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H E A T  T R A N S F E R  I N  A C I R C U L A T I N G  F L U I D I Z E D  

B E D  

Yu. S. Teplitskii U DC 66.096.5 

On the basis of  similarity theory a relationship is establtshed for calculating the conductive-convective 

component  of  the coefficient of  heat transfer in a circulating bed. Recommendat ions  on the calculation of  

the total coefficient of  heat transfer in a high-temperature bed are given. The gas gap between the heat-transfer 

surface and the first row of  particles is evaluated. 

Knowledge of the regularities of heat transfer between a circulating fluidized bed (CFB) and the surfaces 

bounding it is important  for thermal calculation of apparatuses with a CFB, foremost for furnaces burning solid 

highly disperse fuel. 

It has been repeatedly mentioned in the l i terature [1-4 1 that heat t ransfer  in a CFB is closely related to 

the conditions at the riser, where a ra ther  complex and special s tructure of the two-phase flow is realized. As is 

known [2 1, in the near-wall region a descending flow of particles in two phases occur: a) differently shaped clusters 

of particles in which the particle concentration is close to that in the fluidized bed; b) a dilute phase where the 

particle concentration is relatively low and corresponds to the level of the particle concentrat ion in the above- layer  

zone of the fluidized bed. Both phases move down along the walls of the vertical riser at different velocities. The  

general model expression for the coefficient of heat t ransfer  has the form 12 ] 

a = ~c ( a c - c . c  + a r . c )  + (1 --  dic) ( a c _ c .  d + a r . d )  , (1) 

where ac_c.c and ac_c. d are the coefficients of conductive-conveclive heal t ransfer  of the clusters and the dilute 

phase; at .  o at ,  d are the coefficients of radiative heat t ransfer  of these phases. Equation (1) involves five unknown 

functions and is hardly applicable as a basis for practical calculations, although such attempts have been made [2, 

3 1. To simplify ( l ) ,  heat t ransfer  can be simulated within the framework of a one-phase  model assuming that the 

particles move at the riser walls as a uniform suspension. In this case the coefficient of heat t ransfer  is expressed 

a s  

- 1  
a = ( l / a f  + 1/as)  + a r ,  (2) 

where l / a f  = kd/;t f  is the contact thermal resistance of a gas film of thickness dt = kd  separating the first row of 

particles from the surface; a s is the coefficient of heat t ransfer  between the suspension and the gas film. Nearly 

the same scheme was realized in [4]. Equation (1) is even more simplified if we do not consider the gas layer 

separately: 

a = a c _  c + a r ,  (3 )  

where ac_ c is the conductive-convective component of the heat t ransfer  coefficient. 

A number  of publications are available that report test data on values of the coefficients a c - c  under  cold 

(isothermal) conditions [ t ,  5-10]  and values of a obtained on high-temperature  installations burning solid-fuel 

particles [3. I 1-14 ]. The  main qualitative regularities are revealed: a c - c  decreases with increase in thc particle 
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TABLE I. Conditions of Experiments on Measuring the Coefficient of Heat Transfer  in a Circulating Fluidized Bed 

Reference 

[11 

151 

[61 

!131 

[71 

[71 

[81 

[111 

I111 

1121 

[121 

[31 

[31 

I81 

I141 

[101 

[20 l 

I201 

I201 

d,  mm 

0.287 

0.078 

0.046 

0.240 

0.087 

0.227 

0.250 

0.241 

0.241 

0.188 

0.356 

0.309 

0.309 

0.170 

0.240 

0.125 

0.25 

0.5 

0.65 

Z ~ ,  °C 

25 

25 

25 

850 

35 

30 

25 

3 4 3 - 8 8 0  

4 1 0 - 8 7 0  

40O 

400 

2 0 0 - 9 5 0  

6 0 - 5 0 0  

25 

7 5 0 - 8 5 0  

25 

25 

25 

25 

Z~ m 

0.4 

0.1 

0 .07;0 .012 

1 - t 0  

0.025 

0.02~ 

0.1 

1.22 

1.59 

1.59 

1.59 

0.025 

0.3 

0.1 

0.01 

0.019 

0.026 

0.026 

0.026 

H, m 

10 

10 

6.65 

13.5 

5.5 

5.5 

3.0 

7.32 

7.32 

7.32 

7.32 

5.25 

5.25 

3.0 

8.3 

11 

6.6 

6.6 

6.6 

ps, kg /m 3 

2650 

2857 

2300 

2600 

2650 

2650 

2630 

3066 

3066 

2637 

2637 

2350 

2350 

2630 

3000 

2600 

2470 

1240 

1240 

diameter  [2, 9, 11 ], with increase in the height of the location of the heat t ransfer  surface above the gas dis tr ibuter  

[1, 5 ], and with increase in the surface length [I 1 1; a increases greatly with the layer temperature  [2, 3, 11 I. It 

is found that the most important quanti ty affecting a is the mean concentration of the particles over the horizontal 

cross section of the riser [2-4, 11-14 ]. In accordance with this, the coefficient ac_  c grew greatly with the circulating 

particle flow [1, 5 ], which governs to a great extent  the distribution of the solid-phase concentrat ion over the riser 

height [ 151. 

Although the quali tat ive unde r s t and ing  of the h e a t - t r a n s f e r  process is r a t h e r  good and  there  is a 

comparat ively  large amount  of te~t data (see Table  1), the l i tera ture  has no reliable,  suff icient ly universal 

relationships for calculating the rate of heat t ransfer  between a CFB and the riser walls. 

Our aim was to obtain simple relations for calculating coefficients of heat t ransfer  within the framework of 

the one-zone model (3) using the previously developed theory of similarity between the processes of conductive- 

convective t ransfer  in a CFB [15 ]. 

Conductive-Convective Heat  Transfer ,  The  general functional dependence of the coefficient ac_c  on the 

governing parameters  is the following: 

*) 
ac_ c = f (g, d, Js, h, L, H, Ps, Pf, )'f' cf, u - ut, vf) . (4) 

On the basis of the ~z-theorem of dimensionality theory [17 ] we write the dimensionless analog of (4) 

= f , Ga, , Pr, 
p~ (u - ut) '  p f '  vr d '  " 

(5) 

*) The  excess velocity u - ut is taken as the characteristic velocity. In our  opinion, this quanti ty ,  which is actually 
the velocity of particle motion in the ascending loop of the riser, determines the hydrodynamic  pattern of gas flow 
and particle motion in a CFB. Here it is pertinent to note the analogy with use of u - up in the description of 
t ransfer  processes in a nonuniform fluidized bed 1 t6 1- 
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The general  dimensionless  relation (5) is ra ther  cumbersome and it should be simplified. Consider ing  that 

under  isothermal  conditions the quantities Pr and ps/pf change comparat ively little, they may  be neglected in (5). 

We use the more common number  Ar instead of Ga. The  effect of the gas velocity u is taken into account only once, 

in the c o m b i n a t i o n  J5 - Js/Ps(U - ut) ( the  poss ibi l i ty  of this will be conf i rmed  by s u b s e q u e n t  resu l t s  of 

general izat ion of test data) .  And, finally, instead of the two simplexes h/d and H/d we form and retain only the 

one  s implex  h/H ( the  s i m p l ex  H/D is d i sca rded  as having no physical  mean ing . )  *) As a r e su l t  of t hese  

simplifications, (5) is reduced to the equation 

Nuc_ c = f 7 s, At, ~ ,  . (6) 

We note that (6) involves the value of the dimensionless mass flow of particles Js. This  combinat ion,  as has been 

shown in [15 ], is a general ized pa ramete r  of a CFB and reflects the similarity of hyd rodynamic  processes in the 

system. 

Assuming a power-law dependence  for f we obtain 

Nuc c A-J:Arb (h)c (d) d _ = ( 7 )  

The  five unknown coefficients in (7) were determined using a s tandard  procedure  by processing test data  

(see below). 

Radiative Hea t  Transfe r .  In a ra ther  rarefied disperse system,  which a CFB is, the radiative component  of 

the coefficient of heat t ransfer  between a h igh- tempera ture  bed and the r iser  surface can const i tute a substant ia l  

part  [3 1. 

The  general  expression for a r has the form 

a 0 ( T  2 + T2w)(T e + Tw) 

a r =  1 /% + l / e w - -  1 ' 
(8) 

where ee is the effective emissivity of the CFB; T e is the t empera ture  of the particles at the heat t ransfer  surface. 

According to the results of [ 18 I, in which the effective emissivity of particle aggregates  was studied at different  

concentrat ions,  e e is de te rmined  by the following inequality 

0.48 0.31 
e s < e e < e s , (9) 

0.31 is the emissivity of a rarefied bed, and es 0"48 is the same for a dense bed. As has a l ready  been ment ioned,  where e s 
0.48. at the hea t - t r ans fe r  surface a CFB consists of a cluster phase  (emissivity e s ~ and a dilute phase  (emissivity 

eO.3l, s ~. For actual values of es = 0 . 6 - 0 . 8  the range  of variation of ee is ra ther  narrow according to (9), thus making 

it possible to suggest  

, 0 . 4 8  0.31 
e e ~ Iri s + e s ) / 2  (10) 

for calculating the effective emissivity of a CFB. 

A more intricate problem is the determinat ion of T e, which should, general ly speaking,  depend on the 

length of the hea t - t rans fe r  surface. In fact, for motion of the particles along the r iser  walls their  t empera tu re  

*) We assume the presence of two independent  one-dimensional  spaces: a "local" one associated with the heat-  
t ransfer  surface (the characteristic dimension is the length of this surface L) ; a "global" one associated with the 
height of the riser (the characterist ic dimension is the r iser  height H).  Within the f ramework  of these notions the 
quanti ty h character izes  the coordinate of the "local" space in the "global" one, where the "local" space is t reated 
as 0-dimensional .  It is obvious that only the simplexes h/H and d/Lare meaningful in this formulat ion.  
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Fig. 1. Dependence of the conductive-conveclive component  of the coefficient 

of heat t ransfer  on the dimensionless circulating flow of particles: 1) [11,  d = 

0 . 2 8 7  ram;  2) [5 ], 0 . 0 7 8 ;  3) 16 1, 0 . 0 4 6 .  B -  N u c - c /  / ( h / g )  -042 
(d/L)O.43ArO 12. 

decreases and the effective tempera ture  T e in (8) is de termined as the mean over the ent i re  length of the heat 

exchanger:  

| L 
T e = (Ts)  =-£ f T sdl,  

0 
(11) 

where T s is the local tempera ture  of the particles at the surface. 

The  rate of particle cooling at the surface can be evaluated from tests [ 19, Fig. 4-4 ] where  the tempera tures  

of fluidized corundum particles (d = 0 . 2 5 - 0 . 5 ,  0 . 5 - 1 . 0 ,  1 . 0 -1 . 5  mm) heated to 9 4 0 - 1 2 2 0 ° C  were measured  by 

the photopyromet ry  method.  We processed these data and obtained the following relationship: 

T s - T w 

T ~  - Z W 
- exp ( -  0.032 Fo 0"13) . (12) 

With account for t -- l /v ,  on the basis of (11) and (12) we have an expression for the mean t empera tu re  Te: 

T e = T w + (T~ - Tw) 2.42-1012 Fo L ~, (7.962; 0.032Fo °13) , (13) 

X 

where FoL = afL/vd2; y(a ,  x) = f exp ( - p ) p a - l d p  is the incomplete gamma-funct ion.  
0 

A calculation by  (13) for the conditions d = 0.15-10 -3  m, af = 5.2.10 -4  m2/sec ,  v = 1 m / s e c  [6 ], T~ = 

1000°C, Tw = 100°C, L = 1 m gives T e = 915°C, which differs from Too by only 8 .5%. This  cor responds  to an error  

of determinat ion of ar  by (8) in the order  of 15%. In spite of some arbi t rar iness  in this es t imate  and  allowing for 

inevitably present  errors  of determinat ion of Tw, ew, and es, we consider  replacement  of Te by T~ in (8) to be 

allowable at this stage. Thus,  the simplified formula for calculating a r has the form 

a O(T 2 + T 2) ( r .  + Tw) 

Ctr = 1 / %  + l / e  w -- 1 
(14) 

We note here that (14) in no way precludes the possibility of using (8) and (13). 

Generalizat ion of Test  Data. To generalize data on ac_  c we used (7). By the leas t -squares  method we 

processed test data of [1, 5, 6 ], and here the dependence of ac_  c on the length of the heat  t ransfer  surface was 

found preliminarily on the basis of results of I 11 ]. The  following equation was obtained: 

- 0 . 4 2  0 .43  

(t5) 
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Fig. 2. Conductive-convective heat t ransfer  in CFB (see Table  1): 1) [8 l, d 

= 0 .250  mm; 2) [71, 0.227; 3, 4) [121, 0.188 and 0.356; 5, 6) [11 I, L =  1.22 

and  1.59 m; 7, 8)[31, 0.025 and 0.3; 9) 171, d = 0.087 mm; 10) [8h  0.170; 

11) [10]; 12-14) [201, d = 0 . 5 0 ,  0.65, and  0.25 mm; 15) I141, 240. 

Test  points [1, 5, 6 ] and  dependence  (15) are shown in Fig. 1. The  mean- roo t - square  deviation of the test 

points f rom those calculated is 17~o. The  range of verification of (15) is 5.91 _< Js <- 68.7 k g / m 2 - s e c ,  6.65 

_< H < 10 m, 0.046 < d < 0.287 mm, 0.07 < L _< 0.4 m. 

The  obta ined correlation (15) makes it possible to find the functional dependence  of ac_  c on the mean 

particle concent ra t ion  over  the horizontal  cross section of the riser. In [15] we found a simple equat ion for 

determining p: 

Ps 

With account for (16) it is easy to obtain from (15) the sought relation between a c - c  and  p: 

(16) 

( )043 
Nuc_ c = 55 Ps 

A ra ther  large amoun t  of data  on the dependence  of the coefficient of heat  t r ans fe r  on the particle 

concentrat ion p is known from the literature. The  results of a comparison of test data  [3, 7, 8, 10-12, 14 ] *~ with 

those found by (17) presented in Fig. 2 show rather  sat isfactory agreement  within a wide range of variat ion of 

exper imenta l  conditions (see Table  1). 

It is important  to note that  test points [10, 14, 20 ] obta ined for small lengths of the heat  t ransfer  surface,  

as is seen from Fig. 2, fall outside the common field of exper imental  points and  form an individual group. This  

indicates that (15) and  (17) are inapplicable for describing local heat t ransfer  (heat t ransfer  with surfaces of small  

length).  This limiting case is very interesting from the viewpoint of unders tanding  the mechanism of heat  t ransfer  

and should be considered in more detail. 

As is known [21 1, for very small times of contact between the disperse medium and the heat  t r ans fe r  surface 

(this corresponds to the case of small L) the main thermal  resistance is concentra ted in a gas film of thickness 

d - d  separat ing the particles of the first row from the wall. In accordance with this, expression (2) is simplified 

and reduced to the form 

a = a f + a  r ,  (18) 

*) In the case of a h igh- tempera ture  CFB the test data on the quantities a were recalculated and ac-c was found by 
the formula ac-c = a - ar,  where ar  was calculated by (14). 
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Fig. 3. Limit ing values of the conduct ive-convect ive  c o m p o n e n t  of hea t  

t ransfer  in a CFB (for the notation see Fig. 2). 

Fig. 4. Combined heat t ransfer  in a CFB (for the notation see Fig. 2). 

Nuf~st 

where ar  is the max imum (limiting) value of the conductive-convective component  of heat t ransfer  in the CFB. The  

ment ioned limiting values of ac_  c, where the dependence  on L disappears ,  were general ized separa te ly  by the 

relation 
0.5 

N u f =  1.23 (p~s) Ar0.23, (19) 

which is shown in Fig. 3 in combination with test points [10, 14, 20 ]. The obta ined correlation (19) allows one to 

evaluate the gas gap 6 -- kd  between the riser wall and the first row of particles. Since af  = / I f / 0 ,  we obtain Nuf = 

I l k  for Nuf = ctfd/2f. Finally, for evaluation of the scale coefficient k, from (19) we have 

-0.5 
(p___) Ar-0.23 (20) 

k = 0.81 Ps 

The  test values of Nuf shown in Fig. 3 give the following est imate for k: 1 _< k < 15. The  range of variat ion of Ar 

is 5 1 - 1 2 , 3 6 0 ,  with greater  k corresponding to smaller  Ar. 

To determine more accurately the range of applicability of (15) and (17) we should find an es t imate  of the 

limiting values of L, where the dependence  of ac_  c on L can be neglected and formula (19) can be used. In [21 l, 

on the basis of an analysis  of uns teady heat t ransfer  of an infil trated disperse medium with the surface,  we found 

that  for small contact times (Fo = a f t / d  2 < 5) the heat  t ransfer  virtually ceases to depend on Fo, thus reaching the 

limiting values af  = ~.f/~. With this result at hand we can easily obtain the sought est imate 

L = 105d 2, (21) 

where L a n d  d are in meters.  We note that to obtain (21) we used t = L / v ,  v = 1 m / s e c  [6 1, af = 2 .25 .10  -5  m2/sec.  

Figure 4 presents results of a comparison of test data  on the total coefficient of heat t ransfer  of a high- 

tempera ture  CFB [3, 11, 121 with those calculated by the equation 

Nu = 55 Ps P-" 05 0.43 Ar 012 + ~.f ( 1 / e  e + l / e  w - 1) 

which follows from (3), (14), and (17). As is seen, formula (22) describes quite satisfactorily (the mean- roo t - squa re  

deviation of the test points from the calculated ones is 21%) the regularities of combined heat  t r ans fe r  in a CFB 

within a ra ther  wide range of variation of the test conditions: 343 _< Too ~ 880°C; 0.188 _< d _< 0.356 mm; 0.025 

< L _< 1.59 m; 5.25 < H _< 7.32 m. 

Correlat ion (22) reflects the effect of the main factors on the rate of heat  t ransfer  in a CFB and can be 

recommended,  in combination with (15), for use in engineering practicc. 

The work was carried out under  financial support  from INTAS. 
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N O T A T I O N  

af, thermal diffusivity of the gas; Ar = gd3[(ps/pf) -1  1/v~, Archimedes number; c, specific heat capacity; 
d, particle diameter; Fo = af t /d  2, Fourier number; g, acceleration of gravity; Ga = gd3/v~, Galileo number; h, 

height  above the gas -d i s t r ibu t ing  grid; H, r i se r  he ight ;  Js, mass  c i rcu la t ing  flow of the par t ic les ;  

-Js = Js/Ps( u - ut), dimensionless circulating flow of particles; L, length of the heat-transfer surface; k, scale 
coefficient determining the gas-film thickness at the heat-transfer surface; Nu = ad/2 f ,  Nusselt number; Pr = 

Cf, Ofvf/~f, Prandll number; T, temperature; t, time of residence of a particle aggregate at the heat-transfer surface; 
u, u0, ut, velocity of gas filtration, velocity of onset of fluidization, and velocity of floating, respectively; v, velocity 
of the descending flow of particles at the riser walls; a, coefficient of heat transfer; 6c, portion of the heat-transfer 

surface adjacent to clusters; e, emissivity; vf, kinematic viscosity of the gas; p, mean bed density (particle 
concentration) over the horizontal cross section of the riser; or0, S te fan-Bol tzmann constant; 2f, thermal 

conductivity of the gas. Subscripts: c, cluster phase; c - c ,  conductive-convective; d, dilute phase; e, effective; f, fluid 

(gas); r, radiative; s, particles; w, heat-transfer surface; oo, bed core; t, conditions of floating of a single particle. 
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