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Experimental  resu l t s  a re  used to show that fluctuations in the free space near  the wall have 
little effect on the local hea t - t r ans fe r  coefficients.  

If fluidizatton is nonuniform, the f r ee - space  and gas-speed  fluctuations near the hea t - t r ans fe r  sur face  
cause fluctuations in the local hea t - t r ans fe r  coefficients.  We have examined the local heat t r ans fe r  and r e -  
corded the fluctuations in the surface  tempera ture  of a t r ansducer ,  the bed porosi ty ,  and the gas speed. The 
hydrodynamic c i rcumstances  were  also r ecorded  by cinephotography with an SKS-1M-16 camera ,  whichworked 
in synchronism with an N-700 loop oscil lograph.  Some of the resu l t s  have previously been published [1-5] 
along with a descript ion of the methods of examining the s t ruc tura l  and hydrodynamic charac te r i s t i cs  of 
fluidized beds. 

We est imated the effects of t empera tu re  and hea t - t r ans fe r  coefficient fluctuation as in [6-11] by means 
of a the rma l  anemometer  whose sensi t ive element was a platinum foil of thickness 5 p ca r ry ing  direct  current .  
Figure  1 shows the design and measur ing  circui t ,  and it indicates that the foil did not produce per turbat ions,  
while the r igid  mica  subst ra te  eliminated e r r o r s  a r i s ing  f rom mechanical  effects.  The de component of the 
output signal was balanced out with the SAV adjustable-voltage source  andwas recorded  by a mil l ivol tmeter  
with a long response  t ime,  while the pulsating component was passed to the oscil lograph. We used various 
t r ansducers  with different foil lengths. 

The output signal was cal ibrated in "degrees by means of a TS-16 water  thermosta t ;  the t ransducer  ca r -  
r ied  a cur rent  of 0.5 A, which produced sca rce ly  any heating of the foil in relat ion to the water .  To each set 
t empera tu re  between 20 and 90~ there  corresponded a definite position of the spot Ah and a definite reading 
of the mil l ivol tmeter ,  the latter indicating the out-of-balance voltage f rom the bridge. In the working state,  
I = I w ,  and the instantaneous value of the excess tempera ture  v a is given by the following (the balancing t empera -  
ture  was tbe): 

~=~+kah  0,5 
tw (1) 

The value of k for foil 20 x2.5 mm was 0.59 d e g / m m ,  while for a foil of length 10 mm it was 0.91 d e g / m m .  

The main experiments  were  per formed with the t ransducer  ver t ical  and placed in the center  of an ap- 
paratus of c ross  sect ion 30 • 150 mm and of height 400 mm. Checks on an apparatus of diameter  150 mm 
showed that the charac te r  and amplitude of the fluctuations were  virtually the same.  Par t ic les  of f i rebr ick,  
corundum, glass,  and polystyrene of diameter  0.12-0.85 mm were  fluidized with air  at W of 1-5; the cr i t ical  
velocity was taken as the value corresponding to the onset of fluidization of the entire bed. Fluidization began 
near the t ransducer  at a gas speed 70-80% of the cr i t ica l  value. 

When we p rocessed  the record ings ,  we used the fact that the heat t r ans fe r  may be considered as quasi-  
s ta t ionary if the stabil ization t ime for the thermal  boundary layer  is less than the heating or cooling t imes for 
the bodies [12, 13]; under these conditions, the ra te  of external heat t r ans fe r  can be charac te r ized  by means of 
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Fig. 1. T ransducer  c i rcui t  and design cha rac te r i s t i c s .  
Rf=0.195 ~2 (foil length 10 man} or Rf=0.390 12 (foil 
length 20 ram), R2=1.7 ~ ,  R3=0-30s  , and R4=15 ~;  
B) 12-V s torage bat tery;  A) class  0.5 ammete r ;  lVIV) 
M-82 mi l l lvol tmeter ;  SAV adjustable-voltage source;  
N-700 loop osci l loscope;  1) platinum foL1.; 2) mica sub- 
s t ra tes  of th icknesses  0.2 and 0.5 ram; 3) textol i te  
plate; 4) copper cur ren t  leads;  5) a i r  gap, 0.5 ram. 
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Fig. 2. His tograms for fluctuations in porosi ty  nea r  
surface ,  a) d = 0 . 1 2 m m ,  W=1;b)  d = 0 . 1 2 m m ,  W=5;  
c) d - 0 . 5 0  ram, W = I ;  d) d=0.50 mm,  W = 5. 
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a hea t - t r ans fe r  coefficient as der ived f rom Newton's law. If Bi---0 and the t em p e ra tu r e  gradient within the 
body is v i r tual ly  ze ro ,  the heating and cooling of the t r ansducer  can be descr ibed  accura te ly  by the balance 
equation 

d~ 
cpV ~ -  = a@F + Q so u. (2) 

Equation (2) applies if the thermophys iea l  pa rame te r s  of the foil a re  independent of the t empera tu re ,  and if 
is constant,  as is the t empera tu re  of the heat c a r r i e r  in the given t ime  range.  We integrate (2) with l imits  
, g m i  n and ~ m a x  to get an express ion  for a for  a heating or  cooling period:  
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Qsou-- Qloss ~co6~ %~max 1 
" - . . . . .  77- ' '  ' a f l n  . . . .  , 

Cr FL~heat emin 1:heat 

Qsou - -  Qloss ~m~x 1 
acool =: FT~coo i F (cP6)ef In ~min "rcool" 

(3) 

If the var ia t ions  in ~ are  small ,  In 0 ~  can be r eplaeed by ~ m a x  - -  ~rnin . ; the values of T, ~ max, and ~ rain were 
~rnin 

determined direct ly  f rom the osc i l lograms  if (cp~)ef and Qloss had been determined during the calibration. 

The method of dynamic calibration with a pulsating air  flow around the t ransducer  (frequency 1-8 Hz) 
was as in [7]; flow around a plate with a given ~ was used to determine the heat loss through the cur ren t  leads 
and the point of contact of the foil with the base of the t ransducer .  The resul t  for Qloss was 22-28% of Qsou. 

The calculations showed that (cp 6)ef for Qloss = constwas  almost  independent of the amplitude of the pulsa-  
tions in ~ (between 1 and 10~ and of the level of the s teady-s ta te  surface  tempera ture  corresponding to a given a 
within the range f rom 30 to 100~ this means that any variat ion in the hea t - t r ans fe r  coefficient f rom 200 to 
600 W / m  ~. deg leaves (cp 5)ef constant within 10%. The exact value of (cp 5)ef varied with the frequency of the 
fluctuations f rom 30.7 to 26.0 J / m  2. deg for the 10 • mm foil and f rom 53 to 50 in the same units for the 
20 x 2.5 mm foil. 

Table 1 gives the resu l t s  on the exces s - t empera tu re  fluctuations and also values f rom other sources ,  
f rom which it is c lear  that C~heat < ~cool  and that the ra te  of change of t empera ture  in the cooling period differs 
f rom that in the heating period. 

However, in contras t  to [7, 10, 14, 15], the difference was only small;  the maximum cooling ra te  of 120 
d e g / s e c  was obtained on using the faster  t ransducer  in a bed containing part icles  of corundum of size 0.12 mm 
with W of 2-4; the rat io of S m a x - ~ m i n  to ~ did not exceed 12%, while in most  of the runs it was in the range 
4-6%. Results  identical with ours as r ega rds  the ra tes  of the p rocesses  have been repor ted  previously [6, 8, 
11], and in [6] and [8] the platinum foil was separated f rom the t ransducer  by an air gap and had no substra te ,  
which increased appreciably the integrating capac i ty  of the t ransducer .  

In [9] a the rmis to r  was immersed  in the free bed, into which gas bubbles were injected; in that case,  the 
entire t ransducer  could be within a gas cavity for a cer tain t ime, this then being replaced by a l aye r  of part icles  
only slightly fluidized, which corresponds  to the conditions for maximal fluctuation in a and ~. However, even 
under such conditions the maximum deviation of ~ f rom the mean did not exceed 40%. 

Table 1 also shows that only the data of [7, 10, 14, 15] differ substantially as regards  the magnitude of 
the t empera tu re  fluctuations, a]though the fluidization conditions and t ransducer  charac te r i s t i cs  in those exper-  
iments were  virtually the same as in most  other studies. 

Our recordings  of the t empera tu re  and velocity were  used with the films to establish that conditions never 
occur red  near the surface  such as to give r i se  to large  fluctuations in ~.  Figure 2 shows some of the histo-  
g rams  for the porosi ty  fluctuations near the wall for a layer  of 5 -par t i c le -d iameter  width, as calculated with a 
Minsk-22 computer ,  which shows that the change in e or in ~ is continuous. At low speeds (W< 2) the most  
probable value of e is 0.55-0.65. 

The probabili ty of gas bubbles free f rom part ic les  was almost  zero ,  as was the probability of c lose-  
packed part icle  groups. 

When W was 2-4, a surface immersed  in the bed was effectively covered by a dispersed medium having 
of 0.65-0.85. 

High-speed cinephotography also confirmed that all possible s tates  of dispersion occur red  near the heat-  
t r ans fe r  surface in various sequences:  f rom a flux of gas containing a little solid to an immobile bed with gas 
passing through. The combination of severa l  different states at a given instant determines the mean heat-  
t r ans fe r  ra te  and also the dependence of ~ on the major  factors .  The instantaneous values of a can vary  only 
within limits corresponding to the range of variat ion in the instantaneous charac te r i s t i cs  of t h e d i s p e r s e d  me-  
dium, par t icular ly  the par t ic le  concentration.  

For  instance, when the medium was near ly  all gas, porosi ty 0.94-0.99, with ana i r  speedof  0.3-0.5 m / s e e ,  
and a par t ic le  diameter  of 0.140-0.165 ram, the hea t - t r ans fe r  coefficientwas 200-250 W / m  2. deg, whereas  at 
3-5 m / s e e  it was 600 W / m  2- deg or more  [19, 20]. In the case of fluid flows [21, 22], data f rom various 
sources  (d of 0.10-0.32 mm and speeds up to 0.5 m / s e e )  showed that ~ increases  f rom 450 to 700 W / m  2. deg 
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T A B L E  i .  M e a s u r e m e n t s  o f  Surface  T e m p e r a t u r e  F luc tua t ions  at  
T r a n s d u c e r  

Source 

Our results 

H. Mickley, 
D. Fairbanks, 
R. Hawthorn 

[61 
N. F, Filippov- 

skii : 
[111 

Yu. N. Dokuch. 
aev [8] 

G. H enwood 
19] 

A. P. Baskakov, 
V. A, Kirak- 

osyan, and :. 
O. K. Yitt 

[7, 10, 14, 15] 

T A B L E  2. 

Source 

[7, 141 
Our results 

Foil 
SiZe, 
mm 

q~U' 
W/m z 

(c~)ef, 
I/m ~. deg 

50--53 
(meas~) 
26--30,7 
(meas.} 

67,3 

13,4 (calco) 

53,8 

+max-- ~mi..._.___nn I[ ;max~ #rain 
%eat 'I ~cool 

deg/see I deg/sec 

15--29 

33:---45 

2,5X20• 36000-- 
X0,005 [ --36600 

Z,5x 10",q 45000 
X0,005 I 

3x6,35X[ -- 
X0,025 I 

tOx4x [ 
X0,005 [ 13000 

3,8x71• I 
xO,O'2O , 21000 
20• 
<0,0127 16800 
lOxS• 
• O, O05 19400 
1ex8x 
xO,O06 15800 

34,1 
20--60 
(meas.) 

16,1 
(calc.) 

24,2 

38--57 

50--260 

335 

160--210 

~max ~ ffrain 

52,5 

46--78 

30--320 

780 

670--880 

I 38--58 0,036--0,054 

80--120 t O,lO~O,12 

38 i .0,20--0,30 

0,10 

0,18 

0,15--0,40 

1,90 

0,58--1,84 

C o m p a r i s o n  of  Data  on F luc tua t ions  in a 

l t d, mm w F, mm z W/m~.deg 

t �9 0,12 I I Corundum 1--5 50 470--495 
Comndum 0,12 I--5 50 425---445 

O~min 

r163 

0,07 
0,88 

~7 

[ .>Z 
/ 

0 2 

I 1+o 

T 

Fig.  3. F luc tua t ions  in e x c e s s  t e m p e r a -  
t u r e  ~ (dog) and bed p o r o s i t y  ~ as  f tme- 
d o n s  of  t ime  ~ (see):  1) d=0 .32  ram,  
W=2; 2) d = 0 . 5 0  ram,  W = I ;  3) d = 0 . 3 2  
ram,  W=2; e0 ts the p o r o s i t y  of  the i m -  
mobi le  bed. 
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Fig. 4. Calculation of the instanta- 
neous hea t - t r ans fe r  coefficient 
(W/m ~- deg) and heat flux density qf l  
(W/m2). Corundum part ic les  of 0.12 
mm for W = 4. 

as ~ goes f rom 0.95 to 0.80, while for ~ < 0.80 there  is even a slow fall. Fur ther ,  ~ is 300-400 W / m  ~" deg 
for a moving bed of fine par t ic les  having ~: = 0.7. These examples Indicate that the instantaneous t ransfer  co-  
efficient differs little f rom ~ during contact with a gas bubble, i.e., one cannot assume a priori  that a 0 is close 
to zero;  the maximum a is attained for s of 0.75-0.85 and cor responds  to the contact between the surface and 
a vigorous flow of gas and par t ic les ,  i.e.,  the instant of contact between the t r ans fe r  surface and the hydro-  
dynamic wake of a bubble; the hea t - t r ans fe r  coefficient is less than the maximum value during contact between 
the surface  and largely  immobile dense clumps. 

Figure 3 shows synchronous recordings  of the instantaneous ,~ and 8 ; the two quantities fluctuate to-  
gether.  The c r o s s - c o r r e l a t i o n  coefficients are  almost  independent of the part icle  diameter  and gas speed for 
W_>2; with one minor exception, the corre la t ion coefficient was grea te r  than 0.8. On average,  the output s ig-  
nal f rom the measur ing sys tem,  which ref lects  the t empera tu re  variat ion in the foil, was delayed by compar i -  
son with the signal represent ing  the porosi ty  by 0.02 sec. 

An inhomogeneous fluidtzed bed tends to be a self-exci ted osci l la tory  sys tem [5], in which periodic pro-  
cesses  a re  combined with random ones; the periodic oscil lat ions in the porosi ty  and hea t - t ransfer  ra te  are  due 
to gas bubbles reaching the surface.  A spec t rum of random fluctuations is super imposed on these oscil lat ions,  
this ar is ing f rom fluctuations in the gas and par t ic le  speeds. Local fluidization foe[ ar ise  initially near the 
t ransducer  in a bed of fine part icles  as the mean gas speed increases  (but provided W < 1), and there  a re  also 
oscil lat ions and minor displacements of the individual par t ic les ,  after which small  bubbles begin to migrate  
along the surface ,  and the body of par t ic les  as a whole begins to move. At that instant, the hea t - t rans fe r  ra te  
increases  sharply,  while the osci l lograph records  oscil lat ions of small  amplitude in 8 of frequency up to 40 Hz. 
For  W = I  (Fig. 3), an air cavity appears around the lower end of the plate, with periodic breakaway of gas along 
the surface,  which goes with the high-frequency oscillations to produce low-frequency pulsations in r At these 
instants,  the porosi ty  r i se s  to 0.75-0.80, while ~ var ies  within a range of 2~ In the case of par t ic les  with 
d = 0.50 mm and W =1, there  were  prolonged intervals (up to 1.5 sec) during which there  were  no low-frequency 
pulsations,  i.e., u r and 8 remained  constant if one ignored the sma l l - sca l e  fluctuations due to the random motion 
of the individual par t ic les  (curves 2 of Fig. 3). This indicates that the c lose-packed part icle  clumps do not 
heat up appreciably even for AT > 1 sec,  i.e., the heat t r ans fe r  to the fluidized bed is mainly of convective 
type. 
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We calculated the instantaneous r f rom (3) using osc i l lograms represent ing  real izat ions  of length 15 sec;  
the shor tes t  t ime interval (for which one can assume that a =constant) was taken as 0.025 sec,  which c o r r e -  
sponds to the onset of the regular  state under these conditions. This interval was determined by experiment 
f rom the cooling ra te  of the foil af ter  a steep reduction in the e lec t r ica l  input. 

The calculation shows that the fluctuations in a re la t ive  to ~ did not exceed 8% throughout the range in 
d and W for f i rebr ick  par t ic les  of diameter  0.7 mm, or  6% corundum part ic les  of 0.12 ram. Figure  4 shows an 
example of the resul ts  for qfl and a for smal l  corundum par t ic les ;  the curves  of Fig. 4 go with the film to con- 
f i rm that r begins to fall slightly if a gas bubble approaches the surface  element ,  which is accompanied by an 
increase  in the porosi ty.  However,  there  is usually par t ic le  movement between a r i s ing bubble and the wall 
(i.e., ~ < 1), and therefore  ~ for gas bubbles (part AC in Fig.  4) does not fall below 390 W/m2"deg ,  i.e., is an 
order  of magnitude higher than for s teady-s ta te  flow along a shor te r  plate flushed by pure gas having a speed 
equal to the mean fil tration speed. This resu l t  confirms the above conclusions on the ro le  of the gas bubbles 
and casts  doubt on the rel iabi l i ty  of any model concepts in which the hea t - t r ans fe r  ra te  during the contact with 
bubbles is assumed to be negligible. 

Figure 4 shows that the base of the bubble approaches the  sur face  at points of the type of C, and the local 
gas speed r i s e s ,  with the par t ic les  previously adhering to the wall or sinking down it then beginning to r i se .  
Although the porosi ty  at this instant is vir tually as before,  a increases ,  while the heating of the foil ceases ,  
and the foil begins to cool. The maximum a is attained, as would be expected, for  e of 0.7-0.8 when the foil 
is in contact with the hydrodynamic wake behind the bubble, i.e., where the gas and par t ic le  fluxes a r e  most  
vigorous.  If the hea t - t r ans fe r  surface only r a r e l y  comes in contact with c lose-packed clumps of largely im- 
mobile par t ic les  (s ~ s the instantaneous hea t - t r ans fe r  coefficient in such instances is less than the mean 
value. 

The record ings  for the poros i ty  near  the wall and the films show that local a reas  on the surface  of a 
ver t ica l  plate a re  somet imes  in contact with bubbles f ree f rom part ic les  (the more  frequently the la rger  the 
par t ic le  diameter  and the la rger  the fluidization number).  However, when the mean speed of r i s e  of the bub- 
bles is 0.3-0.4 m / s e c ,  the t ime of contact between the surface  and the natural  boundary of a rounded bubble 
does not exceed 0.005-0.010 sec.  No boundary layer  can be set up in this tim'e, and the effective boundary 
layer  is as thin as during the contact with the bed of par t ic les ,  while the hea t - t r ans fe r  coefficient remains  as 
high as before [24]. 

Our resu l t s  agree  well with those of [8, 9, 11, 23] but deviate appreciably f rom those of [7, 14]; Table 2 
gives observed values for a m i n / a m a x  as recorded  under identical conditions and with identical values for 
(cph)e~. It is c lear  that the resu l t s  of [7, 14] a re  not reproduced under comparable  conditions. There  is an 
e r r o r  in [7, 14] in the tes t  made on the bunching theory,  which was overlooked by those worker s ,  since on sub- 
stitution into the equation 

= ~d0 + (1 - -  f0) 1 (4) 
Rk + 0,47R~ 

values of a 0 too low by an o rder  of magnitude, the e r r o r  in determining a was balanced out by the underes t ima-  
tion of Rk, which created the impress ion  that the bunching model was rel iable.  

In conclusion, we may note the dual mode of external heat t r ans fe r  in a fluidized bed; as in the case  of a 
sur face  flushed by an eddy in a homogeneous liquid (rear zone of a cyl inder ,  sphere ,  or  o the r  part  of a surface  
behind an obstacle),  the heat t r ans fe r  in a fluidized bed is essential ly nonstat ionary for a surface whose size is 
comparable  with the par t ic le  diameter  , and in that case  the approach of [16] is applicable. On the other hand, 
the heat t r ans fe r  between a fluidized sys t em and an extended surface should be considered as quasis tat ionary 
when the mean charac te r i s t i c s  of the t empera tu re  and velocity distributions a re  independent of t ime. Here we 
may note that the high hea t - t r ans fe r  ra te  in pulsating dispersed media cannot be explained in t e r m s  of an es -  
sentially nonstat ionary convective process  [17] or  f rom the viewpoint of the bunching theory.  

We thus propose a new hypothesis for d ispersed sys tems  on the basis  of our observat ions that fast f luc -  
tuations in a fluidized sys t em have little effect on the local instantaneous values for the heat-flux density and 
hea t - t r ans fe r  coefficient:  the boundary layers  deformed by the par t ic les  or par t ic le  clumps a re  essential ly 
nonstat ionary,  dynamic,  and fluctuatirig, especial ly during contact of the surface  with the outer part  of a gas 
bubble, or  the hydrodynamic wake behind one, and such boundary layers  r emain  ext remely  thin, which resul t s  
in uniform and high r a t e s  of heat t r ans fe r  throughout the cycle.  
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N O T A T I O N  

I, current, A; t b, temperature of bed core, deg; ~,  ~,  instantaneous and mean excess surface tempera- 
tures,  deg; W, fluidization number; Bi, Blot number; c, p, specific heat (J /kg-deg)  and density (kg/m 3) of 
plate; v, time, sec; V, F, volume (m a) and side surface (m 2) of platinum foil; Qsou, power of internal heat 
sources, W; Qloss, heat lost through probe base, W; a ,  ~,  instantaneous and mean heat• coefficients, 
W / m  2. deg; (cp~)ef , effective integrating parameter of foil plus substrate, J / m  2. deg; d, particle diameter, 
mm; e,  ~', instantaneous and mean bed porosities; qfl, q-fl, instantaneous and mean heat flux densities, W/m2; 
50, mean coefficient of heat transfer to gas; R k ,  thermal resistance of heated particle bunch; f0, relative con- 
tact time. 
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