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Results  are  shown of an experimental  and analytical study concerning the heat t r ans fe r  
f rom an anisothermal  jet to a fluidization bed, and a model is proposed to descr ibe  this 
heat t ransfer .  

It is well recognized that, although many studies have been made concerning the heat t ransfer  f rom 
the gas to the solid par t ic les  in a fluidization bed, no reliable basis for general izing the hea t - t rans fe r  
coefficients can be counted on. An entirely plausible reason for this is, according to [-1], that the mecha-  
n ism of heat t r ans fe r  in a fixed bed has been assumed adequate as also mechanism of heat t ransfer  in a 
fluidized bed, although the modes of gas flow are  different in both. 

It had been hypothesized ea r l i e r  [2] that the active zone of heat t r ans fe r  in a fluidization bed is as 
high as the jets d ischarging f rom the gas dis t r ibutor  grid. This hypothesis was based on the jet model of 
a fluidization bed, according  to which the fluidizing agent flows in two modes: through the interst ices be-  
tween solid par t ic les  and as a jet  [2, 3, 4]. The appearance of bubbles in a bed and, consequently, the 
formation of microgaps [5] is re lated to the peculiari t ies  of jet  development in a fluidization bed with a 
density much higher than that of the gas.  The attenuation of turbulent fluctuations during momentum ex- 
change between phases of different densities resul ts  in a compress ion  of the jet and its subsequent sepa-  
rat ion,  together with the g a s - s o l i d  par t ic les  zone. The generated bubbles t rans fe r  par t  of the heat beyond 
the act ive zone. In order  to develop a better  model of the heat t r ans fe r  in a fluidized bed, therefore ,  it 
is n e c e s s a r y  to learn more  about the heat t r ans fe r  to the bed from both the jets d ischarging into it and 
f rom the ascending bubbles. For  this, one must f i rs t  establish how a single anisothermal  jet builds up and 
how the heat is t r ans f e r r ed  from it to the bed, and only then one can consider  the heat t r ans fe r  f rom an 
a r r a y  of jets .  

The discharge of an anisothermal  jet and the heat t ransfer  f rom it to a bed was studied experimental ly  
in a cylindrical  l abora to ry  r eac to r  125 mm in d iameter ,  made of acryl ic  glass and containing a bed of 
granular  mater ia l  fluidized with air .  At the center  of the gas dis t r ibutor  grid was placed a nozzle,  8 mm 
in d iameter ,  discharging a je t  of a i r  preheated in an electr ic  furnace. The fluidizing air  was supplied 
f rom a blower without preheating. All tests  were pe r fo rmed  at a constant bed tempera ture  and, for this 
purpose,  all excess  heat was removed through a heat exchanger coil around the bed per iphery.  

Tempera tu res  and velocit ies were measured with a special  probe which could be moved around 
through a coord ina te -dr ive  mechanism [6] and which included a P i t o t - P r a n d t l  pneumometer  tube as well 
as a the rmomete r  tube with a c o p p e r - c o n s t a n t a n  thermocouple inside, the wires  of the la t ter  0.1 mm in 
d iameter  butt-welded into a junction. Such a thermocouple layout ensured a steady value of the r e c o v e r y  
coefficient up to Mach number  M = 1. As secondary  instrument served a model KP-59 dc potentiometer  
of accu racy  class  0.05, which measured  the t empera tu re  within 0.5~ The pneumometr ic  tube was con-  
nected to a model MMN cup-type alcohol manometer ,  for measur ing p r e s s u r e  drops to 0,1 mm H20 
- equivalent to an a i r  veloci ty of 1.2 m / s e c .  

The jet was d ischarging into a monodisperse  bed of part icles  with charac te r i s t i c s  as listed in Table 
1. The jet superheat  above the tempera ture  of the fluidizing agent 0 was varied from 1.5 to 4.0, while the 
jet  velocity was varied f rom 20 to 90 m / s e c .  The tests  were pe r fo rmed  at a close to minimum operating 
veloci ty of the fluidizing agent (W --< 2). The bed height in the apparatus was 100-180 ram. 
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TABLE 1. Charac te r i s t i c  of the Materials Used for the 
Experiment 

Particle Minimum Prec. "ylift ve- Material size fluidization ~oOt-. 
rate 

A luminosilicate catalyst 
The same 

H 

Polystyrene 
Nitro-ammonium phos~,: - 

phate 

2--2,5 
2.5--3 
3--4 
4--5 
I--1,6 

1,5--2 
1,6--2 

o,85 
0,99 
1,13 
1,36 
0,85 

0,45 
0,66 

5,85 
6,41 
7,26 
8,2 
5,65 

4,68 
5,88 

The hydrodynamic and the thermal  boundaries of anisothermal turbulent jets were t raced by velocity 
and tempera ture  measurements  along the jet axis and across  jet sections.  

An analysis of axial tempera ture  and velocity profiles (Fig. 1) indicates that these quantities are  
continuously decreasing,  as a resul t  of momentum and heat t ransfer  f rom the jet to the surrotmding bed. 
Beginning at a distance approximately equal to one nozzle diameter ,  the tempera ture  and the velocity both 
drop sharply;  the t rend of the curves then changes,  they become flatter.  At the tip of the air  jet,  where 
the a i r  velocity becomes  equal to the lift velocity of solid bed part icles  [2], the tempera ture  at the jet 
axis remains 2-I0~ above the bed temperature .  Most typical data on the tempera ture  relaxation at various 
values of the jet pa rame te r s  are  given in Table 2. 

For  par t ic les  descr ibed in Table 1, the tempera ture  relaxation along the jet axis [ ( T o - T j ) / ( T o - T b )  ] 
is determined not only by the jet discharge velocity corresponding to par t ic les  of a given size but also 
by the ra t io  of jet length to bed height x j / l  b (Fig. 2). According to the graph, the tempera ture  relaxation 
increases  with an increasing ratio x j / l  b and reaches  90-9870 when x j / l  b ->-0.7. It has been suggested 
ear l ie r  '[6] that two modes of jet d ischarge be considered here:  local spouting and bubble flow, cha r ac -  
te r ized  by different sizes of breakaway bubble and different breakaway frequencies.  Local spouting of 
ver t ical  jets occurs  when x j / / b  -> 0.6 and is charac te r ized  by a high rate of regular  circulation of solid 
par t ic les  f rom the jet orifice along the jet boundary into the bed and back, but during transit ion to the 
bubble mode this pat tern is disturbed. Data on tempera ture  relaxation have confirmed the resul ts  of our 
analys is. 

No sharp  transit ion from bubble flow to local spouting was noted, on the other hand, but only a 
smooth change in the relaxation rate.  If 90% or more relaxation is considered sufficient, then the rat io 
x j / l  b = 0.7 may be regarded  as cr i t ica l :  at rat ios l a r g e r  than that the flow changes to local spouting. 
Beyond the jet boundary the tempera ture  decreases  much slower along the jet axis (Fig. 1). 

Thus, the rate of interphase heat t r ans fe r  is highest within the dynamic jet boundaries.  Conse-  
quently, the active zone r e fe r r ed  to by severa l  authors in connection with fluidization apparatus is the 

TABLE 2. Results of Tempera tu re  Relaxation Measurements  at the Tip of 
a Jet  

Material 

A luminosilicate catalyst 
2-2.5 

The same 
A luminosilieate catalyst 

2.5-3 

The same 

A luminosilicam catalyst 
3-4 

The same 
A luminosilicate catalyst 

4-5 
The same 
Nitro-ammonium phos- 

phate 1.6-2 
The same 

I i i l 

.,.-t ~,_1 

. . . .  / ~  o 

31,; 
42 
58,1 

34,4 

49,4 
62,~ 

32,fi 
61, c 

39,5 
41 

33 
38 

lO0 
16o 
14o 

lO0 

180 
14o 

140 
160 

16o 
120 

18o 
[40 

42,6 
62 
87.2 

43,9 

51,6 
75,5 

55,4 
85,6 

30,i 
59.3 

56,6 
56,6 

21,7 
21.2 
27,5 

16,9 

16,8 
26,1 

19 
30,6 

20,2 
24,6 

18 
21,2 

O O  

1,92 0,5 73.6 
2,9 0,48 85,2 
3,2 0,95 91,6 

2,6 0,63 89 

3 0,6 97 
2;9 0,83 95,1 

2,9 0,31 74 
2,8 0,6 86,3 

2,5 0,2 58 
2,4 0,43 73 

3,15 0,23 75 
2,7 0,6 90,1 
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Fig. 1. a) Axial veloci ty  prof i le  (U, m / s e c )  and 
t e m p e r a t u r e  prof i le  (T, ~ of a je t  (x, ram); b) 
boundar ies  of the a i r  je t  (Fj, ram) and t he rma l  
boundar ies  of the je t  (T], ram). 

zone where  j e t s  d ischarging f rom the d i s t r ibu tor  gr id  sp read .  The h e a t - t r a n s f e r  ra te  within this zone 
depends not only on the veloci ty  of the flu[dizing agent  but a lso  on the d ischarge  mode,  however ,  and this 
mode can be de t e rmined  f rom the x j / l  b ra t io .  When that ra t io  is smal l  (e.g., x j / l  b = 0.2), as is often 
the case  in p r ac t i ce ,  then only app rox i m a t e ly  half  the heat  is d iss ipated within the l aye r  adjacent  to the 
d i s t r ibu tor  gr id  and the r e s t  of the heat is c a r r i e d  by the bubbles into the bed core .  Of course ,  some  of 
the heat is undoubtedly t r ansmi t t ed  to the bed by the a i r  f i l t ra t ing  f rom the jet  through the in te rs t ices  be -  
tween g ra ins .  

For  this r eason ,  defining the h e a t - t r a n s f e r  coefficient  in t e r m s  of the su r face  of all  pa r t i c les  in a 
bed is jus t  as i nco r rec t  as defining it in t e r m s  of the su r face  of all pa r t i c les  in the ac t ive  zone only. In-  
deed, an e r r o r  is introduced in the definition of the h e a t - t r a n s f e r  coeff icient  when the h e a t - t r a n s f e r  s u r -  
face ts calcula ted as the total su r face  of par t i c les  in the act ive  zone, because  not all  pa r t i c les  par t ic ipa te  
equally in the heat t r ans f e r :  some a re  engaged in the p r o c e s s  a f te r  having pene t ra ted  into the jet  zone, 
while o thers  a r e  in contact  with the f i l t ra t ing  a i r .  On the other  hand, calculat ing the h e a t - t r a n s f e r  coef -  
f icient  on the bas is  of the su r face  of all pa r t i c l e s  in a bed s e e m s  even l e s s  l eg i t ima te ,  inasmuch as the 
actual  h e a t - t r a n s f e r  su r face  cons is t s  only of the su r face  of pa r t i c les  within the jet  zone and the su r face  
of pa r t i c l e s  in contact  with a i r  bubbles [7, 8]. 

T e m p e r a t u r e  and ve loc i ty  m e a s u r e m e n t s  a c r o s s  je t  sect ions  have shown that the dynamic and the 
t he rma l  boundaries  f i r s t  widen with increas ing  dis tance f rom the nozzle ,  and then na r row down while the 
ve loc i ty  and the t e m p e r a t u r e  along the je t  axis continuously d e c r e a s e .  It has been es tabl i shed in an ana l -  
ys is  of dynamic and the rma l  boundar ies  that these  boundaries  do not coincide d imensional ly ,  the the rma l  
boundar ies  r ema in ing  on the ave rage  1.5 t imes  wider  than the dynamic boundar ies .  Within the dynamic 
boundar ies  the h e a t - t r a n s f e r  p roceeds  to about 90% complet ion.  This is c l e a r l y  evident in Fig. 3. The 
t e m p e r a t u r e  g rad ien t  outside the dynamic prof i le  is smal l .  A s i m i l a r  t rend is noted during the d i scharge  
of f ree  an i so the rmal  je ts  [9]. The t e m p e r a t u r e  drop outside the dynamic prof i le  is explained by heat  
conduction and also by a i r  f i l t rat ion f rom the jet  to the bed core .  

Measu remen t s  made a c r o s s  the th ickness  of the dynamic boundary l aye r  were  compared  with the 
fo rmula  for an i so thermal  je t  according  to [2]: 

b=C~( U~--UA i / / ~ )  x. (1) 
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Fig. 2. T e m p e r a t u r e  relaxat ion (%) within the gas jet  boundaries ,  as a ftmction of the ra t io  x j / l b :  
1) for  a luminosi l ica te  ca ta lys t ,  d = 4-5; 2) d = 3-4; 3) d = 2.0-2.5; 4) for n i t r o - a m m o n i u m  phos-  
phate,  d = 1.6-2.0.  

Fig. 3. T e m p e r a t u r e  re laxat ion (%) within the dynamic je t  boundar ies ,  a c ro s s  a jet  sect ion,  as 
a function of the dis tance f rom the d i scharge  or i f ice .  

Fig. 4. Cor re la t ion  curve:  1) bubble mode; 2) local spouting mode. 

Such a compar i son  has revealed  that this fo rmula  is a lso  suitable for  an an iso thermal  jet.  However ,  the 
value of coefficient c m is higher here  than in the case  of an i so thermal  jet .  An evaluation of t es t  data 
has yielded the following empi r i ca l  re la t ion for this coefficient: 

C1 n : 0.46Ga o. 10 00.20. (2) 

The prof i les  of veloci ty and t e m p e r a t u r e  were  evaluated in d imens ionless  coord ina tes ,  with the a b s c i s s a s  
r e f e r r e d  to the thickness  of the dynamic boundary  l a y e r .  The d imens ion less  veloci t ies  and t e m p e r a t u r e s  
were  found to be affined, the f o r m e r  c lus te r ing  c lose ly  about a curve  desc r ibed  by the G. Schlichting 
equation [10]: 

U [1__ ( r ~.~] "- 

and the l a t t e r  c lus te r ing  about a curve  descr ibed  by the Taylor  equation: 

(3) 

f )  "5 AT _ I - -  -ff (4) 
AT~ 

The resul t ing  data on the affinity between veloci t ies  and t e m p e r a t u r e s  have yielded an analyt ical  solution 
to the prob lem of heat  t r a n s f e r  f rom a je t  to a bed. This analys is  was based on Prand t l ' s  theory  of t u r -  
bulence and the e a r l i e r  s ta ted  hypothesis  concerning the exis tence  of two zones in the boundary l aye r  [2]. 
We s t a r t ed  out with the integral  equation of constant  excess  heat  content at any jet  sect ion 

PACAnrg UoATo = .f 9ms Cms UAT2~rdr. 
0 

( 5 )  

We divided both s ides  of this equation by UmATm b2 to obtain 

1 
r~ Uo AT~ =29msCms " - -  (6) 

PAcA--~" U,~ Arm U~ AT,~ b - b '  
0 

and then integrated,  taking into account express ions  (3) and'(4) as well as r e m e m b e r i n g  that an ave r ag e  
90% t e m p e r a t u r e  re laxat ion occurs  within the dynamic boundar ies  of a jet  section (Fig. 3). As a r e su l t ,  
we obtained the following formula  for  calculat ing the t e m p e r a t u r e  drop along a jet  axis:  

AT,, = 6.2 P--&- cA �9 U~~ �9 r_~_. (7) 
ATo Pms Cms Urn b~ 
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The t empera tu re  relaxation within the air  jet  region can be determined f rom formula (7), if the boundary 

conditions at the jet tip a re  inser ted into it: U m = U l , Cms = CA, ' Pros = PA', and b = Cln~/(OA/~A')Xj. 
The express ion then changes to 

hTm _ 6.2 c--4A. U-A~ �9 r~ (8) 
IT0 cA, Ul C~n~ 

However,  Eqs.  (7) and (8) have been obtained here  on the assumption of an a lmost  complete t empera tu re  
relaxation along the jet. In real i ty ,  on the other hand, we have shown here that the relaxation depends on 
the rat io x j / l  b. This formula  yields a sa t i s fac tory  agreement  with tes t  data when x j / l  b ->-0.8, therefore ,  
while differences a re  noted when the value of this rat io is sma l l e r  (Fig. 4). In order  to utilize the anal-  
yt ical  solution for all d ischarge  modes,  we have introduced a relaxation coefficient p which, according to 
our data,  depends on the ra t io  x j / / b  only. Thus, formula (7) becomes 

AT~ PA cA U o r o =:6,2p . . . . . . .  
A7"o r ~ms U,,~ b ~ 

For  the design of heat exchangers  with fluidization beds, it is worthwhile to have the bed operate in the 
local  spouting mode, i.e., to make the rat io x j / l  b ->- 0.8. An a lmost  complete t empera ture  relaxation with- 
in the jet zone will thus be ensured.  This requires  an appropr ia te  selection of the gas dis t r ibutor .  If a 
90% relaxation is regarded  sufficient,  then the height of the active zone can be roughly found f rom the 
following formula based on express ion (9): 

~/'~ V0_ui. (IO) Xa = 7.85 -~-ln r~ CA," 

It is n e c e s s a r y  here  to maintain the ra t io  x j / / b  ->- 0.8. 

In other c i r cums tances ,  when fluidization apparatus is des igned for other applications and the bed 
height is selected on the basis  of other c r i t e r i a ,  a calculation of the heat t r ans fe r  must  take into account 
the existence of two hea t - t r ans fe r  zones: a jet zone and a bubble zone. 

The preceding discussion applies, in our view, not only to heat exchangers  but also to mass  ex-  
changers  but also to mass  exchangers  with fluidization beds. 
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N O T A T I O N  

is the jet velocity at any point; 
ts the initial jet velocity; 
is the jet velocity at the axis; 
Ls the free lift velocity; 
is the total thickness of the dynamic boundary layer ;  
~s the t empera tu re  at any point; 
is the t empera tu re  at the jet axis; 
~s the initial temperature ;  
Is the bed tempera ture ;  
~s the t empera tu re  at the tip of the jet; 
~s the superheat;  
~s an empir ica l  coefficient for an anisothermal  jet; 
Is the initial jet radius;  
Ls the instantaneous jet radius;  
Ls the mean-ove r - the - sec t ion  jet density; 
Ls the a i r  density; 
~s the density in the a i r - s o l i d  par t ic les  zone; 
is the bed height; 
is the distance f rom the nozzle edge to a cer tain c ross  section; 
is the length of a jet; 
~s the length of the active zone; 
is the Galileo number ;  
is the coefficient of relaxation along the jet  axis; 
is the fluidization number;  
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Cms 
CA 
c A , 
AT = T-Tb;  
~T m = Tm-Tb;  
AT o = To-T b. 

is the mean-over-the-section specific heat; 
is the specific heat of air; 
is the specific heat in the a i r - so l id  particles zone; 
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