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We describe the experimental installation and give the results from experimental determina- 

tion of the effective thermal conductivity of a vibrating bed in a vacuum, in the horizontal 

direction, for various vibration parameters and for various particle sizes of the fine- 
grained material. 

When a f i n e - g r a i n e d  m a t e r i a l  is  s u b j e c t e d  to v i b r a t i o n ,  the p a r t i c l e s  a r e  s e t  in m o t i o n  and the gas  
p h a s e  i s  s e t  into c i r c u l a t i o n .  A s o - c a l l e d  v i b r a t i n g  bed  is f o r m e d  [1-3] .  

In a v i b r a t i n g  bed ,  in a d d i t i o n  to the m e c h a n i s m  of  h e a t  t r a n s f e r  in the f ixed  bed [4] we have  the t r a n s -  
f e r  of  h e a t  r e s u l t i n g  f r o m  the d i s p l a c e m e n t  o r  c o n v e c t i o n  of the p a r t i c l e s  t h e m s e l v e s  and f r o m  the c i r -  
c u l a t i o n  of the g a s  p h a s e .  M o r e o v e r ,  b e c a u s e  of p a r t i c l e  c o l l i s i o n  t h e r e  i s  a s l i g h t  i n c r e a s e  in the con t ac t  
a r e a  b e t w e e n  the p a r t i c l e s .  Th is  s e r v e s  a l s o  to i n t e n s i f y  the p r o c e s s  of hea t  p r o p a g a t i o n  in the v i b r a t i n g  
bed  [5]. 

The ability to transfer heat in a vibrating bed can be characterized by means of the effective coef- 
ficient of thermal conductivity. 

The circulation of the gas medium that is generated on vibration has a pronounced effect on the nature 

and intensity of particle motion, particularly for materials exhibiting poor air permeability. With the sys- 

tem in a vacuum, the effect of the medium on particle motion diminishes and at low pressures may be 

eliminated entirely. Since the nonmoving bed of fine-grained material at these pressures exhibits low ther- 

mal conductivity, the transfer of heat, consequently, in the vibrating bed in a vacuum is achieved primarily 

through the convection of the particles themselves. Evacuating the vibrating bed thus made it possible to 

determine how the vibration parameters affect the effective thermal conductivity of a fine-grained material. 

The determination of the effective coefficient of thermal conductivity was based on a steady-state 

method. It was assumed that the bed is in the shape of a cylindrical wall with a height I and an inside radius 

r I, the outside radius denoted r 2. Since the investigations were carried out at low pressure, the losses from 

the top surface of the bed could be regarded as equal to zero with a high degree of accuracy, and to reduce 

the leakage of heat through the bottom of the vessel, thermal insulation was provided. The intensive local 

mixing of the particles in the vertical direction, as well as the comparatively small height of the bed, allow 

us to neglect the temperature gradient along the axis of the bed. Measurement of the temperatures in the 
vibrating bed confirmed this hypothesis. 

Proceeding from these premises, we solved the familiar problem of steady-state heat conduction 

under boundary conditions of the second kind, but with consideration of the heat leakage through the bottom 

of the vessel. The latter, because of the absence of an axial temperature gradient, could be equated to the 

effect of internal heat sinks, distributed uniformly over the entire bed, and the volume output of these sinks 
was determined by the expression 

AQ 
q v =  ' (r 2 _ ~ r [ ) l .  (1) 

The final formula for the determination of the effective coefficient of thermal conductivity in the horizontal 
direction had the form 
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Fig.  1. D i a g r a m  of the exper imen ta l  instal lat ion:  1) he rme t i ca l ly  
sea led  ve s s e l ;  2) e l ec t r i c  hea te r ;  3 )Texto l i te insu la t ion ;  4) table 
of v ibra t ion  stand; 5) a sbes to s  insulation; 6) me t e r i ng  tank; 7) 
t h r e e - w a y  valve;  8) RVN-20 p reevacua t ion  pump; 9) f i l ter ;  10) 
VT-2A thermocouple  vacuum gauge; 11) liquid vacuum gauge; 
12) LT-2 manometer tube; 13) autotransformer; 14) S-0.09 sta- 
bilizer; 15) switch; 16) PP-63 potentiometer. 

~eff= 2~xl (~i -- ~z) In ri Oel 2 r~ " (2) 

The assumpt ion  of un i form dis t r ibut ion for  the internal  heat  sink is not en t i re ly  val id ,  since the heat  
l o s se s  under  rea l  conditions depend on the t e m p e r a t u r e  of the bed. However ,  as  shown by numer ica l  c a l -  
cula t ions ,  fa i lure  to account  for  this fac tor  in the ease  of overa l l  l o s s e s  not exceeding 30% leads to an in-  
significant error smaller than 2%. Equation (2) was therefore taken as the basic working formula for the 
determination of the effective coefficient of thermal conductivity. 

With consideration of the above, we developed an experimental installation whose diagram is shown 
in Fig. i. As the fine-grained test material we used electrical corundum of narrow fractions with particle 
dimensions of 0.32 and 0.16 mm; itwas poured into the hermetically sealed vessel 1 (154 mm in diameter) 
so as to cover completely (with an excess of 3-5 mm) the axially positioned cylindrical heater 2 whose 
diameter is 15 mm and whose height is 60 ram. The outside wall of the vessel was cooled with running 
water. The heater was powered from an ac main through voltage stabilizer 14 and autotransformer 13. To 
determine the heat losses AQ we measured the temperature difference for the cooling water ahead of and 
behind the vessel, and also the water flow rate, using metering tank 6. 

The hermetically sealed vessel 1 was attached rigidly to the table of vibration stand 4, executing 
vibrations in the vertical direction. The ST-80 vibration stands made it possible to smoothly vary the vibra- 
tion frequency from 30 to 80 Hz, and to vary the amplitude from 0 to 1 mm. 

With preevaeuation pump 8 the system was evacuated to 80-133 N/m 2, which was monitored by means 
of the thermocouple vacuum gauge i0, paired with manometer tube 12. 

During the experiment, after establishment of the steady-state regime, which was achieved within 
1.5-2 h, we repeatedly took the readings of the thermocouples that had been embedded into the surface of the 
heater and the side wall of the vessel, as well as of the thermoeouples located in the vibrating bed at several 
points near the heater and near the side wall, separated from these through distances of 2-3 mm. We used 
a PP-63 potentiometer as the measuring device 16. 
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TABLE 1. Va lues  of T e m p e r a t u r e s  M e a s u r e d  d u r i n g  the E x p e r i -  
m e n t  (P = 100 N / m 2 ;  d = 0.32 m m ;  I = 1.17 A;  U = 12.65 V; Qel 
= 14.8 W; and G = 0.0058 k g / s e c )  

"c, h, t2, t,, Q, t6, le, t~,~ t,,~ tg,~ ho, ~ ht,~ &,,~ t,~,~ ht,~ Tain i ~ ~ ~ ~ ~ ~ 

0 21,9 22,4 21,7 22,1 22,8 
3 
6 21,2122,3 21,7 21,9 22,8 
9 

12 21,fi 22,321,6 21,8 22,8 
15 
18 21,6122,1 21,4 21,7 22,7 
21 
24 
27 
30 

21,6 22,0 21,4 21,822,7 
I 

21,5 22,0 21,4 21,fi 22,7 

21,7 22,2 21,5 21,8 22,8 

21,9 

21,6 132,2 

21,6 131,4 

21,7~131,5 

21,7 1132,0 

21,6 132,3 

21,6 133,5 

21,5 132,1 
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130,5 129,5 

129,5 128,5 

I29,5 128,0 

130,0 129,5 

13015 129,0 

131,0 129,8 

130,2129,0 
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Fig. 2. Effective coefficient of thermal conductivity 

(W/m 'deg) for the vibrating bed in the horizontal 
direction as a function of the parameter A2w 3 (m 2 

/see3): i) f = 51Hz; 2) f= 61 Hz; P = 80-133 N 
/m2; d = 0.32 ram. 

A number of tests were first carried out to 

evaluate the heat leakage through the bottom of the 

vessel for various vibration and pressure param- 

eters of the gas medium. In these series of tests, 

the flow rate and temperature variation of the cooling 

water was carefully monitored. The effect of the 

transfer of heat between the outside surface of the 

water sleeve and the ambient medium was reduced 

to a minimum by applying insulation 5 and by sup- 

plying the cooling water at room temperature. The 

data for one such test, after establishment of the 

steady-state regime (when f = 41 Hz, A = 0.58 ram, 
and P = i00 N/m 2) are given in Table i. 

The heat losses calculated on the basis of these 

data amount to 1.7Wor ii.5%. Inall of the re- 

maining tests, the heat losses ranged within the 

limits of 8-15%. For such losses and for the in- 
s t r u m e n t  de s ign  u n d e r  c o n s i d e r a t i o n ,  as can  be e s t a b l i s h e d  by c a l c u l a t i o n ,  Eq .  (2) d i f fe r s  f r o m  the e x -  
p r e s s i o n  

QeI In r2 

by only 1.5-3%, which e n a b l e s  us  to use  (3) to d e t e r m i n e  the e f fec t ive  coef f ic ien t  of t h e r m a l  conduc t iv i ty ,  
wi thout  c o n c e r n  as  to a c c u r a c y .  

We inves t i ga t ed  the ef fec t ive  t h e r m a l  conduc t iv i ty  of the v i b r a t i n g  bed at  f r e q u e n c i e s  of 41, 51, 61, 
and 69 Hz. The r e s u l t s  obta ined  with a v i b r a t i o n  f r e que nc y  of 51 and 61 Hz a re  shown in F ig .  2 as  a f u n c -  
t ion  of A2w 3. If we d i s r e g a r d  the e n e r g y  a b s o r p t i o n  in  the bed,  this  p a r a m e t e r  is  p r o p o r t i o n a l  to the power  
which m a y  be r e c e i v e d  by a un i t  v o l u m e  of the d i s p e r s e  m a t e r i a l  at the v i b r a t i o n  f r equency  and ampl i t ude  
of the v i b r a t i o n - s t a n d  p l a t f o r m ;  this  p a r a m e t e r  p r o v i d e s  b e t t e r  c h a r a c t e r i z a t i o n  of the p a r t i c l e - m o t i o n  i n -  
t e n s i t y  [6] than any o ther .  

We see f r o m  F ig .  2 tha t  with an i n c r e a s e  in A2c03 for a f ixed va lue  of f r e que nc y  the e f fec t ive  eoe f -  
f i e i en t  of t h e r m a l  conduc t iv i ty  p a s s e s  through a m a x i m u m ,  s inee  there  is  an i n c r e a s e  in  the p o r o s i t y  of the 
bed  that  is  s i m u l t a n e o u s  with the i n c r e a s e  in the i n t e n s i t y  of p a r t i c l e  mo t i on ,  and this  i n i t i a I ly  l eads  to a 
Mowing down of the i n c r e a s e  in Xeff , and then to a s l ight  r educ t ion  in  this  m a g n i t u d e .  
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TABLE 2. Resu l t s  f r o m  an E x p e r i m e n t a l  D e t e r m i n a t i o n  of h e f  t in 
the Horizontal Direction 

f, Hz ~, halt 

0,24 
0,29 
0,35 

41 +2 0,39 
0,43 
0,58 
0,72 

- - t  0,29 
41 ::k2 0,31 0,35 

0,40 
0,46 
0,56 

05,0 
97,5 
02,3 
96,7 0,32 
O1,0 
00,0 
96,7 

21,2 
99,5 
11,8 0,16 
95,0 
95,0 
86,4 

W/re. deg 

4,3 
9,0 

17,8 
23,2 
18,1 
13,5 
16,8 

7,9 
8,1 

11,5 
20,3 
16,8 
16,6 

f, Hz 

0,20 112,0 
0,25 120,6 
0,28 115,0 
0,29 108,6 

69+2 0,33 112,0 
0,34 108,6 
0,38 108,6 
0,41 105,0 
0,44 I 111,0 
0,45 I IOO,O 

6~-__+2 0-~-18 latm 
0,25 I 1 atm 
0,33 i 1 atm 

N/::: 2 

0,32 

0,32 

),eft, 
W/m. deg 

14,2 
25,2 
34,7 
30,7 
35,9 
3ff,5 
23,8 
19,2 
24,0 
23,4 

57,9 
49,6 
38,4 

The tests were carried out at a frequency of 41 Hz with electrical corundum exhibiting an average 

particle diameter of 0.32 and 0.16 ram. As we can see from Table 2, the reduction in particle size by a 

factor of 2 for the given frequency has virtually no effect on the magnitude of the effective thermal con- 

ductivity. 

In this same table we find results from an experimental determination of kef f for a vibration fre- 

quency of 69 Hz in a vacuum, and for purposes of comparison, at atmospheric pressure. In the latter case, 

the heat losses were greater than 15%, and the tests were then evaluated on the basis of Eq. (2). Compari- 

son of these data shows that the effective thermal conductivity at atmospheric pressure is greater by ap- 

proximately 40-60% than in a vacuum, since the circulation of the gas medium which arises in this case 

is propagated over the entire volume of the bed, moreover, it exerts additional perturbing influence on par- 

ticle motion. 

rl, r2 
l 
AQ 

qv 
heft 
Qel = UI 
U 

I 

~I, ~2 

f , A  
P 
r 

G 
d 
T 

t l ,  t2, t3, t4, ts, t6 
tT, t~, t 9 
tl0, tll 
ti2, t13 
At 

NOTATION 

are the inside and outside radii of the bed; 

is the height of the bed; 

are the heat losses through the bottom of the vessel; 
is the volume output of the internal heat sinks; 

is the effective coefficient of thermal conductivity in the horizontal direction; 

is the heat flow from the electric heater; 

is the voltage ; 

is the current; 
are the average temperatures in the bed, near the heater and the side wall, respec- 

tively; 
are, respectively, the frequency and amplitude of vibration; 

is the pressure of the gas medium; 
is the angular frequency; 

is the flow rate of the cooling water; 

is the particle dimension; 

is the time; 
are the temperatures of the side walls of the vessel; 

are the temperatures of the heater surface; 
are the instantaneous temperatures in the bed near the heater; 
are the instantaneous temperatures in the bed near the side wall; 

is the change in the temperature of the cooling water. 

1. 

2. 

3. 
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