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Results are presented of theoretical and experimental studies of heat exchange 
between a liquid fluidized bed through which air bubbles pass and a horizontal 
cylinder. 

The intensification of heat exchange with the passage of gas bubbles through a liquid 
fluidized bed can be explained by additional convective dispersion due to wave motions of 
the liquid, which are caused by variations of the volume and shape of the surfacing bubbles 
[i, 2]. Dependences of the coefficients of convective dispersion (thermal diffusivity) 
and heat exchange on gas volume were established earlier [2]: 

( [3 )1/6 ( ~; )I/,2. (i) D=km 1--[~ , St~ = k~St 1 - - - - - - - - ~  

Rigorous analytic solutions of problems of external exchange in a disperse bed were 
obtained earlier [3, 4]. The approaches developed then are used below for analysis of ex- 
ternal heat exchange in a three-phase fluidized bed. Since, because of their complexity, 
it is impossible at the present time to obtain analytic solutions of these problems, there- 
fore it is entirely reasonable to use approximation and estimation methods based on model 
equations [5] with the results corrected on the basis of experimental data. 

Following our earlier work [3, 4], we shall the heat exchange of a horizontal cylinder 
with a bed in a single-phase approximation using the equation of convective thermal conduc- 
tivity [4] 

(uv) T = V (~vT) - -  ~ T,  

t--% ~o (2) 
a =  ~/PoCo; T . . . .  

t~ - -  to ~ 

with boundary conditions 

With the aid of von Mises transformations [6], it is convenient to move in (2) to a 
coordinate system that is related to the heat-exchange surface such that the y-axis is ori- 
ented along the normal to the surface and the x-axis is oriented from the head point of 
the cylinder along the line of its intersection with the plane perpendicular to the axis: 
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(3) 

For an infiltrated granular bed, the principal values all and am of the thermal-diffusiv- 
ity tensor were given earlier [4]. 
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The experimentally studied fluidization regimes are characterized by high Peclet num- 
bers (~103-104), and the heat-exchange process is self-similar with respect to the size 
of the cylinder. Therefore, T differs from zero in a thin boundary layer, and the varia- 
tion of T with respect to y is greater than along the x-axis [4]. Taking these circum- 
stances into account, ignoring 8T/Sx, and assuming a• = a and u = {Ux, Uy} = {u, 0}, we 
obtain from (3) an equation [4] for a plate, which, according to the concepts introduced 
by Dil'man and Polyanin [5], can be considered a model equation for our problem: 

u -- a --k~T,  (4) 
Ox Oy 

T w = = O ,  Tu=o=l .  (5)  

We use an a l g e b r a i c  method [5] to  ana lyze  problem (4) and (5 ) .  F i r s t ,  we s h a l l  examine 
a flow with a constant filtration velocity and a constant thermal diffusivity 

U=Uo=const ,  a = a o ( l + y ) ;  ?=k--,lu (6) 
ao 

where ~ has the meaning of a "microstructural" Peclet number. A rigorous solution of this 
problem was obtained earlier [4]. The characteristic "microscale" s is equal to the particle 
radius, and k = 0.38. We take the length of the plate L as the "macroscopic" scale. Intro- 
ducing the dimensionless variables x/L and y/L (which we shall denote by the same letters 
x and y), we transform (4) and the thermal flux [see (2)] to dimensionless form: 

OT 0iT k~i* T, (7) pe0-7-= (1 + ~) 
o x  Og 2 

S t -  l + y  (.__~_y)OT ' , Peo=  uoL , S t - -  q (8 )  
Peo w ao 9oCot%Uo 

According to Dil'man and Polyanin [5], in (7) we extend the y coordinate as follows: 

such that (3T/8~) w =-i, then, 

v =  (1 +~)  .~, (9) 
St Peo 

(StPe~ t 0iT I j or  ] kqL2 {T}=0 .  (10) 
l + y  [ O~ 2 j - - P e 0 [ - - ~ - x  / ao 

We move from differential Eq. (i0) to an algebraic equation for the average Stanton 
number by substituting constants (_+i) for the quantities in the braces [5]: 

St i - -  ( l + Y )  ( l + Y )  kqL~ = 0 .  (11) 
Peo Pe~ ao 

In the model in question, as applied to a fluidized bed, the role of heat sinks is 
played by solid particles that enter the wall zone, where the temperature gradient from 
the bed is concentrated. The sinks can, in principle, be of a different nature. We shall 
examine in (ii) two limiting cases: kq + 0 and kq § =. For kq § 0, from (ii) we find 

/-- / ..... ( 1 + y) aoUo St. -+ Sto = 1 + Y , qo = PoCo~9o , (12) 
hq~o Peo L 

and for kq ~ ~ we have 

St �9 +St| = r (| --]-?)aokq ~q~ u~ , q.=-PoCoOo]/(1 -{-?)aokq. (13) 

The expression for q~ coincides with the exact analytic result obtained earlier [4], 
while q0 differs from the exact result [4] 

2L/ qo = poCoOo - ~  
(1 + ?) aoUo 

L 
(14) 

by the factor 21 ~r 1.13. 
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Fig. i. Ratios of average thermal flux to 
limiting values: i) q/q~; 2) q/q0 versus 
dimensionless length ~. The solid curves 
represent exact calculations [4] and the 
points indicate approximations by (16). 

Expressing the last two terms in (ii) by St0 and Sty, which were obtained from the 
exact formulas for q0 and q~, we arrive at an asymptotically corrected equation for St: 

St 2 -  ~ S t ~ - - S t ~  = 0 .  
4 

find 

( 1 5 )  

L e t  us  e s t i m a t e  t h e  a c c u r a c y  o f  ( 1 5 ) .  T a k i n g  (13)  and (14)  i n t o  a c c o u n t  i n  ( 1 5 ) ,  we 

q = V ~ ' ~ I ;  q -- ~ /  V~I+~,  ~ = kqL (16)  
q~ ~ q0 ~ u0 

The r e s u l t s  o f  c a l c u l a t i o n s  o f  q /q~  and q /q0  by t h e  e x a c t  f o r m u l a s  [4] and a p p r o x i m a t e  
f o r m u l a s  (16)  a r e  p r e s e n t e d  in  F i g .  1. As can  be s e e n  f rom t h e  g r a p h i c a l  c o m p a r i s o n ,  Eq. 
(15)  d e s c r i b e s  f a i r l y  a c c u r a t e l y  t h e  h e a t  e x c h a n g e  f o r  i n t e r m e d i a t e  v a l u e s  o f  kq [ 7 ] .  

I f  t h e r e  a r e  no e x a c t  a n a l y t i c  a s y m p t o t i c s ,  t h e  r e l a t i o n s  o b t a i n e d  by t h e  me thods  o f  
D i l ' m a n  and P o l y a n i n  [5] can  be c o r r e c t e d  on t h e  b a s i s  o f  e x p e r i m e n t a l  d a t a .  T h i s  i s  e s p e -  
c i a l l y  i m p o r t a n t  f o r  t h e  d e v e l o p m e n t  o f  e n g i n e e r i n g  me thods  f o r  t h e  c a l c u l a t i o n  o f  p r o c e s s e s  
o f  h e a t  and mass  t r a n s f e r  in  complex  s y s t e m s  - f o r  e x a m p l e ,  t h r e e - p h a s e  f l u i d i z e d  b e d s .  
N u m e r i c a l  e s t i m a t e s  b a s e d  on e x p e r i m e n t a l  d a t a  f o r  a f l u i d i z e d  bed show t h a t  t h e  l a s t  t e r m ,  
which  t a k e s  i n t o  a c c o u n t  h e a t  a b s o r p t i o n  in  t h e  b o u n d a r y  l a y e r  by p a r t i c l e s  ( s i n k s ) ,  i s  
n e g l i g i b l e ,  b u t  a s y m p t o t i c s  (12)  do n o t  work in  t h i s  c a s e .  

L e t  us  exam i ne  f i r s t  a f l u i d i z e d  bed w i t h o u t  gas  b u b b l e s .  As e a r l i e r  [ 4 ] ,  we s h a l l  
u s e  an a p p r o x i m a t i o n  o f  a t h i n  b o u n d a r y  l a y e r .  Assuming kq = 0 in  (4 )  and i n t r o d u c i n g  t h e  
s e l f - s i m i l a r  v a r i a b l e  n = y / 5 ( x )  [T = T ( ~ ) ] ,  we t r a n s f o r m  ( 4 )  t o  

0~1 ~ a Ox ~1 ~ --k a O~l 00 O. (17)  

At a = const, (17) becomes the earlier equation [4] for stationary flow past a plate. 
Analysis of this equation by the algebraic method naturally leads to the above-derived rela- 
tions (12), (13), (15), and (16). 

Using the relationship between the thicknesses of the thermal 6* and hydrodynamic 
boundary layers [8] 

6" = f* (Pr) 6 and U = u0f Q]) = (UO/[ *m) ,qm, 

and taking relation (8) into account, from (6) we obtain 

0a 
-- kl Ou = kluo af _ mklu_____..~o~_l. (18) 

In addition, with intense particle mixing, it can be assumed that the convective mechanism 
of heat transfer predominates. Therefore, Y >> i, a = ks = (ks min (6). Taking 
this circumstance and (18) into account, we represent the last term in (17) as 

1 Oct OT m OT 
- - -  ( 1 9 )  

a 00 00 ~ 00 " 

Fo r  f l o w  o f  an i n c o m p r e s s i b l e  medium w i t h  s o l i d  p a r t i c l e s  p a s t  a p l a t e ,  we h a v e  [9] 
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hence, 

~* --0 2 ' i - -O '2x- -  0 --ARe~ ' = A i  Uo o 
x ~ ~o / ' ( 20 )  

8" 08 
08" _ 0,8 - -  = f* (Pr) . 
Ox x Ox (21)  

S i n c e  6 * / x  v a r i e s  i n s i g n i f i c a n t l y  [ 9 ] ,  and c o n s i d e r i n g  t h e  s u b s e q u e n t  c o r r e c t i o n  o f  
t h e  r e s u l t s ,  we s u b s t i t u t e  ~ * ( s 1 6 3  f o r  6 * / x  in  ( 2 1 ) :  

8* 0,8 8* 0,8A ( uol -o,2 08 = 0 , 8 - - ~  ~I = 0,8A 
O--x- x[* --[* ~ - -  [ ~  \ vo / [* Re -~  ( 2 2 )  

where  we f i n d  6 " ( s 1 6 3  f rom ( 2 0 ) .  

We shall assume that (22) is also valid for a liquid fluidized bed. The cofactor in 
the braces in the second term of (17), with allowance for (22) and the relations a = ks 
and 5" = f*~, is reduced to the form 

(.8 06) o,8 t @ )  ~ 0,8A*~ o 
a Ox - kI*' = - f i r - ~ e -  . ~ =  

_ ( 1 - - m ) c  ~ Re_0:4, e~ = 0,8 A~ , 
f*~ (1 - -  m) k 

(23)  

where 6* = 6"(~). 

Substituting (19) and (23) into (17), we obtain 

02T + ( 1 - - m ) c  2 ~e_0,4 0T_T @ tl~ 0T = 0 "  (24) 

0~ 2 [*~ o~ ~ 0~ 

The t h e r m a l - f l u x  d e n s i t y  w i t h  p a s s a g e  t o  q can  be w r i t t e n  as  f o l l o w s :  

q = - ; s t  = - k ( r (nt �9 ( 2 s )  

E x t e n d i n g  t h e  c o o r d i n a t e  n = ~/S t ,  we c o n v e r t  (24)  t o  t h e  f o r m  

St ~ [ -~ - t  OTll q- (1 --m)c~[*8 R e - ~  @ reSt2 O~ ---0. (26)  

E q u a t i n g  t h e  e x p r e s s i o n s  in  t h e  b r a c e s  t o  c o n s t a n t s  ( •  we o b t a i n  an e q u a t i o n  f o r  t h e  
a v e r a g e  S t a n t o n  number :  

/* 'S t~  = c2Re-O,4 C2 --  0,SA 2 
(1 - -  m) k (27) 

If as the function f*(Pr) we use f*(Pr) = Pr ~ [9], Eq. (27) takes the form 

St P r ~ 1 7 6  (28)  

To a l l o w  f o r  t h e  e f f e c t  on h e a t  e x c h a n g e  o f  t h e  p a s s a g e  o f  b u b b l e s  t h r o u g h  t h e  bed ,  we u s e  
(1):  

SIB = cRe-~  P r -~  1 - - - ~  (29 )  

I t  s h o u l d  be  n o t e d  t h a t  t h i s  same r e s u l t  can  be o b t a i n e d  i f  a t e r m  D(1)  f o r  t h e  c o n v e c -  
t i v e  d i s p e r s i o n  due t o  b u b b l i n g  t h r o u g h  i s  added  t o  t h e  e x p r e s s i o n  f o r  t h e  t h e r m a l - d i f f u s i v -  
ity coefficient. 

Considering that (~/(1 - ~))i/Iz = ~0.i, we convert in (29) to Nusselt numbers (Nu = 
StPe = StRePr): 

Nu = c R e  ~  o ,6 80,l. 

The c o n s t a n t  c and t h e  e x p o n e n t s  a r e  s u b j e c t  t o  c o r r e c t i o n  on t h e  b a s i s  o f  e x p e r i m e n t a l  
d a t a ,  s i n c e  t h e r e  a r e  no a n a l y t i c  s o l u t i o n s  o f  t h e  p r o b l e m  in  q u e s t i o n .  

(30) 
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1 2 5 7 6 9 ~0 11 12 

Fig.  2. Experimental  se tup ,  l )  RN0-250-5 au to t r ans fo rmer ;  
2) K-50 measuring s e t ;  3) c o l l e c t i n g  tank;  4) ammeter; 5) TS- 
50 t r ans fo rmer ;  6) c u r r e n t  t r ans fo rmer ;  7) expansion chamber; 
8) piston; 9) working channel; i0) gas-liquid fluidized bed; 
ii) experimental section with electrocalorimeter; 12) PMT-20 
switch; 13) Dewar flask; 14) F-30 measuring set; 15) support 
and separating grating; 16)thermometer; 17)compressor; 18) 
receiver; 19) pressure gauge; 20) U-tube differential gauge; 
21) hydrodynamic-stabilization channel; 22) return channel; 
23) bubbler; 24) mixing chamber; 25) valve; 26) N-tube dif- 
ferential gauge; 27) digital voltmeter; 28) flowmeter dia- 
phragm; 29) pump; 30) cooler. 

Experiments were performed using the setup shown in Fig. 2 to check the model representa- 
tions of the mechanism of heat exchange in a three-phase fluidized bed. 

A bed of granular material was fluidized in a vertical channel with a rectangular cross 
section of 50 • 140 mm and a height of i000 mm. The experimental section was preceded by 
a section of hydrodynamic stabilization, between which was installed a perforated grating 
covered by a fine-mesh metal screen to prevent the granular material from falling through 
the grating. The fluidizing medium was a mixture of air with water and aqueous solutions 
of glycerin. The liquid was circulated through a closed circuit, while the gas channel 
had an open circuit. Coaxial openings for an electrocalorimeter were made in sleeves on 
the side walls of the channel at a certain distance from the perforated grating along the 
height of the experimental section. Electrocalorimeters with outside diameters of 6 and 
16 mm were used in the experiments. The air was mixed with the liquid in a chamber of rect- 
angular cross section with a bubbler installed in it. To obtain a homogeneous mixture of 
air and liquid, the openings through which the air was sprayed were arranged uniformly with 
identical spacings. 

The quantitative effect of the determining similarity criteria Re, Pr, and $ obtained 
theoretically in Eq. (30) was confirmed by analysis of experimental data on the heat exchange 
of a horizontal cylinder placed in a bed of particles fluidized by a mixture of water and 
air. As a result of processing of these data, a correction was made in the exponents of 
the determining similarity criteria and the proportionality factor c was determined. The 
generalizing experimental dependence of the heat exchange of a horizontal cylinder with 
a gas-liquid fluidized bed has the form 

Nu ~ 0,14 ~e~176176 (31) 

where eq = (Pr0/Prw)~ is a correction for the direction of the thermal flux in a system 
that has a liquid phase. 

The determining parameters in (31) are the equivalent diameter of a pore channel, s = 
d e = (2/3)(r " r the liquid velocity u 0 = uf0/e, and the mixture temperature. There- 
fore, 
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Fig. 3. Generalization of experimental data for stabilized 
heat exchange of horizontal cylinder in gas-liquid boiling 
bed: water-air-glass (i) d = 0.78 mm, 2) 0.91, 3) 1.34; 4) 
3.17; 5) 3.61); alundum (6) 1.38; 7) 2.97); 20% glycerin solu- 
tion-air-glass (8) 2.36); alundum (9) 0.95); the line represents 
Eq. (31). 

Nu = a~-"  Re uode _ ttfode. ~ ufu 
~0' ~0 g~0 Uf0-]-Ufg ( 3 2 )  

Equation (31) is valid in the following ranges of determining similarity criteria: 
Re = 200-6200, Pr = 5-20, and $ = 0.05-0.4. A graphical representation of generalizing 
relation (31) is provided in Fig. 3. 

Thus, as the mechanisms of heat transfer in a gas-liquid fluidized bed are determined 
more precisely, the approaches examined here will provide fairly simple and accurate formulas 
for calculation of processes of heat transfer to various heat-exchange surfaces. 

NOTATION 

x and y are coordinates; T and % are the dimensionless and excess temperatures, which 
are defined in (2); a and ~ are the thermal-diffusivity and thermal-conductivity tensors; 
00c0 is the volume specific heat of the liquid; D, a , and I are the coefficients of convec- 
tive dispersion, thermal diffusivity, and thermal conductivity; ~ is the heat-exchange coef- 
ficient; ,(Ux, Uy) is the liquid-velocity vector and its components; R, a, d, s and L are 
the radii of the cylinder and particles, the particle diameter, the characteristic microscale, 
and the length of the plate; 7 is a parameter in (6); kD, k s , k , k, A, Cs, and c are propor- 
tionality factors in (i), (2), (3), (4), (6), (20), and (23); 69 and 6 are the thicknesses 
of the hydrodynamic and thermal boundary layers; m is the exponent of the velocity distribu- 
tion in the boundary layer; f*(Pr) is a function that relates 6* and 5; ~ is the gas concen- 
tration by volume in (32); s is the average porosity through the volume of the bed; St, 
Pc, Pr, Re, and Nu are the Stanton, Peclet, Prandtl, Reynolds, and Nusselt numbers; 6, ~, 
and N are variables in (9), (16), and (17). Subscripts: 0) liquid phase; q) gas; w) heat- 
heat-exchange surface; and f) filtration. 
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EFFECT OF ELEVATED CARRIER-GAS PRESSURE ON HYDRAULIC 

CHARACTERISTICS OF GAS-SOLID PARTICLE TWO-PHASE FLOW 

V. I. Timoshenko, Yu. V. Knyshenko, V. F. Kopysov, 
and E. N. Gromov 

UDC 532.529 

The effect of elevated gas pressure on the hydraulic resistance and critical 
velocity of a two-phase flow is studied on a pneumatic-transport bench. It 
is established that for each working-pressure level there exists a limiting 
solid-phase concentration, the exceeding of which causes an abrupt rise in 
hydraulic resistance. 

Gas flows in pipes in the presence of a disperse phase in the form of solid particles 
take place in various technological processes: in power engineering mining, the chemical 
industry, and metallurgy. Such flows are typical in practice in the pneumatic transport 
of granular materials, which is gaining wider use in the indicated areas. 

Pneumatic transport is being developed to increase the concentration of granular materi- 
al in the pipe and the transport distance, which makes it necessary to increase the carrier- 
gas pressure. 

Preliminary estimates show that granular loads can be carried distances of from 1-2 
to several tens of kilometers through a pneumatic-transport line (for example, coal, ore, 
and other raw materials from the production site to the consumer). The working gas pres- 
sures at the beginning of the pipe will be within 0.5 to 3-4 MPa. 

The accumulated experimental material on two-phase flows [i-ii], which has been gener- 
alized in the form of dependences for hydraulic resistances, critical velocities, sliding 
velocities, acceleration parameters, and other quantities, was obtained at small working 
pressures (0.1-0.2 MPa). The use of these results in the design of systems with increased 
carrier-gas pressure requires proper substantiation. 

We studied the effect of an increase in gas pressure (to 1.4 MPa) on such hydraulic 
characteristics of two-phase flow as hydraulic resistance, critical velocity, and sliding 
velocity. 

i. The study was performed on a pneumatic-transport bench, a diagram of which is shown 
in Fig. i. 

The bench is mounted in a closed scheme with two circuits: one for the pure gas and 
one for the two-phase suspension. The bench includes two series-connected circulation units 
(CU), which consist of spur-gear compressors of type 2AF51E52Sh in sealed enclosures, which 
are filled with gas simultaneously with the pneumatic-transport pipes. The noncirculating 
part of the bench consists of transport pipes with horizontal measuring sections and loading 
and unloading devices. The noncirculating part is filled with gas to the working pressure 
from a gas-supply unit with a bank of high-pressure cylinders (Pw = 15 MPa) and a system 
for controlling and monitoring the output pressure. 

The loading device (LD) is a cyclone unit mounted on a cylindrical hopper, in whose 
lower part is a variable-speed drum feeder. The unloading device (UD) consists of a cyclone 
and a receiving hopper. 
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