~tt s* --*- ~o at  q~ = 7r/6. Phys ica l ly  this  means  that e l ec t r i ca l l y  conducting sphe res  in 
c loses t  pactdng f o r m  conducting c lu s t e r s  [6] and the pe rmi t t i v i ty  a s s u m e s  an infinite value, i .e . ,  the two-  
phase  s t r e a m  becomes  e l ec t r i ca l ly  conducting. 

The equations p re sen ted  desc r ibe  the dependence on ~0 of not only the effect ive pe rmi t t i v i t y  but also the 
effect ive  e l ec t r i ca l  conductivity of two-phase  s t r e a m s ,  as  well as  the effect ive t h e r m a l  conductivity in the 
cor responding  two-phase  (nonflowing) media .  F o r  example ,  Eq. (7) coincides with the dependence on ~p of the 
effect ive e l ec t r i ca l  conductivity of a bubbly s t r e a m  containing e l ec t r i ca l ly  nonconducting bubbles ,  which was 
ver i f ied  expe r imen ta l ly  in [7]. 

NOTATION 

i, ~ 2, permittivities of the carrier and disperse streams; q~ volumetric content of disperse phase; 
N, number density of disperse particles; R, radius of a spherical particle; a, distance between capacitor 
pl~tes; b and h, dimensions of capacitor pl~tes; ACI, capacitance of an elementary "one-phase" capacitor; 
Ci, capacitance of the system of elementary "one-phase" capacitors; A CI2 , capacitance of an elementary 
"two-phase" capacitor; Ci2, their total capacitance; C, capacitance of the representative capacitor; eef, effec- 
tive permi ttivity of the two-phase stream; ~*, its reduced permittivity. 
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