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l-;xperimemaI data on the transfer of heat between a fluidized bed and 
an embedded high-temperature heat source are considered, as well as 
the data pertaining to the heat-transfer coefficient as a function of the 
thermal conductivity of the fluidized gas. 

As of the moment ,  r e s e a r c h e r s  a r e  not unanimous 
in their  opinions as to the causes  of the v i r tua l ly  l in-  
ea r  ( ra ther  than a m o r e  pronounced) re la t ionship  g iv -  
ing the maximum coeff ic ient  of heat  t r a n s f e r  between 
a f luidized bed and a wall as a function of the t e m p e r -  
a ture  layer  (or wall); re la t ionsh ips  of this type a r e  
found in most  expe r imen t s  at t e m p e r a t u r e s  below 1000-  
1100 ~ C [1-5] .  

In [3], our i n t e r e s t  is drawn to the s imple  i l l u s t r a -  
tion based on the "packet  model"  of a compara t ive ly  
s l ight  i n c r e a s e  in the total  h e a t - t r a n s f e r  coeff ic ient  
resu l t ing  f r o m  the appearance  of a gradient  compo-  
nen tunder  conditions of r a t h e r  prolonged r e p l a c e m e n t  
of pa r t i c l e  packets .  Under these condit ions,  the coef -  
f ic ient  of heat transfer between the layer and the wail, 

as is well known, should be regarded most readily as 

one produced by two series-connected thermal resis- 

tances between the wall and the core of the bed--the re- 
sistance of the gas interlayer at the wall and the re- 

sistance of the packet itself. It is assumed that the 
radiative exchange has virtually no effect on the ther- 

mal resistance of the packet. However, it diminishes 
the "contact resistance" of the gas interlayer, acting 
in parallel with conduction and convection. It is obvi- 
ous that with a slow replacement of the packet, i.e., 
under conditions in which "contact" resistance does 
not r e s t r i c t  the o v e r - a l l  t r ans fe r  of heat,  the h ighes t  
poss ib le  value for  the coeff ic ient  of rad ia t ive  heat  ex-  
change will be incapable of s ignif icant ly  inc reas ing  
the o v e r - a l l  h e a t - t r a n s f e r  coeff ic ient .  

At the same  t ime the re  is apparent ly  no need, as 
was done in [3], for  a quant i ta t ive evaluat ion of the 
components  on the bas i s  of a sy s t em of re la t ionships  
of the following type: 

a = (1 --[o)/(0.44Rt-+-R'[ f) + afro, (1) 

ef~ ! R Rr ( / c +-ar)- ' .  (2) 

Malikov [3], p resen t ing  re la t ionsh ip  (2), in which 
a r = 0 .04e re  f 5.7 x (T/100) a W/m~.deg ,  s t ipulated 
c o r r e c t l y  that no cons idera t ion  had been given to the 
s ignif icant  d i f fe rence  between the t e m p e r a t u r e  T of the 
pa r t i c l e  su r face  facing the wall and the co re  t e m p e r a -  
ture  Tf .  b of the fluidized bed. Consequently,  in the 
genera l  case ,  r a t h e r  than in the l im i t  case ,  the s y s t e m  
of equations (1) and (2) is i nco r rec t .  Indeed, the coef -  
f ic ient  of rad ia t ive  heat  exchange cannot be ident ical  

in (1) and (2). In Eq. (2) ~ r  must  be r e f e r r e d  to the 
unknown t e m p e r a t u r e  d i f fe rence  Tw - T so as to be 
able to ca lcula te  it and to sum it with 1 / R e ,  s ince the 
same  t e m p e r a t u r e  d i f fe rence  T w - T co r re sponds  to 
the boundaries  of the r e s i s t a n c e  R c . At the same time, 
the coeff ic ients  c~ r in the t e r m  C~rf0 must  be r e f e r r e d  
to the t e m p e r a t u r e  d i f fe rence  Tw - T f .  b to which the 
lef t -hand side of Eq. (1) is r e f e r r e d .  Consequently,  
with substant ia l  values for R t, the numer ica l  magni-  
tude of the coeff ic ient  c~ r in Eq. (1) may perhaps be 
many t imes  s m a l l e r  than that numer i ca l  quantity of the 
coeff ic ient  of rad ia t ive  heat  exchange (to dis t inguish it, 
we will r e f e r  to it  as c~ )  which should be substi tuted 
into Eq. (2). Let  us c la r i fy  the ini t ia l ly  unexpected c i r -  
cumstance  that it is f requent ly  poss ib le  to find c~ 
r a t h e r  exact ly,  even in the ease  of a pronounced change 
in the t e m p e r a t u r e  of the pa r t i c l e s  "v i s ib le"  t o  the wall 
(the packet surface) ,  even when this t e m p e r a t u r e  is 
not known. It is easy to calculate ,  for  example,  that 
with a r e f e r e n c e  em i s s iv i t y  of e r e  f = 0 . 8  for  the s y s -  
t em and a constant  t e m p e r a t u r e  equal to 1000 ~ K for 
one of the sur faces ,  the coeff ic ient  of rad ia t ive  heat  
exchange r em a ins  (accura te  to within 15%) equal to i ts  
l imi t  value (186 W / m  2 �9  r e g a r d l e s s  of the t e m p e r a -  
ture  of the second sur face ,  the t empe ra tu r e  of the l a t -  
t e r  d i f fer ing  f r o m  the t e m p e r a t u r e  of the f i r s t  by as 
much as 100 ~ This  provides  a fundamental ly s imple  
means  for  an approximate  computat ional  de te rmina t ion  
of c~ for  expe r imen t s  in which T w - Tf .  b < 100~ r e -  
quir ing no knowledge of the t e m p e r a t u r e  of that row of 
pa r t i c l e s  facing the wall (the side of the packet).  The re  
is ,  of course ,  no poss ib i l i ty  h e r e  of a d i r e c t  evalua-  
tion of the magnitude of the radiant  flux qr  s ince we 
s t i l l  do not know the t empe ra tu r e  d i f fe rence  by which 

' must  be mult ipl ied.  c~ r 
In pr inc ip le ,  for  r e g i m e s  of slow packet  r e p l a c e -  

ment,  pa r t i cu l a r l y  for  a sma l l  t empera tu re  d i f fe rence  
between the bed and the sur face ,  i t  is  poss ib le  to e s t i -  
mate  the f rac t ion  of the rad ia t ive  exchange by employ-  
ing exp res s ions  such as the c o r r e c t e d  s y s t e m  (1)-(2). 
But for  the r e g i m e s  of intense heat  t r ans fe r  having pa r -  
t i cu la r  p rac t i ca l  i n t e r e s t - - c h a r a c t e r i z e d  by rapid r e -  
p l acemen t  of the packe t s - - th i s  sys tem of equations 
cannot be r ecommended  for  a t tempts  at a quant i ta t ive  
analys is  for  the r eason  that these  fail  to account for  the 
known fea tu res  of unsteady heat  conduction in d i s p e r s e  
sys t ems  r e l a t i ve  to s ing le -component  sy s t ems ;  these 
fea tu res  which had been indicated in his t ime by Rubin- 
shteyn [6], and then by Antonishin et al. [7], a re  p a r -  
t i cu la r ly  s ignif icant  in the c a s e  of b r ie f  contact,  i . e . ,  

under  conditions of optimum heat  t r a n s f e r  and forced  
r e g i m e s .  The ex is tence  of a "no- lag"  rad ia t ive  ex-  
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change even fur ther  removes  the actual mechan i sm of 
the heating of the packet  f rom that assumed by Malikov 
[3] and Baskakov [8]. 

The role of the radia t ive  flow in the total heat  t r a n s -  
fer  at the ins tant  of contact with the "fresh" packet is  
pa r t i cu l a r ly  s ignif icant  because  the ra te  of propaga-  
t ion for the radiant  energy is many t imes  g rea t e r  than 
the ra te  of propagat ion for the the rmal  wave. This role  
is even g rea t e r  (and it  is this that makes it  unique in 
compar i son  with a l ow- t empera tu re  bed) at the stage 
at which the f resh  packet approaches the surface,  when 
the gas in t e r l aye r  between them is thicker and m a r k -  
edly l imi t s  the conduct ion-convect ion flow without r e -  
s t r i c t ing  the rad ian t  flow. 

The computat ional  (quantitative) evaluat ions are  
h indered  also by factors  such as the actual penet ra t ion  
of rad ia t ion  into the depths of the packet,  as well as 
the emiss iv i ty  of the sys t em as a function of the t em-  
pe ra tu re  to which the pa r t i c l e s  and the wall a re  heated 
and, finally,  the mutual  d i sp lacement  of the par t i c les  
in the packets.  

For  forced reg imes  in which the motion of the packet 
is so rapid that there is no s ignif icant  r i s e  in p a r -  
t icle t empera ture ,  cons idera t ion  of R t and the concepts 
of both the total a and the h e a t - t r a n s f e r  coefficient  are  
not applicable,  and judgments  as to the magnitude of 
the attained a t and their  decomposi t ion  into components  
must  be buil t  on the idea that such reg imes  are attained 
in o rd inary  h igh - t empera tu r e  fluidized beds when the 
bed exhibits high effective porosi ty ,  i . e . ,  on pass ing  
a c - e  max. There fore  

G~t.f  < O ~ r + a  c-c m a x  ( 3 )  

The exper imenta l ly  der ived flat maxima for the co-  
efficient of heat  t r ans f e r  for the wall are  f la t ter  in the 
case of h igh - t empera tu re  heat t r ans f e r  than in the case 
of low- tempera tu re  heat t r ans f e r  and this conf i rms  the 
in tensi f ica t ion of the ro le  played by rad ia t ive  exchange 
as the ra te  of f i l t ra t ion  i nc r ea se s  when ac_ e d imin -  
ishes .  

It was demons t ra ted  in [4] that the following inequal -  
ity is val id:  

t . m  < a c-c m a x  + a r . m  (4) 

Of course ,  inequal i t ies  (3) and (4) pe r t a in  to the values 
averaged in t ime and over the h e a t - t r a n s f e r  surfaces ,  
r a the r  than to the ins tantaneous  local values.  

It follows f rom inequali ty (4) that when a c - c  max 
(even if calculated with compara t ive  accuracy  f rom 
some empir ica l  in terpola t ional  formula  r a the r  than 
according to a theore t ica l  formula) is e l iminated  f rom 
the exper imenta l ly  derived a t .  m for h igh - t empera tu re  
t rans fe r ,  it is not the actual but the unders ta ted  values 
of a r .  m that we obtain. This dif ference will be even 
sma l l e r  than a r under  the condit ions of c~t. m, s ince 
a c - e  max is not achieved under  these conditions.  

Never theless ,  this d i f fe rence- -o r  in a more  gene ra l -  
ized form (see below), the deviat ion of the na ture  of 
the change in a m for a " low- tempera tu re"  re la t ionship  
with kg--may be of some prac t ica l  in te res t  in ca lcu la t -  
ing the "cor rec t ion  for radiat ion" which m u s t b e  in t ro -  

duced into the theoret ical  a c -  c max to obtain a t .  m 
for h igh- t empera tu re  heat t r ans fe r  (here and through- 
out we will employ the te rm "h igh- tempera tu re  heat 
t r ans fe r "  to encompass  both the case of heat t r ans fe r  

Table 2 

Composition and Thermal Conductivity kg for Gases 

Used in the Jakob and Osberg [ii] Experiments 

kg at 0 ~ C, 
No.  Gas  W -  m- I  - deg-1 

H 2 
H e  
81% Hz+19% N2 
78,9% H2+21.1% Nz 
33.3% H2+66.7% N2 
air  
CQ 
Freon -  12 

0,1748 
0.1470 
0.1244 
0 . i097 
0.0471 
0.0244 
0.0147 
0.00827 

between a high-temperature bed and a "cold" surface 

as well as the case of the heat transfer between a high- 

temperature surface and the bed cooling that surface, 
with that bed possibly exhibiting an extremely low tem- 

perature). 

Of course, the difference at. m - ac-c max and the 
correction factor will also be functions of the selected 
temperature determining the physical constants in the 

calculat ion of C~c_ c max o For  the t ime being, in the 
in te res t  of s impl ic i ty ,  we will a ssume the t empera tu re  
of the heating sur face  as the one that is decis ive  for 
the sys tem.  

Since the exis t ing in terpola t ional  formulas  proposed 
in [9] and [10] a re  s imple  and r a the r  convenient  for the 
calculat ion of ac_ o max, and s ince these have not been 
verif ied,  up to the p re sen t  t ime, over a wide range  of 
var ia t ions  in k~ because  of a lack of appropria te  
exper imenta l  data in the l i t e ra tu re ,  we ca r r i ed  out spe-  
cial  m e a s u r e m e n t s  of c%_ c max under  l ow- t empera -  
ture  condit ions (t w = 50 ~ tf. b < 50), i . e . ,  for negl i -  
gibly smal l  a r , in beds fluidized not only by air ,  but 
also with hel ium and CO2. Under these condit ions the 
cor rec t ion  factor accounting for the fact that the coef- 
f ic ient  for the formula  f rom [9] depends on P r  would 
be negligibly smal l  and the numer ica l  value of 0 .86  
per ta ins  to the diatomic gases.  

For  bet ter  conf i rmat ion  of the resu l t s  in connection 
with the effect of the p roper t i e s  of the gas, we mea-  
sured  the h e a t - t r a n s f e r  coefficients with the ident ical  
s enso r  (7 mm in d iamete r  and 43 mm in height) in the 
same column (37 mm in d iameter ) .  In all  of the exper i -  
ments  the sensor  was posit ioned ident ica l ly--a long the 
axis of the column, at a d is tance  (clearance)  of 20 mm 
from the gas -d i s t r ibu t ion  grid. A porolon layer  (10 mm) 
and a net with a mesh of 100 ~m served as the g a s - d i s -  
t r ibut ion grid. Beneath the grid there was another 
layer  of s lag bal ls  0 . 5 - 1  mm in d iameter ,  and this 
bed was 25 mm high. The exper imenta l  r esu l t s ,  as 
well as those f rom calcula t ions  according to the for-  
mulas f rom [9] and [10], are  given in Table  1. 

We see from Table 1 that the formula  f rom [9] 

NUm-- 0.86 Ar ~ (5) 
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Table  3 

Re la t i ve  Data at the Jakob and O s b e r g  [11] 

d, /.~m 

31 61 

a I * 

~6 

~2 

~t 6 

ct 3 
~t 6 

Gt 4 
ot 6 

~t 6 

tx 6 

Gt s 

~8 

a 6 

- - ;  (-~-6)~ 5, % 

_ _ .  ( ~ )o.6; ~, % 

' \ k s /  

_ _ .  ( ~3)0.6; 6,  % 
' \ ~ + /  

_ _ .  ( ~ , ) 6 6  +, % 

' \~o ]  
_ _ ;  (k~_:)o.6; (S, % 

_ _ .  ( XT ) ~ 
, ( - ~ + /  �9 ~,  

_ _  ( ~ + : + ,  , ~ :  +, O/o 

2,46; 3.26; +32 .2  

2.08; 2,94; +41 ,2  

2.18; 2,66; +22 ,0  

2.05; 2.46; +20 ,0  

1.44; 1.48; + 2,7 

0,731; 0,738; + 0 , 8  

0.536; 0.522; - -2 .8  

2.66; 3,26; +22 .3  

2.51; 2.94; +17 .0  

2.43; 2.66; + 9.3 

2.40~ 2.46; + 2.2 

1.50; 1.48; - -  1,8 

0.773; 0,738; - -  4.5 

0.550; 0.522; - -  5.2 

d, .~m 

a 1 

r 6 

a 2 

a3 

~6 

a 4 

~S 

a5 

~6 

~7 

aS 
a8 

~S 

_ _  ( ~ , ) o o  +. % 
' \ Z o ]  

_ _ .  ( ~.. )o.6. 
' \ x s /  ' ~ 5 . %  

_ _ .  ( ~, )~ +. % 

' \Z+sl 
{ ~. )o.6; 6. % 

_ _  ( ~, )0.6 +. % 
' t ~ s /  

- - ;  ( _ ~ ) 0 , 6  ~). % 

153 

2.99; 3.26; + 9.0 

2.80; 2.94; 5.0 

2.90; 2 . 6 6 ; - -  8.3 

2.68; 2.46; - -  8.3 

1,66; 1,48; --11.0 

0,792; 0.738; - -7 ,0  

0.518; 0.522; -/-0.5 

292 

3.36; 3.26; - -  3.0 

3.07; 2.94; - -  4,3 

3.10; 2.66; - -14.3 

3.00; 2.46; - -18,0 

1,79; 1.48; --17.4 

0,700; 0,738; + 5.3 

0.487; 0.522; + 7,0 

*The  subscripts  correspond  to  the  sequent ia l  n u m b e r s  o f  the  gases in Table  2 .  
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is not con.firmed on f luidizat ion with he l ium with all the 
invest igated l aye r s ,  while the formula  f rom [10] 

~ ~ 0 . 2 ~ 0 . 6  . - - 0 , 3 6  
a . . . . .  x~~  ~g a (6) 

desc r ibes  r a the r  well the exper imenta l  data,  with the 
exception of the t r ans f e r  of heat  by the beds made up of 
the very  f inest  of pa r t i c l e s  (d << 100/~m) fluidized with 
hel ium.  Even with (6), for these we obtain values of 
C~c-c max exaggerated re la t ive  to the exper imenta l  va l -  
ues by more  than 30%. This d ivergence  canbe  explained 
ed only in pa r t  by the "contaminat ion" of the he l ium by 
water  vapor on passage  of the fo rmer  through the flow 
m e t e r - - a  wet gas meter .  Apparently,  for pa r t i c l e s  
s m a l l e r  than 100 ~m the forces  of molecular  a t t rac t ion  
lead to the format ion  of c lumps,  and it  is  the cha r a c -  
t e r i s t i c s  of the c lumps r a the r  than of the par t ic les  that 
must  be subst i tuted into the formulas .  In other words,  
the poros i ty  and thermal  r e s i s t a n c e  of the packets are  
sharply  increased .  

We wilt under take  an additional evaluat ion of the 
sui tabi l i ty  of formula  (6) on the bas is  of the re la t ive  
data of Jakob and Osberg [11], measu r ing  the t r ans f e r  
of heat f rom thin wires  (0  = 0 .13  mm) by beds f luid-  
ized with var ious  gases exhibiting thermal  conduct iv-  
i t ies  k~ varying  f rom 0. 0083 (Freon-12)  to 0. 1748 
W. m - ' . d e g  -1 (hydrogen) (see Table  2); as is well 
known, the absolute values of the h e a t - t r a n s f e r  coef-  
f ic ients  der ived in [11] a re  inconvenient  for compar i -  
son with the data of other r e s e a r c h e r s  because  of the 
grea t  effect of the geometr ic  factor.  Table 3 therefore  
shows only the ra t ios  between the exper imenta l  hea t -  
t r ans f e r  coefficients  in the case of f luidization by va r i -  
ous gases and mixtures  of gases  (ai) and the heat -  
t r ans f e r  coefficients  der ived under  ident ical  condit ions,  
but for f luidization with a i r  (Ca). 

Table  3 also shows the (ki/ka) ~ ra t ios  for these 
same cases  and, finally,  5 is the deviat ion of (ki/Xa)~ 
f rom ai/C~a, expressed  in pe rcen t  and showing the ex-  
tent to which the exper imenta l  re la t ionship  between 
and the thermal  conductivity of the gas deviates  f rom 
agreemen t  with formula  (6). As we can see f rom Table  
3, the deviat ion of the re la t ive  data after  Jakob and Os- 
berg f rom formula  (6) does not exceed 18% for p a r -  
Licles l a r g e r  than 61#m,  while for par t i c les  61 pm in 
size it amounts  only to 22.3% for more  "remote"  ex-  
t rapola t ions  (from a i r  to he l ium and hydrogen).  Thus 
for pa r t i c l e s  on the order  of 100 pm and l a rge r ,  fo r -  
mula (6) is also in sa t i s fac tory  agreement  with the r e -  
sul ts  der ived by Jakob and Osberg.  

It is advisable at this point to beware of a s imple  
calcula t ion of c~ m according to formula  (6) (without 
cons idera t ion  of a special  co r rec t ion  factor for the 
convection component) for the fluidized beds under  
high p r e s s u r e .  Under condit ions of a high gas p r e s -  
sure ,  because  of the markedly  inc reas ing  vo lumet r ic  
specific heat of the medium, there is a pronounced 
i nc r ea se  in the role  of the f i l t ra t ion  mixing of the me-  
dium at the hea t - t r an s f e r  surface  [14]. 

If we now use  fo rmula  (6) to calcula te  the t r ans f e r  
of heat in fluidized beds cons is t ing  of par t i c les  ranging 
in d iamete r  f rom 100 ~m to 1 .5  ram, and if we take 

the t empera tu re  of the h e a t - t r a n s f e r  sur face  as the 
theore t ica l  t empera tu re  for the h igh- t empera tu re  bed, 
on the bas i s  of the exper iments  that have been ca r r i ed  
out, the cor rec t ion  factor (the cor rec t ion  factor for 
h igh - t empera tu re  heat  t ransfer )  can be evaluated as 
shown below. 

For  the t empera tu res  prevai l ing  in the exper iments ,  
we find the X of the a i r  and calculate  (h/h1) ~ where 
X 1 is the the rmal  conductivity of the a i r  for the leas t  
decis ive  t empera tu re  for which the total maximum 
h e a t - t r a n s f e r  coefficient a l m was measu red  in exper i -  
ments  with the given mater ia l .  At t empera tu re s  of 
tl = 115-160 ~ C (see Table  4) the radia t ive  component 
of the exchange was c lear ly  negligible.  Then, f rom the 
exper imenta l  values of ~ t m we calculate  the c~ ex t ra -  
polated to the higher t empera tu res ,  mul t iplying a i m  
by (k/kt) ~ and we find the ra t ios  of the maximum ex- 
per imenta l  values  of the h e a t - t r a n s f e r  coefficients to 
C~ex (see Table  4). It is these ra t ios  that are  the values 
of the cor rec t ion  factor  Kht by which ac_ c max f rom 
(6) must  be mult ipl ied in order  to account for features  
of h igh - t empera tu re  heat t r ans fe r .  The values of 
C~exp.t/aex , somewhat sma l l e r  than unity and varying 
i r r egu la r ly ,  were obtained p r i m a r i l y  for sma l l  p a r -  
t icles and are  obviously associated with the fact that 
the Kht for them is equal to unity within the e r r o r  l i m -  
its of the exper iment .  

The calculated Kht = C~exp.t/aex (see Table 4) in 
f i r s t  approximation can be descr ibed  by the in te rpola-  
t ional  formula  

Kht = 1 ~ 104d-- 2_.5 (0.296t0 22_ 1) (7) 
11.7 

f o r d  f r o m 2 . 5 . 1 0  -4 to 1 4 . 2 . 1 0  -4 m a n d  t f rom 250 to 
950 ~ C. 

In the der iva t ion  of formula  (7) it  was assumed that 
for the theoret ical  t empera tu res  of the sys t em t =  t w < 
< 250 ~ C, K ht = 1; it  is also equal to unity (i. e . ,  it was 
not ne c e s sa r y  to introduce the co r rec t ion  factor for all  
t empera tu res )  if the par t i c les  were less  than 250 ~m 
in d iameter .  

The s t ruc tu re  of (7) is such that the subst i tu t ion of 
t empera tu res  below 250 ~ C and d iame te r s  less  than 
250 pm is devoid of s ignif icance.  

F o r mu l a  (7) cor responds  to our exper imenta l  data, 
with a deviat ion not exceeding 10.5%, and to the data 
for the l a rge r  par t i c les  (d = 1 .42  mm) where the co r -  
r ec t ion  factor  Kht is  most  s ignif icant ,  with an e r r o r  
not g rea te r  than 3 .35%.  

The interpola t ional  formula  (7) can be refined,  its 
s t ruc tu re  improved,  and its l imi t s  of application ex- 
panded only af ter  the accumulat ion of new data f rom 
sys temat ic  measu remen t s  of a e x p .  t in h i gh - t empe ra -  
ture  beds over a wide range of t empera tu res .  It would 
be des i rab le  to c a r r y  out these measu remen t s  over 
the en t i re  range under  identical  equipment  condit ions 
and with the same mate r i a l s ,  so that the compar i son  
of the data would not be clouded by the v i r tua l ly  un in -  
vestigated,  but doubt less ly  impor tant  effect of d i f fer -  
ences in the poros i t i es  of var ious  beds in the case of 
m i n i mum fluidizat ion [4]. This  porosi ty  m0 ref lects  
the porosi ty  of the aggregate ("packets") of par t ic les  
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Table 4 

Experimental  Data and Correct ion Factor  Kht 

Material 

Quartz sand 

The same 

Thesame* 

T ~ e  s a m e  

Electror tmdum 

Id- 10 ~ 
k ;.3 m 

2580[ 

2640 

2640 

2640 

3720 

1420 

630 

630 

280 ! 

95 

t w ,~c 

135 
280 
375 
525 
640 
790 
925 
115 
215 
315 
455 
555 
685 
780 
905 
115 
385 
550 
765 
950 
I45 
210 
360 
520 
655 
925 
160 
445 
53O 
600 
76O 
85O 

~/ " 102 , 

m - deg 

3,29 
4.22 
4.76 
5.46 
6.05 
6,66 
7.27 
3.20 
3,78 
4.36 
5.12 
5.61 
6.18 
6,60 
7.15 
3,20 
4.76 
5.58 
6.50 
7.40 
3.40 
3,78 
4.60 
5.46 
6.05 
7.27 
3.45 
5.13 
5.53 
5.81 
6.50 
6.92 

aexp. t/  
[ ~ e x  

1 
1.087 
1.070 
I. 103 
i. 168 
1.222 
1,333 

0.945 
1 .OO5 
0,965 
1.060 
1,032 
1,100 
1.122 
1 
0.961 
1.025 
1.058 
1.098 
1 
O, 958 
O, 958 
O, 940 
0,983 
1.005 
l 
0.930 
O. 905 
0,948 
0,930 
9.925 

Kht 

m 

1 , -~0  
1.140 
1.195 
1.251 
1.301 

1 . -~  3 
1.042 
1.058 
1.066 
1.088 
1.101 

1.o22 
1.050 
1.076 
1.098 

i~o2 
1.004 
1,005 
1.008 

1 
1 
1 
1 
1 

*Experiments with shifted spiral 

Devia- 
t ion,  % 

--0.94 
+3.35 
+1.61 
+2.37 
--2.40 

+0.8 
+7.98 
--0.2 
+3.29 
- - I  .09 
- - I  .87 

+6.33 
+2.44 
+1.70 

0 

+4.59 
+6.80 
+2.24 
+0.30 

+ 7 . 5 3  
+10.50 
+5.48 
+7.53 
+8.10 
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in a nonuniform fluidized bed (if not equal to the la t ter) ,  
and it is na tura l  to expect that the more  "porous" pack-  
ets will exhibit g rea te r  the rmal  r e s i s t ance .  

The porosi ty of the packets is a function of the shape, 
d imension,  and state  of the sur face  formed by the p a r -  
t ic les .  In genera l ,  it is the g rea te r ,  the more  r i g o r -  
ously the mate r ia l  is monodisperse  and the g rea te r  the 
ra t io  of the sur face  forces  (friction, adhesion) to the 
mass  forces ,  i . e . ,  all  other condit ions being equal, 
the porosi ty  i nc rea se s  with t r ans i t ion  f rom smooth to 
rough par t ic les ,  f rom heavy to light ma te r i a l s ,  f rom 
large  to fine par t i c les ,  or f rom spher ica l  to l amina r  
shape. 

We note that for a monofract ion mate r ia l  a dense r  
packing is achieved, in pr inciple ,  for smooth mul t i -  
faceted par t i c les ,  r a the r  than for those which are  
spher ica l .  

One of the severa l  f rac t ions  of quartz  sand in our 
exper iments  (a f rac t ion of 400-1000 ~m with an a ve r -  
age d i ame te r  of 630 ~m) differed "anomalously"  be-  
cause of the low poros i ty  of the dense bed (m0 = 0.  365, 
while the poros i ty  of the r ema in ing  f rac t ions  was 
0 . 3 9 - 0 .  413) while it exhibited higher C~exp. t than is 
usual  for quar tz  sand of s i m i l a r  average diameter~ 

Considerably  s m a l l e r  c~ m than should have been ex- 
pected on the bas is  of the bulk weight of the pa r t i c l e s  
were obtained in the Kharchenko and Makhorin exper i -  
ments  [1] for fluidized chamotte beds, and this was 
apparent ly  also a r e s u l t o f  the fact that  the par t i c les  a t -  
tained the high mobili ty cha rac t e r i s t i c  for the heat-  
t r a n s f e r  max imum only for an elevated effective bed 
poros i ty  [4] or,  in the concepts of "packet theory,"  on 
a t ta inment  of high "packet" porosi ty.  The elevated 
porosi ty  (low thermal  conductivity) of the actual  cham-  
otte pa r t i c l e s  must  play some role  here ,  but it is ap- 
parent ly  one that is secondary.  

The bulk densi ty  of the ma te r i a l  is associa ted with 
some inve r se  re la t ionship  not only with the porosi ty  of 
the dense  layer  [bed], but also with the poros i ty  of the 
packets,  and it seems  na tura l  to at tempt to introduce 
into the in terpola t ional  formula  for c~ m a quantity 
Pbulk or m0 to account for the di f ferences  in the packet 
poros i t i es .  However, for the t ime being, this cannot 
be done sa t i s fac tor i ly  on the bas is  of l i t e r a tu re  data on 
Pbulk and m0 because  of nons tandard iza t ion  and d i f fer -  
ences in the methods for the de te rmina t ion  of Pbulk 
used by var ious  authors,  Thus, for example,  takingthe 
Pm and Pbulk for sand and ehamotte f rom the Kharchenko 
data [12], we should expect to introduce m0 -1"~ into the 
in terpola t ional  fo rmula  (6) and to a s sume  m0 = 0 . 4 3  as 
the "base" porosi ty  for which no cor rec t ion  factor  is 
needed (it is equal to unity). According to the f ami l i a r  
data of Baerg,  Klassen,  and Gishler  [13], however,  
the t r ans fe r  of heat f rom layers  exhibit ing m0 = 0 . 6  
(alumina) and even m0 = 0.69 (iron powder) are  well 
"covered" by fo rmula  (6) without cor rec t ion  factors  
[10]. 

by the gas bubble; Kht is a co r rec t ion  factor;  m0 is the 
poros i ty  of the fluidized bed for min imum fluidization; 
R c is the contact r e s i s t ance ;  R t is the thermal  r e s i s -  
t anceof the  packet; T, Tf .  b, and T w a r e  the absolute 
t empera tu res ,  respect ive ly ,  of the side of the packet 
facing the h e a t - t r a n s f e r  surface,  of the core of the bed, 
and of the heating surface;  c~ is the coefficient of heat 
t r ans fe r  between the sur face  and the fluidized bed; c~ 
and c~ r are  the coefficients  of radia t ive  heat exchange 
between the sur face  and the fluidized bed, r e fe r red ,  
respect ive ly ,  to the t empera tu re  dif ferences  T w - T 

and T w -  T f . b ;  c~t .m'  C~e-c max'  C~exp.t' c~t . f '  and 
C~ex are,  respect ive ly ,  the total maximum, the maxi -  
mum conduct ive-convect ive ,  the exper imenta l  total, 
the total in a forced reg ime,  and the total h e a t - t r a n s f e r  
coefficient  extrapolated to higher t empera tu res ;  kg, 
;~a' h i '  and ~1 are,  respect ively ,  the thermal  condue- 
t iv i t ies  for the gas, the air ,  and the i~th gas f rom those 
indicated in Table  2 and for the a i r  at a t empera tu re  
tl ; Pm and Pbnlk are the dens i t ies  of the mater ia l  of the 
par t i c les  and the bulk densi ty of the bed. 
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NOTATION 

d is the particle dimension; f0 is the fraction of 
time during which the heat-transfer surface is flushed 

6 July 1967 Institute of Heat and Mass 
Transfer AS BSSR, Minsk 


