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Abstract-A mechanistic theory for the heat transfer between an immersed surface and a fluidized bed of 
large particles is developed by adopting the well accepted concept that in the absence of radiation the total 
heat transfer coefficient is the sum of conductive (h& and convective (h,,,,) components. The solids are 
assumed to be distributed around the heat transfer surface in an arrangement of unit orthorhombic cells. hcond 
is then computed by considering a composite infinite layer of gas and solid and by solving the unsteady state 
heat conduction equations under well defined boundary and initial conditions. II,,,,, is evaluated by assuming 
that the turbulent boundary layer on the heat transfer surface is disrupted at the front half of the particle and 
is reformed in its wake. The theoretical model predictions for the total heat transfer coefficient are in good 
agreement with the available experimental data on large particle systems. The proposed theory is considered 

a good predictive and design tool. 
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NOMENCLATURE 

a function of r: and rW in equation (46); 
Archimedes number digpg(pp - p,)/pi ; 
a constant in equation (35); 
specific heat of gas at constant pressure 
[Jkg-‘K-l]; 
specific heat of particle at constant pres- 
sure [J kg-’ K-‘I; 
a constant in equation (40); 
equivalent cylinder diameter [m] ; 
average particle diameter [m] ; 
tube diameter [m] ; 
Fourier number for gas film, (a,~/#); 
Fourier number for particle, (a,r/dz); 
acceleration due to gravity [m s-‘1 ; 
superficial mass flow velocity 
[kgm-*s-l]; 
mass flow velocity at minimum fluidizing 
condition [kg me2 s- ‘1; 
thickness of segment of particle [m] ; 
thickness of segment of tube [m] ; 
conductive component of heat transfer 
coefficient [W m _ * K - ‘1; 
convective component of heat transfer 
coefficient [W m * K ‘I; 
average heat transfer coefficient 

[Wm -zKm’l; 

* Permanent address: Department of Chemical Engineer- 
ing, Institute of Technology, Banaras Hindu University, 
Varanasi-221005, India 

k, 

k 8’ 

k P’ 

Kl, 

K2, 

KS, 

K& 

1, 

L 

m, 

N, 

Nu condt 

Nuconw 

Nuconw 

Nu,, 

Pr, 

4, 

Re, 

Re,, 

maximum heat transfer coefficient 

[Wm I; 
-2 K-t 

gas film thickness defined by equation 

(32) [ml; 
thermal conductivity of gas 

[Wm- ’ K-l]; 

thermal conductivity of particle 

[Wm -’ K-II; 
dimensionless thermal conductivity ratio, 

(k,lk,); 
dimensionless thermal diffusivity ratio, 

(a&p); 
dimensionless ratio, [k,C,,pg/kpC,,p,] ; 
dimensionless thickness ratio, (dJ6); _, 
characteristic length parameter [m] ; 
center-center distance between adjacent 
equivalent cylinders [m] ; 
dimensionless function, (Ki’* K,); 
number of particles per unit area of the 
heat transfer surface ; 
conductive component of particle Nusselt 

number (&,,,d d&k,); 
convective component of particle Nusselt 

number (h,,,, d,lk,); 
convective Nusselt number based on 
characteristic length parameter, 

(h,,,,Vk,); 
particle Nusselt number, (h,d,,/k,); 
Prandtl number, (p&‘,,/k,); 
heat flux [W m-*1 ; 
Reynolds number, (zpG/@; 
Reynolds number based on characteristic 
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length parameter, (IG/p,); 
Reynolds number at minimum fluidizing 

condition, (&,G,,/p,); 
bulk bed temperature [K] ; 
normalized temperature of the particle on 
the bed side [K]; 
instantaneous temperature of gas film 

WI ; 
average temperature of gas-particle com- 
posite layer [K] ; 
instantaneous temperature of particle 

WI ; 
surface temperature [K] ; 
normalized temperature of heat transfer 
surface [K] ; 
space coordinate [m] ; 
space coordinate [ml. 

Greek symbols 
thermal diffusivity of gas, (k,/C,,p,) 

[ 1, m2s-1 

thermal diffusivity of particle, (k,/C,,p,) 

[ m’s_‘]; 
gas film thickness for flat surface [m]; 
gas film thickness for curved surface [m] ; 
bed voidage near heat transfer surface; 
bulk bed voidage at minimum 

fluidization ; 
bed voidage near heat transfer surface at 

minimum fluidization ; 
dimensionless temperature for gas as de- 
fined by equation (11); 
dimensionless temperature for particle as 

defined by equation (12); 
a quantity defined by equation (15); 
characteristic roots of equation (15); 
viscosity of gas [kg m-r s-r] ; 
density of gas [kg m-3] ; 
density of particle [kg m-"1 ; 
time [s]; 
residence time of particle on the surface 

[lsl. 

INTRODUCTION 

THE NEED to exploit efficiently coal and other solid 
fuels to generate energy has come as a serious chal- 
lenge to engineers. To accomplish this, fluidized-bed 

combustion of coal has emerged as an efficient and 
environmentally acceptable technology. The various 
technical details of this concept have not yet been 
developed to a stage where reliable operations and 
economic gains in commercial units may be ensured. 
The design of heat transfer surfaces to be immersed in 
the bed is one such area which needs thorough 
understanding. There is an abundance of experimental 
data of this nature mostly taken on beds of small sizes 
with small particles under ambient conditions of 
temperature and pressure. The details of these in- 
vestigations and the efforts to understand the as- 
sociated heat transfer mechanisms are reported and 

discussed in several recent texts [l-4]. However, in 

large scale combustors the bed particles are sufficiently 
large (> 1 mm), and the temperatures and pressures 
are also much higher than the ambient. The fluidiz- 
ation characteristics of such beds are much different 
from beds of small particles operating at or near 
ambient conditions [S]. In large particle fluidized 
beds, the gas flow is in turbulent regime and the 
bubbling phenomenon which plays such an important 
role in small particle systems is found to be much less 
significant [6]. In view of this a few theoretical [%13] 

and experimental [8, 9, 11, 13-151 studies have been 
undertaken involving heat transfer in large particle 
fluidized beds with immersed simulated boiler tubes. 

Zabrodsky er al. [ 131 found that their data on heat 
transfer coefficients with horizontal tube bundles 
immersed in fluidized beds of millet and fire clay could 
not be reproduced with the theories of Glicksman and 

Decker [12] and Staub [lo]. A similar conclusion 
emerged from a later study of Borodulya et al. [ 141. It 
may be noted that these studies [13, 141 involve two 
different sets of experimental data taken on two 
different units. Further, these two studies also revealed 
that the theory given by Zabrodsky et al. [13] gives a 
relatively superior reproduction of experimental data 

[13, 141. Catipovic et (11. [ll] have more recently 
advanced a theory and compared its predictions with 
their data on single tube and tube bundles in fluidized 
beds of large particles. The agreement between theory 
and experiment was found to be good only at high 
fluidizing velocity. However, all the three theories 
[10P12] fail to reproduce the correct dependence of 
heat transfer coefficient on fluidizing velocity. The 
theories predict it to decrease monotonically as the 
fluidizing velocity is increased while the experiments 

yield a maximum. The theory of Zabrodsky et al. [ 131 
does lead to such a trend but the maximum is much less 
sharp than the observed one. Our yet unpublished 

work indicates that all these four theories are incapable 
of reproducing heat transfer data for pressurized 
systems, and even at ambient pressures for high 

temperatures. 
With the aim being to develop a general mechanistic 

theory for the heat transfer process in large particle 
Auidized beds which may not suffer from the above 
mentioned deficiencies, the present work is under- 
taken. The model described here neglects radiation 
and regards the heat transfer coefficient as composed 
of gas conduction and convection terms. It is assumed 
that particles on the heat transfer surface are arranged 
in an orthorhombic arrangement. It is further assumed 
that particles can be replaced by equivalent cylinders 
having the same volume as the actual particles and of 
equal height and diameter. The conduction contri- 
bution is calculated by computing the unsteady state 
heat transfer rate from the surface to the first layer of 
particles through the gas film or lens enclosed between 

the two. The convection contribution is obtained by 
assuming that a turbulent boundary layer on the heat 
transfer surface is continuously disrupted by the solid 
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particles and by considering the analogy of this process 
with that of a flat plate immersed in a solids-free 
turbulent gas stream. The mathematical description of 
the model and a comparison of its predictions with the 
available experimental data are also given here. A 
preliminary report of some of the aspects of the present 
model has already been presented [17]. 

THE HEAT TRANSFER MODEL 

It is generally accepted that bed-surface heat trans- 
fer is composed of three components: conduction, 
convection and radiation. At temperatures lower than 
about 1lOOK the available information suggests that 
the effect of radiation is negligible [lS]. Consequently, 
the heat transfer coefficient can be represented as 

h, = hcond + h,,““. (1) 

For fine particles, the component hEon,, contributes 
more to h, than h,,,,, while for coarse particles the 
magnitudes of hcond and h,,,, are comparable. The fine 
and coarse particles for our present discussion may be 
taken as corresponding to Group A and Group B 
powders respectively of ref. [19]. For still larger 
particles, Group D powders of ref. [ 191, h,,,, becomes 
more pronounced than hcand. The dependence of h,,,, 
on pressure is somewhat involved inasmuch as it 
depends on the particle size, as shown by some recent 
experimental work [15-17,201. It is shown that for all 
sizes of particles the heat transfer coefficient increases 
with pressure, the increase is much more for larger 
particles than for smaller particles. The increase for 
small particles is due to the improvement in bed 
structure and hydrodynamics with increasing pressure 
whereas for larger particles the increase in h, is due to 
the enhancement in the component h,,,, of h,. 

Calculation of conductive component. hco,,* 
There are many models which have been proposed 

for the calculation of hcond. Many of these models are 
quite complicated and involve parameters which are 
difficult to establish. For large particle fluidized beds, 
the contribution of hcond to h, being small, it will be 

Gas flaw 

FIG. 1. Orthorhombic particle arrangement on the heat 
transfer surface. 

sufficient to evolve a model which is simple and 
involves parameters which can be easily determined. 
We therefore assume that there exists an orthorhombic 
arrangement of particles around the heat transfer 
surface (Fig. 1). It is further assumed to simplify the 
formulation that the particles can be replaced by 
equivalent cylinders whose volumes are the same as 
those of the particles and of unit diameter to height 
ratio. The diameter of these equivalent cylinders, d,, is 
related to the particle diameter, d,, by 

d c = (2/3)“3 2 . P (2) 

The orthorhombic arrangement of particles around 
the surface can be considered as a repetition of a unit 
orthorhombic cell formed by four adjacent particles 
with center-center interparticle separation of L 
(Fig. 1). L and d, are interrelated such that 

(3) 

where c and c are the bed voidages at minimum 
fluidization and any other velocity respectively. For 
fixed bed voidage which is the same as the minimum 
fluidization voidage, Eis computed for an orthorhom- 
bit arrangement of particles as 0.395. 

For large particle systems, it is a good approxi- 
mation to assume that all the resistance to heat transfer 
is confined to the first row of particles near the heat 
transfer surface only. The heat is transferred by 
conduction through the gas lens between the surface 
and the particle. To be consistent with our equivalent 
volume cylinder assumption concerning the particles, 
it is logical to regard that the gas-lens has a diameter 
equal to that of the equivalent cylinder, d,, and we 
further assume that it has a uniform thickness of 6. This 
latter assumption is adopted here for simplicity. Later 
we also consider the curvature of the heat transfer 
surface. Thus the heat transfer problem to be con- 
sidered is that of conduction through a composite 
layer of gas of thickness 6 and of solid of thickness d,. 
Let the temperature of the heat transfer surface and the 
bed be T, and T, respectively. Furthermore if there are 
no temperature-jump effects at the gas-solid interface, 
it is reasonable to regard the temperature of the gas 
filmheat transfer surface interface as T, and the 
temperature of the particle surface facing the bed as 7,. 
The instantaneous temperature profiles for such a 
composite layer of gas and solid particle are shown in 
Fig. 2. Representing the temperatures relative to T,, 
gives the heat transfer surface temperature as T, = 
(T, - T,,). and that for the particle surface on the bed 
side as T, = (Tb - Tb) = 0. The heat conduction 
equations for such a case have been solved [21] and 
these are 

(4) 

i3T d2T 
-_=c( 

a7 2 for r>O, O<x<d,. 
p ax2 (5) 
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T be computed by referring to Fig. 3(a). The volume of 
the gas lens is 

~)d:h-nh2~-fh)=~)difi, (16) 

where h = 0.2938 d,. This finally gives 

6 = 0.13 d,. (17) 

Substitution of 6 from equation (17) into equation (14) 
yields K, as 7.7. 

Heat 
transfer 
surface 

Bulk bed 
Gas film Solid particle 

FIG. 2. Transient temperature profiles in the gas-particle 
composite layer. 

The initial and boundary conditions are 

7-,(x, 0) = T&x, 0) = 0, 

Ts( - 6, 7) = T,, 

T&O, 7) = T,(O, 7)r 

k aT,(O, 7) 
pzz 

8 
?X 

k dT,(O, 7) 

P 
3X 

and 

T&f,, 7) = 0. 

The solutions of these equations are [21] 

q=kT 
1 

g w K,d, + 6 

(6) 

(7) 

(8) 

(9) 

q=kT 
1 

’ w 
(10) i K,d, + 6 

+i 
2KJ sin’ (mp,) 

It=, as7rpi (K,sin’ (mu,,) + m sin’ pL,) 

x [l - exp (- pf a,5,/~3~)] 
I 

. (19) 

The contribution of second and higher terms in the 
above series is very small (- 1%) and therefore we can 
simplify equation (19) with very little error as 

+ 
2K,bsinZ (mp,) 

a,r,~~(K,sin2(m~,) + msin’p,) 

0, = 
T&c 7) _ K,d, - x 

TW K,d, + 6 

x exp( - p,ZFoX (11) 

0, = 
T&X. 7) _ d, - x 

TW d, + V/K,) 

’ 2K,[sin pL, sin K:’ KG, sin Kit2 (K6 - (x/S))p,] 

- “C, pn[Krsin2 Ki” K#, + Ki” K,sin' p,] 
x exp( - p.’ K, Kf, Fo,) (12) 

where 

; m=K;“Kb (13) 

K, = :; K, = 2; Fo = F; Fo, = y,(14) 
c 

and p, are the characteristic roots of the following 
equation : 

tanp + K,tan(K:” K,p) = 0. (15) 

The equivalent thickness of the uniform gas lens, 6, can 

The average heat flux, 4, between the heat transfer 
surface and the first row of particles through the gas 
film is 

_ k dT,(x, 7) 
B dr. 

3X 
(18) 

x=-C? 

Substituting for the derivative from equation (11). we 
finally get after integration, 

x [1 - exp( -/*y u8r,/S2)] 
1 

(20) 

Further 

q = Lnd (T, - T,,) (21) 

where T,, is the average temperature of the composite 
layer of gas and particle, as shown in Fig. 2, and may be 

evaluated from equations (11) and (12) after retaining 
only the first term of the series. This gives 

T,, = ;J3 
K ,d,2 + 2K, d,6 + 6’ 
____ 

‘ 2(K,d, + 6) 

263K,sin2(mp(,)(1 - cos pr) 
- 

7r agpL’: [K,sin’ (mpl) + m sin’p,] 

x [I -exp(-‘+I] 

+ 2K,6dz sinp, sin (mp,) 

r,cr,p~m2K~~2 

I1 - cos(mh)l 
x [K,,sin2(m~,) + msin’ PI] 

x [I -exp-(“WJ]}. (22) 
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By combining equations (20)-(22), and neglecting the 
terms involving higher powers of pc,, we get the 
following expression within an estimated error of 
about 1.5% 

h EO”d 
(K, + m sin’ pi) p?Fo , 

x [1 - exp( --pf Fo)] . (23) 
/ 

The numerical value of the second term in equation 
(23) depends upon the magnitude of the quantity (l/p; 
Fo) [l - exp( -p: FO)] which varies from 0 to 1. The 
maximum value 1 corresponds to rr + 0. Even the 
analysis for this hypothetical case (7 + 0) shows that 
the contribution of the second term in equation (23) for 
all the gases except helium and hydrogen, in the 
temperature range 273-l 1OOK and pressure range 
0.1-10 MPa, is always within 20% of the leading term. 
Thus equation (21) can be approximated within an 
estimated error of less than 20% by 

h cond = 1.06 (k$6). (24) 

This uncertainty in hcond does not seem to be important 
in view of the difficulties in determining 71. Also the 
contribution of h_, to h, for large particle systems is 
relatively small as compared to h,,,,. In the general 
case, the heat transfer surface will not be completely 
covered with the bed particles and therefore hcond must 
be modified to account for the bed voidage. If N is the 
number of particles on the unit area of the heat transfer 
surface, then the fraction of this unit surface covered 
with particles is (nd,2/4)N. Therefore 

h cond = 1.06@,/6) (n&4)N. (25) 

Alternatively, it can be expressed in terms of the bed 
voidage, c, as 

h Eo”d = 1.02($/6) (1 - c)2’3. (26) 

Substituting for 6 from equations (16) and (2) 

h cond = 8.95(k,/dJ (1 - r:)= (27) 

or 

NU fand = 8.95 (1 - c:)“~. (28) 

(a) (b) 
Equivalent cylinder 

FIG. 3. Gas film thickness at the heat transfer surface. 

In the above formulation, it has been assumed that the 
heat transfer surface is flat. However, in many appli- 
cations related to coal conversion technology the heat 
transfer surfaces may have appreciable curvature. One 
such well known example is that of boiler tubes for 
either generating process steam or driving a steam 
turbulence for power generation. It will, therefore, be 
interesting to examine the effect of such a curvature in 
the heat transfer surface on h,. It is investigated here in 
the following. 

The gas film thickness is larger for the case when the 
heat transfer surface has a curvature in comparison to 
a flat surface with no curvature. For a curved surface 
(Fig. 3b) the gas film thickness, a,, is given by 

6,=0.114d,+h.-5.24~~-:h.) (29) 

where h,, as shown in the Fig. 3(b), is the maximum 
thickness of that part of the gas film lens which is due to 
the curvature of the heat transfer surface. It is zero for 
the case when the heat transfer surface is flat and 
otherwise is given by 

h, = ; 
[ 

D, - (0; - 0.763 e)r” 
I 

. (30) 

Combining equations (26) and (29) noting 6 = 6,, 

Na,,,d = (1.02/k) (1 - E)“~ (31) 

where 

k = 0.114 + > - p y@-;h=). (32) 

Since, in general, h, can be regarded as being much 
smaller than 6, and D,, the third term on the RHS of 
equation (32)can be neglected, so that to a good degree 
of approximation 

k N 0.114 + (h&J. (33) 

Consequently, Nu,,,~ is finally given by 

Nucond = 
1.02 (1 - c)2’3 

[0.114 + (h&J] ’ 
(34) 

Calculation of convective component, h,,,, 
For beds of large particles, the Reynolds number is 

invariably larger than 100 and the flow around the 
particles is turbulent [22]. The intensity of turbulence 
is known to be dependent on particle size and bed 
voidage [24]. It would, therefore, follow that the gas 
flow around a surface immersed in a fluidized bed of 
large particles is turbulent. The turbulent boundary 
layer formed on the immersed surface is continuously 
disturbed by the front half of the bed particles and 
formed again in their wake [25,26]. The heat transfer 
surface may thus be regarded as covered with a 
continuous arrangement of unit orthorhombic cells 
which in time keeps reforming as new particles arrive 
at the surface. The heat transfer from the surface 
corresponding to each of these unit cells through the 
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turbulent boundary layer can be considered similar to 
that of a flat plate immersed in a turbulent gas stream. 
Other evidence supporting this view lies in the 
experimental measurements of Borodulya et al. [15], 
and Rabinovich and Sachenov [27] on heat transfer 
studies from immersed surfaces at high pressures in 

fluidized beds of large particles. These authors [ 15,271 
found that the dependence of the heat transfer coef- 
ficient on the Reynolds number is somewhat similar 

and their values of the exponents are in good agree- 
ment with the values found for flat plates. 

The heat transfer from a plate placed in a turbulent 
fluid flow is given by 

(NuJ,,,, = CR@’ Pro.43 (35) 

where Nu, and Rr, are based on the characteristic 

length parameter [28, 291. The characteristic length 
parameter for calculating Nu, and Re, in equation (35) 
for fluidized bed heat transfer needs to be defined. To 
accomplish this let us refer to Fig. 1, when I for such a 
unit orthorhombic particle arrangement is given by 

Cd, - L)iZ 
+ i i [(d,z/4) -x2] l ,‘2 

J-d,:? L 

+ (3”‘/2)L dx - (rr/16)d,2 
I 1 (36) 

which gives 

1 = 3r I2 L2/nd,. (37) 

Substituting for L and d, from equations (3) and (2) 

respectively 

(38) 

As stated earlier, C = 0.395 so that 

I = 0.451 dP (1 - ,I)-=. (39) 

Equation (35) in conjunction with equation (39) gives 

Nu,,,, = Co Re” ’ Pro.43 r’l -[;$““] (40) 

where 
co = 1.173c. (41) 

The constant C is determined experimentally and is 

discussed in the next section. 
The total heat transfer coefficient in accordance with 

equation (1) can now be written in terms of the Nusselt 
number as follows : 

Nu, = N~com, + Nuconv. (42) 

The particle Nusselt number, Nu, = h&,/k,, for the 
case of a flat heat transfer surface is 

Nu, = 8.95 (1 - r:)’ M + Co Re’.* Pro.43 

X [KG] (43) 

and for the case of a curved surface is 

Nu = 1.02 (1 - c)O.66’ 

* (0.114 + (h,/J,)) + Co Reo’* pro.43 

X [(I ,$‘“‘]. (44) 

The constant Co can be obtained if simultaneous 
measurements of h, and 2: are made. We performed 
such experiments with a single 13 mm diavertical tube 
and its staggered bundles in a restricted bed at high gas 
velocities. This gave a mean value of 0.12. 

I: in the above relations is the bed voidage near the 
heat transfer surface and this value is larger than the 
bulk bed voidage. Kimura and Kaneda [30] have 
determined the distribution of voidage in packed beds 
and found that the bed voidage variation is limited to a 
region of about half a particle diameter from the 
surface. Denloye [31] employed their [30] correlation 
to develop the following relationship for a quiescent 
fluidized bed : 

?k = 
I _ (1 - r2 [0.7293 + 0.5139 (d,P,)l (45j 

[l + C;i,l~dl 
Here, c and .? are the bed voidage values near the 

surface and the bulk of the bed respectively. We have 
used this relation to calculate c, at minimum fluidiz- 
ation condition. 

As the fluidization commences, the bed voidage near 
the surface changes more rapidly than in the bulk of 
the bed in the beginning. This is due to the larger gas 
flow near the surface owing to the larger bed voidage 
than in the bulk of the bed. At higher gas flows, this 

rate of voidage change becomes slower because of the 
frictional resistance offered to the bed expansion by the 
immersed surface. Based on our experience with bed 
expansion measurements currently in progress, we 
propose to express the variation of E with G (or Re) as 

I: = cw + 1.65 A (1 - t?) [1 - exp (-a/~‘)]. (46) 

Here t:is the bed voidage at minimum fluidization, a is 

(0.367 In [(rw - ?)/(l - $1: and 

A = (Rr - Re,,)/Ar”.5. (47) 

The relation of equation (46) is employed to compute 
the bed voidage near the heat transfer surface at any 
fluidization velocity, G, for use in equations (43) and 

(44). 
In the above calculation Nu, employs a value of Co 

which is obtained on the basis of experimental data for 
heat transfer tubes of diameter 13 mm. A small cor- 
rection must be applied to the Nusselt number ob- 
tained for tubes of different diameter according to the 
following relation : 

P’upb, = 

(N~~)13rnrr, 

(1 - exp[- 0.1 Ar”~‘(13/dP(mm))]} 

(1 - exp[- 0.1 Ar”.‘(DT/dp)]} . (48) 

This semi-empirical correction is obtained on the basis 
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12 

1 

equation (43) 

/ 

Millet, d, =2000 pm 

D, = 14 mm, Pitch =2D, 

61 I I I 1 
90 100 I IO 120 130 

Re 

Frc;. 4. Comparison of experimental data [ 141 for horizontal 
equilateral triangular tube bundle with the present theory. 

of observed variation of the maximum value of the 
Nusselt number with tube diameter [17]. 

COMPARISON OF THEORY WITH EXPERIMENT 

A search of the literature revealed that several sets of 
experimental data dealing with single tubes and tube 
bundles with widely spaced tubes are available for 
checking the appropriateness of the theory developed 
here [ll, 13, 14, 32, 331. All these data sets are 
considered here with the results reported below. In all 
cases the experimental heat transfer data are con- 
sidered in terms of the Nusselt number and its 
variation with the Reynolds number. Two variants of 
the present theory calculations are discussed, the first 
by considering the heat transfer surface to be flat 

[equation (43)] and the second in which allowance has 
been made for the curvature of the surface [equation 
(44)]. In the figures referred to below the continuous 
and dashed curves are according to equations (43) and 
(44) respectively. 

25 
r c Glass beads, dP=4000pm 

23 D,= 50.8 mm 

In Fig. 4, the experimental data [14] for a bed of 
millet (5 = 2000pm) and a staggered bundle of 

14mm tubes arranged in an equilateral triangular 
arrangement with pitch equal to 20, under ambient 
conditions are shown. The calculated values taking 
into account the tube curvature are in excellent 
agreement with the measured values. The neglect of 
curvature produces values which are about 10% larger 
than those which do consider the tube curvature. The 
curvature correction is appreciable because the tube 
diameter is small and particle diameter is large, i.e. 

i&/D, is large. 
A similar comparison for the experimental data of 

ref. [ 1 l] with the present theory is given in Fig. 5. The 
data are taken under ambient conditions with a single 
50.8 mm tube immersed in fluidized beds of glass beads 
(d, = 40OOpm) and dolomite (& = 1300 pm). The 
agreement between theory and experiment is good and 
in general the deviation is of the order of 10%. The 
calculations taking into account the tube curvature 
lead to values which are about 2% smaller than the 
values which neglect curvature. The small difference in 
the two sets of computed values is due to the small 
value of the &/DT ratio. 

The data of ref. [32] taken with a single tube of 
28.6 mm immersed in a fluidized bed of soda lime glass 
beads (&, = 1580pm) under ambient conditions are 
displayed in Fig. 6. The theory again reproduces the 
experimental data within an average deviation of 
about 10%. However, the qualitative trend of experim- 
ental values being smaller than the calculated values, 
evident to some extent in the previous case [l 11, is clear 

in this case. The tube curvature correction follows the 
same trend as in the two previous cases (Figs. 4 and 5) 
and its magnitude is about 4%. 

Experimental results [33] for dolomite particles (d, 
= 1300 pm) and a bundle of 101.6 mm tubes arranged 
in an equilateral arrangement of pitch 2 D, at atmos- 
pheric pressure and four temperature levels in the 

_,,,equation (43) 
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FIG. 5. Comparison of experimental data [ll] f or single horizontal tube with the present theory 
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Fro. 6. Comparison of experimental data [32] for single 
horizontal tube with the present theory. 

range 274-649 K are plotted in Fig. 7. The theoretical 
predictions, dashed curves, are in good agreement with 
the observed data except at the highest temperature. 

However, the scatter in the data excludes any 
other precise conclusion. The curvature correction 
seems to improve the agreement of theory with the 
experiment, though the correction is small (about 2%) 
in view of the small value of (TpIDT ratio. From this 
comparison as with the earlier ones to some extent, it 
follows that the theory is capable of reproducing the 
dependence of the Nusselt number on the Reynolds 
number. One important point to note in this com- 
parison is the fact that the Reynolds number is always 
smaller than 60 and according to the established 
practice [22, 231 the flow regime is transitional for 20 
< Re < 60, the range covered by ref. [33]. It seems, 
therefore, likely that the present theory developed for 
turbulent regime is reasonably good even for tran- 
sitional regime 10 < Rr < 100. 

Figures 8 and 9 exhibit the data [13] for millet 

(6, = 2OOOpm) and tire clay (6, = 3OOOpm)respectively 
for a staggered tube bundle in which 30 mm tubes are 
located on the vertices of an equilateral triangular 
configuration of pitch 45 and 60mm under ambient 
conditions of temperature and pressure. In both the 

cases, the present theory with curvature correction can 
predict the experimental data with good accuracy both 
in regards to its magnitude as well as the variation of 
Nu with Rr. The curvature correction which is only 
about 3% does make a difference in improving the 
agreement between theory and experiment. 

On the basis of the above detailed comparison of 
theory and experiment, it is possible to draw the 
following conclusions : 

(1) The present theory developed for heat transfer 
between immersed surfaces and fluidized beds of large 
particles is successful in correlating and reproducing 
all the available experimental data for such systems 
with good accuracy. It should, therefore, provide a 
good base for design and prediction purposes. 

(2) The calculations reveal that the consideration of 
the curvature of the heat transfer surface while com- 
puting the conduction component of the heat transfer 
coefficient improves the prediction potential of the 
theory and these values, in general, are in better 
agreement with the experimental values than those 
which neglect the curvature of the surface. The curva- 
ture correction depends upon thevalue of the diameter 
ratio, &,/Or. The larger the magnitude of this ratio, the 
larger the correction. Consequently for larger par- 
ticles, when experiments are conducted in subpilot 
studies with small diameter boiler tubes, this cor- 
rection must be included. 

(3) This theory is unique amongst all the available 
ones in reproducing the dependence of h or Nu on G or 
Re. However, a more crucial check of the proposed 
theory will be in order with the availability of experim- 
ental data over a wide range of Reynolds number. 
Certainly a body of accurate data covering a wide 
range of Reynolds number will be useful for broaden- 
ing the scope of the proposed theory, establishing its 

reliability, and in exploring those aspects which need 
refinement and reformulation. In this context the 
evaluation of t: and C, need special attention. 
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UNE THEORIE MECANIQUE DU TRANSFERT THERMIQUE ENTRE DES LITS FLUIDISES 
DE PARTICULES GROSSES ET DES SURFACES IMMERGEES 

R&sum&On dbeloppe une theorie m&nique du transfert thermique entre une surface immergk et un lit 
fluidisd de grosses particules, en adoptant I’idCe bien accept6e qu’en l’absence de rayonnement le coefficient de 
transfert thermique total est la somme d’une composante conductive (hfond) et d’une convective (h,,,,). Les 
solides sont suppotis distribu6s autour de la surface selon un arrangement de cellules orthorhombic. On 
calcule hEond en considlrant une couche composite de gaz et de solide et en rCsolvant les equations de la 
conduction de chaleur en r&me permanent avec des conditions bien dtfinies aux limites et initiale. On tvalue 
h,,,, en supposant que la couche limite turbulente sur la surface est interrompue dans le plan milieu de la 
particule et qu’elle se reforme dans le sillage. L.es rtsultats du calcul pour le coefficient total de transfert 
thermique sont en bon accord aver les don&s expdrimentales disponibles pour des systCmes de grandes 

particules. La thiorie proposCe est considCrie comme un bon moyen de pridiction pratique. 

EINE MECHANISTISCHE THEORIE FUR DEN WARMEUBERGANG ZWISCHEN 
WIRBELSCHICHTEN AUS GROSSEN PARTIKELN UND DARIN EINGETAUCHTEN 

OBERFLACHEN 

Zusammenfassung-Eine mechanistiche Theorie fiir den Warmetransport zwischen einem Wirbelbett aus 
groI3en Partikeln undeiner darin eingetauchten Obertllche wird unter Verwendung des bekannten Ansatzes, 
daR der Gesamtwlrmeiibergangs-Koeffizient, falls keine Strahlung auftritt, die Summe aus der Leitungs- 
(hcond) und der Konvektionskomponente (h,,,, ) ist, dargelegt. Es wird angenommen, da13 die Festkiirper urn 
die warmeabgende Oberflkhe in einer Anordnung von orthorhombischen Einheitszellen verteilt sind. 
Betrachtet man eine aus Gas und FestkGrpem zusammengesetzte unendliche Schicht, so kann hcond durch 
L&en der instationgren Wgimeleitgleichung bei bekannten Rand- und Anfangsbedingungen berechnet 
werden. Durch die Annahme, dal3 die turbulente Grenzschicht der WIrmeiibertragungsflPche an der 
vorderen Hglfte der Partikel aufgerissen wird und sich im Nachlauf wieder neu bildet, 11l3t sich h,,,, 
bestimmen. Die theoretischen Modellberechnungen stimmen gut mit den verfiigbaren experimentellen 
Daten grobkiirniger Systeme iiberein. Die vorgelegte Theorie wird als gute Grundlage fiir Auslegung und 

Berechnung betrachtet. 

MEXAHM4ECKAR TEOPWII TEnJIOOEMEHA ME)KaY nCEBQOO23,DKEHHbIM 
CJIOEM KPYI-IHbIX sACrMLI M IIOI-PYTEHHbIMM nOBEPXHOCTIlMM 

hiHoTauju-npe&noxeHa MexaHWSecKaR Teopar Tennoo6MeHa Mexny nceB~oom%KeHHbIM CnOeM 
KpynHblX ‘,aCTIlu H nOrpygeHHbIMU nOBepXHOCTKMH, OCHOBaHHaR Ha H3BeCTHOir KOHuenUHH 0 
paCCMOTp%HHH K03~@iWeHTa TenJIOO6MeHa KPK CyMMbl KOHilyKTABHOfi (/I,,,,,) B KOHBeKTABHOti 
(h,,,,,) (npH OTCyTCTBHA ny9HCTOfi) COCTaBnXH3mHX. I-IpHHBTa OpTOpOM6H9eCKaR yrtnama ‘#aCTHII y 
Tennoo6MeHHoi? noBepxHocT&i. Bena%iHa h,,,,, onpeneneksa nyTeM Mcnonb30BaHAB pemenun HecTa- 
usonapnofi sana’tri 0 nporpese naKeTa, cocToKuter0 113 neyx cnoeB: ra3a li Tsepnoro Mareprtana. 
BenliqaHa h,,,, pacc9ATbrBaercr, UCXO~R 113 npennonomemin 0 CymecrBoBaHBH Typ6yneHTHOro 
norpaHsrHor0 CJIOI y TenJIOO6MeHHOti nOBepXHOCTH, +opMupymmerocr 3aHOBO nocne Kamnoii 
SaCTI(uM. PaCC’,HTaHHble n0 COOTHOmeHHRM, nonyqeHHb1M Ha 0cHoBe npennomeHHoR Monene, 
K03$+imieHTb~ Tennoo6hiena xopomo cornacylorcr c BMeromeMBcn B nHTeparype 3KcnepaMeHra- 

nbHblMB &,aHHblMH. 


