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Abstract-A thcorctical investigation or the combined conductive radrativc wall-to-lluidi~ed bed heat 
trans~cr is presented. The packet ofcmulsion is assumed to bc an absorbmg. emitting. and scattering nonpray 
medium. Equetions of energy and radiative transli-r in the packet ;rrc solved simultaneously usrnp an 
iterative numerical method. The bubble is modellcd as :I hemisphere of gas cncloscd by the emulsion rind 
the nongray heat transfer surface. Heat transfer cocllicicnts were calculated for dilTerent bed systems in 

the temperature range 300-1000 C. The predictions by the present analysis wcrc in good agreement with 
available cxpcrimental data. The radiative contribution 01‘ its much as 35”/0 varies directly with bed 

tempcraturc. particle size and cmissivity, surlacc tcmpcraturc and cmissivity. Both isotropic scattering and 
gray medium approximations wcrc round to bc acccptablc for practical applications. 

1. INTRODUCTION 

FLUIDIZED bed technology offers an attractive way of 
combustion ofeven low grade fuels such as coals and 
solid wastes, with clean exhaust gases to the cnviron- 
merit. Increased heat transfer rates to tubes immersed 
in the fluidized bed yield smaller combustor and boiler 
sizes. Also. fluidized-bed furnaces with excellent heat 
transfer coefficients and uniform bed temperatures 
should offer a new tool to handle heat treatment and 
powder sintering processes in metallurgical industries. 
In spite of the existing information in the literature 
[l-3] on fluidized bed heat transfer, the designer of a 
fluidized-bed combustor or furnace Faces many uncer- 
tainties, especially the contribution of thermal radi- 
ation at high temperatures. In the last two decades. 
several investigators [4-141 have devoted their ctforts 
to approach an accurate estimate of this contribution. 
Theoretical analyses were based on the gas film-packet 
theory [2. 31, for small particles up to 1.5 mm in 
diameter. On the other hand, the results of exper- 
imental research works [12-l 41 were limited to certain 
conditions and characteristics of the bed and cannot 
be extended or correlated to the general applications. 
A brief review of the available theoretical analyses is 
given below. 

Vedamurthy and Sastri [4], Thring [6] and Zhang 
ef al. [9] considered the gas film-packet theory and 
treated the packet of emulsion as blackbody layers 
radiating to a black surface, while they assumed that 
the gas film is transparent. Kolar et al. [8] used an 
alternate-slab model with a numerical technique and 
treated the particles and the gas in the emulsion as 
gray solid slabs separated by transparent gas and radi- 
ating to each other. They concluded that the thickness 

of the gas film adjacent to the heat transfer surface 
controls the radiativecontribution. An arbitrary value 
of this thickness of 0.08 of the particle diamctcr l/, 
was found satisfactory to have a good agrecmcnt with 
cxpcrimental results [8]. Yoshida et (I/. [5] obtained 
an expression for the bubble radiative contribution. 
by considering the bubble as a halfsphcrc surrounded 
by black bed and residing on a gray surface. An csti- 
mate of this contribution was found to be from I to 
5% of the overall heat transfer cocflicicnt for bed 
temperatures from 500 to 1500 C [5]. Bhattacharya 
and Harrison [7] improved the analysis carried out by 
Vedamurthy and Sastri [4] by treating the emulsion 
as an absorbing, emitting gray medium exchanging 
radiation with a black surface. A more realistic model 
was proposed by Flamant and Arnaud [IO] in which 
they treated the packet of emulsion as an optically 
thick, absorbing, emitting and gray medium. They 
applied Rosscland approximation [IO] to simply 
express the radiative flux as a function of the local 
temperature. Flamant and Menigault [I I] cxtcndcd 
the previous analysis [IO] to the practical application 
of Ruidized bed combustion for which the bubbles arc 
composed of a gray dispersion of fine particles in an 
absorbing gas. Their results [I I] showed that at a bed 

temperature of 900 C the bubble radiative con- 

tribution is significant and ranges between 5 and 9% 

for their bed conditions. 
The purpose of this paper is to formulate and solve 

the real problem of simultaneous one-dimensional 
heat transfer by conduction and thermal radiation 
between an atmospheric fluidized bed and a surface 
of a stationary wall. The analysis is based on the two- 
phase theory and a gas film-packet model. Both the 
residence time for emulsion packet and the bubble 
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NOMENCLATURE 

A I Archimedes number, gd:p,(p,-p,)/& 
‘11 coefficient in equation (14) 
b,, elements of the eigenvectors in 

equation (16) 
CC effective specific heat of the emulsion 

phase [J kg-’ K-‘1 
CS specific heat of the solid bed material 

[J kg-’ Km’] 

4 particle diameter [m] 
4 tube diameter [m] 
er:.h spectral blackbody emissive power 

Wm ~‘~~rn-‘] 
F 0 ), fractional blackbody emissive power in 

range O-2 
f  0 fraction of time the gas bubble is in 

contact with the heat transfer surface 
G,, Gz constants of integration in 

equation (20) 
9 gravitational acceleration [m s-‘1 

.4. constants of integration in equation (I 6) 
11, conductive contribution of the overall 

heat transfer coefficient [W m-‘K-l] 
L kc conductive and radiative heat 

transfer coefficients, respectively, for the 
packet only [W mm2 K-‘1 

ho, overall bed-to-surface heat transfer 
coefficient [W m-’ K-‘1 

h rh radiative heat transfer coefficient for the 
bubble only [w m-’ K-‘1 

h total bed-to-surface radiative heat 
transfer coefficient [W me2 K-‘1 

I(7, p) local spectral diffuse radiation 
intensity at optical depth 7 in the packet 
for a direction /L [W m-l pm- ’ sr- ‘1 

Ih(7) local spectral blackbody radiation 
intensity at an optical depth 7 in the 
packet [Wm-‘pm-’ sr-‘1 

I h.w spectral blackbody radiation intensity 
calculated at surface temperature 
mm-*/cm-‘sr-‘1 

KS, K, bulk spectral scattering and 
extinction coefficients, respectively, of the 
packet layer [m-‘1 

kc effective thermal conductivity of the 
emulsion [W m-’ K-‘1 

k,, k, thermal conductivity of the fluidizing gas 
and solid bed material, respectively 
[W m-’ K-‘1 

LC effective thickness of the packet [m] 

4 gas-film thickness [m] 
p(p, p’) azimuthally averaged scattering 

phase function 

y,(s) instantaneous local conductive flux 
[Wm-‘1 

q,(s) instantaneous local radiative flux 
wrn-‘1 

CLh bubble phase radiative flux [W mm’] 
S,/ constants of the particular solution in 

equation ( 16) 
T(.\-, 0 local instantaneous temperature in 

the emulsion packet [‘C, K] 
Th bed temperature [‘C, K] 
TW surface temperature [“C, K] 
t time [s] 
tr residence time [s] 
u gas fluidizing velocity [m s- ‘1 
u rnr minimum fluidization velocity [m SC’] 

L’ volume concentration of the particles in 
the emulsion phase 

W fluidization number, U/U,, 
W, Gaussian weights. 

Greek symbols 
particle size parameter, nd,/l 
effective diffusivity of the emulsion 
packet [ml s- ‘1 
eigenvalues in equation (16) 
effective spectral hemispherical 
emissivity of the emulsion phase 
bed voidage at minimum fluidization 
spectral hemispherical emissivities of a 
bed particle and the heat transfer 
surface, respectively 
scattering angle [rad] 
polar angle [rad] 
wavelength in the vacuum [pm] 
cos 0 
viscosity of the fluidizing gas 
[Nsm-‘1 
Gaussian divisions 
discrete order of the time instant 
effective density of the emulsion phase 
kmm31 
densities of the fluidizing gas and the 
solid bed material, respectively 
[kg mm31 
spectral hemispherical reflectivity of the 
heat transfer surface 
optical depth 
optical thickness of the packet layer 
sphericity of the bed particles 
azimuthal angle [rad] 
spectral scattering albedo of the packet 
layer. 
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frequency are functions of the fluidization conditions. 
An energy equation is used to account for the coupled 
transient conductive-radiative heat transfer within 
the emulsion packet while coming in contact with the 
gas film. The local radiative flux divergence term is 
obtained by solving the integrodifferential equation 
of the radiative transfer in the absorbing, emitting 
and anisotropically scattering nongray medium of the 
packet layer. Both energy and radiative transfer equa- 
tions are solved simultaneously using an iterative 
method and a numerical technique. The resulting 
instantaneous temperature distribution within the 
packet together with the radiative flux in the bubble 
phase are analyzed to estimate average bed-to-surface 
heat transfer coefficients at different conditions. The 
results of the present analysis were compared with the 
experimental results available in the literature. The 
effects of the bed particle size and emissivity, bed 
temperature, fluidizing velocity and surface reflec- 
tivity and temperature on the radiative and overall 
heat transfer coefficients are investigated. Approxi- 
mate solutions dealing with scattering and gray med- 
ium assumptions are also investigated. 

2. THEORETICAL ANALYSIS 

When a bed of solid particles is fluidized by a gas, 
the minimum bubbling gas velocity is usually exceeded 
and bubbles of the gas are thus formed and rise 
through the entire fluidized bed. The bed particles are 
mixed violently and it is seen as bulks of emulsion 
vigorously bubbling. Such a bed is called a bubbling 
fluidized bed. The heat transfer process between sur- 
faces and a bubbling fluidized bed of small particles 
(d, < I mm) can be well understood and modelled 
on the base of the gas film-packet hydrodynamic 
model where convection is neglected due to small gas 
velocities. The present analysis will be as follows. 

2. I. Theoreticnl model and assumptions 
Figure I shows the important features of the heat 

transfer model chosen for the present study. The heat 
transfer surface having a constant temperature Tw is 

z=o z T=r, 

i I(7T.p 1 

,~~? 

P,: i e 
7t- pi-1 1 )Jl+l 

Ew 1 I,Kl) 
x:OxrLg x x=Lg+Le 

(bl 

treated as a diffused surface characterized by a spectral 
hemispherical reflectivity pw (= I --E,) which depends 
on the surface material and conditions. The reflec- 
tivity, p* is usually a function of the radiation wave- 
length and surface temperature. A stationary thin 
layer of the fluidizing gas (gas film) is always adjacent 
to the surface. The value of the thickness L, of this 
layer depends on the hydrodynamic conditions of the 
fluidized bed and an optimum value of which was 
found to be I., = 0.08 c& [6, 81. The gas film may be 
treated with varying linear temperature distribution. 
Packets of emulsion come from the core of the bed at 
bed temperature T,, to reside on the gas film, each 
during an interval of time defined as the residence 
time t,. A packet consists of a dispersed medium of 
small particles in the fluidizing gas at minimum flu- 
idization conditions. For a well-mixed bed of particles 
of low Biot number (Bi < O.l), negligible temperature 
gradients will be set up within the particles and the gas 
and solid phases can be assumed to be in thermal equi- 
librium. Practical applications of a gas-fluidized bed 
of small particles at high temperature, usually include 
bed materials (stones, ceramics, metals and its alloys) 
with ps = 2OO(r9000 kg mm3 and k, = I .O-80.0 W m-’ 
K ‘. For these situations the condition of Bi < 0. I is 
confirmed, and the gas and particles in the packet are 
assumed to be at the same temperature. The thick 
packet can be treated by a plane-parallel layer of finite 
effective thickness f.,, usually taken as few times the 
particle size (L, = 3 - 5 d,,) [4, 61. Unsteady con- 
ductive-radiative heat transfer through the packet will 
occur during the residence time. Then the packet with 
an average temperature different from T, is swept 
away and replaced by a fresh one from the main region 
of the bed. This occurs frequently for steady bed con- 
ditions with a constant average relative frequency. 
The gas bubble is simply represented by a hemisphere 
whose base is in contact with the surface within a time 
fraction f0 and is surrounded by the emulsion at Tb. 
The bubble is assumed to contribute to the radiative 
heat transfer to the surface while the conduction 
through it is neglected. The following main assump- 
tions are taken into consideration in the formulation 
of the coupled energy and radiative transfer equations 
in the packet layer. 

(I) The packet medium is nongray, absorbing, emit- 
ting and anisotropically scattering. 

(2) The packet layer is homogeneous with uniform 
voidage. 

(3) The entire fluidized bed is at steady state con- 
ditions. 

(4) Both conduction and radiation transfer are one- 
dimensional. 

(5) There is no heat generation source other than 
emission inside the packet layer. 

(6) The fluidizing gas is nonemitting, nonabsorbing, 
with unit refractive index. 

FIG. I. Heat transfer model: (a) the physical model; Assumptions 5 and 6 represent a simple approxi- 
(b) the radiative transfer model. mation for combustion and chemical reaction pro- 
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cesses where heat generation occurs and participating 
(absorbing emitting) gases such as CO; and H,O exist. 
It is not a difficult task to extend the present analysis 
to these processes. However, an accurate treatment 
requires precise information about types and con- 
centrations of participating gases and size distribution 
of fuel or reacting particles in the emulsion phase. 
Presently these parameters are expected to be com- 
plicated functions of the process input data as the 
composition, feed rate and size distribution of the 
fuel, excess air ratio, bed temperature, etc. 

2.2. Basic equations.for the packet qf‘etnulsion 
The three-dimensional energy equation for the tran- 

sient conductive-radiative system of the packet may 
be written as 

P.cc~+v(q.+4r) = 0 (1) 

where q, and yr are the conductive and radiative fluxes 
respectively. Substituting for 

y,(x) = -k, g 

in the present one-dimensional model with k, = con- 
stant equation (I) becomes 

where k, and ~1, are the effective thermal conductivity 
and diffusivity of the emulsion packet, respectively. 
The instantaneous local integrated radiative flux Cam 
is given in terms of the local spectral radiation inten- 
sity by 

y,W = so” [2zj-‘, KwWr]d~ (3) 

where p = cos 0 and 0 is the polar angle. 
The initial condition associated with the energy 

equation, equation (2) is given by 

T(x,O) = T,,, (Lg ,< x < LJ. (4) 

Considering the energy balance at the gas film-packet 
interface (x = L,), the corresponding boundary con- 
ditions are given by 

T(L,+L,,t) = Tb, t > 0 (5) 

where k, is the thermal conductivity of the gas film 
calculated at a mean temperature (Tb+ T,)/2. The 
monochromatic radiation intensity 1(x, p) in equation 
(3) can be found by solving the following quasi-steady 
transfer equation [15] written for azimuthally sym- 
metric radiation field in the packet layer. 

+(I -G)&(s) (7) 

where p(p, /l’) is the azimuthally averaged scattering 
phase function and t3 is the spectral scattering albedo 
of the packet layer defined by 

oj = KJK,. (8) 

In equation (7) the ordinate s is replaced by the 
optical depth T defined by 

5 = K,(.u-LJ (9) 

where K, and K, are the bulk spectral scattering and 
extinction coefficients of the packet layer, respectively. 

The local spectral intensity of a blackbody radiation 
in a vacuum is given in terms of the local temperature 
T(T) by the Planck distribution as 

I,,(T) = 2C,i.-S/{exp[Cz/i.T(s)]- I) (10) 

where C, and CZ are known constants [l6]. 
The boundary conditions associated with the radi- 

ation transfer equation equation (7) are expressed as 
follows. For the nonabsorbing gas film the reflection- 
emission condition at the surface (s = 0) exactly 
applies at the packet layer boundary (T = 0) and is 
given by 

(O</l< I) (11) 

where&is the spectral blackbody radiation intensity 
calculated at the surface temperature T,. The other 
boundary condition may be given by 

f(T,, -P) = h,(T,), (0 <P < 1) (12) 

where T ,  = K,L, is the optical thickness of the packet 
layer. 

2.3. Solution methodfor the packet 
It is quite difficult to find a closed form analytical 

solution of the coupled equations of energy and radi- 
ative transfer, equations (2) and (7). A first step to 
approach the solution of both equations (2) and (7) 
is to treat the variation with the time t and the cosine 
variable p in numerical manner. Thus substituting for 
the differentiation with respect to t in equation (2) 
and the integration with respect to p in equation (7) 
by their approximate numerical form. Dividing the 
residence time t, into M equal small increments of 
time At and using a backward finite difference formula 
for the derivative dT/at equation (2) may be rewritten 
in a semi-numerical form as 

d’T”“(x) I d dx(ql”(x)) = $ P(x) -,,(‘- “WI , 
dx2 e 

k 

(v = 1,2,...,M) (13) 

where T”‘(x) is the temperature distribution in the 
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packet layer at a time instant of order (11). The initial 
condition equation (4) will be considered as an initial 
temperature distribution r’“‘(.u) = T,,. The integra- 
tion in equation (7) can be replaced by Gaussian 
quadrature formula [ 151 in the 11th approximation if 
the continuous ordinate I 2 1’ > - I is replaced by 
the Gaussian division /c,(i = I, 2, , 2~). Moreover 
the blackbody intensity I,,(T) is expressed as a power 
series 

m 
fh(7) = 1 N, r, ‘. 

I= 0 0 (14) 

Thus equation (7) may be written in the discrete ordi- 
nate form 

d47, P,) 
A’, yjy = -\(T, jl,) + ; $ “‘,P(jL P,)b, j1,) 

,= I 

(i= l,2....,2n) (15) 

where W, (j = I, 2. , 211) are the Gaussian weights. 
The number of terms 111 and the coefficients a, in 
equation (14) are dependent on the wavelength iL, and 
they are determined within an arbitrary degree of 
accuracy by the following procedure. The interval 
from 0 to I for (T/T,) is divided into known number 
of divisions (e.g. 20) and then the numerical values 
of temperature corresponding to these divisions are 
obtained from the known function T""(T). Numerical 
values of Ir,(r) are obtained by substituting the 
numerical values of the temperature and the specified 
wavelength in equation (IO). Applying a least square 
method, the 177 coefficients a, are obtained. The solu- 
tion of the system of equations equation (15) for a 
known temperature distribution is given by [ 171 

47.4 =.C.fAh,exp b,Tl 
1. 

, ? I  

+ Ed’,, exP ]Yz(r - r I )] + c &,(7/r I )‘3 
I+ /= II 

(i= 1,2,...,2n) (16) 

where y. and h,, are the eigenvalues and the eigen- 
vectors for the complementary solution cor- 
responding to the homogeneous 217 coupled equations 
equation (IS) [17], and t[- and a+ mean the sum- 
mations over the negative and positive values of 
JP., respectively. The constants si, for the particular 
solution are obtained by applying the Gaussian 
elimination method corresponding to the non- 
homogeneous term in equation (15). The constants of 
integration g. are obtained by applying the boundary 
conditions equations (I I) and (12) in their discrete 
ordinate form given by 

2,, 

w~i4) = 2Pw c n',lpjll(", PI) +&J~.w 
,=u+ I 

(i= l,&...,n) (17) 

I(T,, jl,) = I,(T,). (i = n+ I,. ,211). (18) 

To solve the energy equation equation (I 3), the 
radiative flux (In must bc obtained as a known 
function of s. This can be done by carrying out the 
integration in equation (I 3) with respect to both the 
wavelength iL and the cosine variable 1’ numerically as 

.Y 3, 
qr(.u) = 271 1 

p- I [ 
1 w,p,I(s, p,) 1 Ai., (19) 
,= I 

where the whole wavelength range from 0 to z is 
replaced with high accuracy by a finite one with 
N wavelength intervals Ai,. The spectral intensity 
I(.\-, 11,) in equation (19) is given by the solution of 
equation (16) after substituting T  = K, (.v-L,), 
where the scattering and absorption properties of 
the packet layer are considered constant over the 
interval Ai,, and calculated at the center wavelength 
i,, of the interval. The energy equation equation (13) 
is solved using an iterative method. In this method 
the temperature distribution for a time instant of 
order 1’ (v = I. 2, , M) is assumed (usually that for 
the preceding instant of order (v- I)) to obtain the 
coefficients (I, of equation (14). Then the radiative 
transfer equation equation (16) is solved to obtain 
the expression of Y,(S) in equation (19). Integrating 
equation (13) with respect to s we obtain the gen- 
eral expression for the temperature distribution as 

+ & 

[ 

t &< (q”“(S)) - R?T”‘- “(S) (20) 

c 1 
where 

d I 
D = ~7 R = [r,&]” 5. 

The third term in the R.H.S. of equation (20) rep- 
resents the particular integral solution corresponding 
to the terms of the preceding temperature and the 
divergence of the radiative flux in equation (13). For 
the first time instant (V = I) with T!“‘(X) = r,, = con- 
stant and keeping in mind the power and exponential 
functions s’ and exp [y,s] found in the expression for 
I(.u, i(,) and by turn in qr(.u), one can obtain simply the 
corresponding terms in the particular integral solution 
for any T”“(X) with the appropriate constants. The 
new expression of T”“(s) is used again to obtain new 
values for coefficients (I, of equation (14) and pro- 
ceeding in similar manner till a final expression for 
T”‘(s) is obtained with an arbitrary chosen accuracy. 
Note that the expression for r”‘-‘)(s) in equation 
(20) is fixed for every iteration to obtain T’“‘(X). The 
constants of integration G, and Gz are obtained for 
each iteration by employing the boundary conditions 
equations (5) and (6). 

The above procedure is repeated to obtain T”‘(s) 
for all time instants v  = 1, 2, , M within the resi- 
dence time t, and the corresponding radiative flux 
distribution q:‘(x). 
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2.4. Bubble phuse radiatiue.flu.y 

The bubble is enclosed by only two surfaces: 
(I) the hemispherical diffuse nongray surface of emul- 
sion phase having an effective spectral hemispherical 
emissivity E, and a temperature T,,, (2) the heat trans- 
fer diffuse nongray surface having a spectral hemi- 
spherical emissivity E, and a temperature r,. A 
relation between the effective emissivity E, of the emul- 
sion and the particle emissivity sp can be obtained by 
solving the equation of radiative transfer (including 
multiple scattering) through the optically thick dis- 
persed medium of the emulsion with uniform hemi- 
spherical irradiation [I& 171. Such a relation. for a 
bed with average voidage, is simply taken [3] as 
E, = (EJ” ‘. The radiant heat flux exchanged between 
the two surfaces through the transparent bubble for 
a wavelength interval di, may be expressed as 

The total radiative heat flux exchanged through the 
bubble is found by the integration over all wave- 
lengths, numerically approximated as 

where E,, E, are mean properties calculated at the 
center wavelength i,,. The arithmetic mean eA+ of 
the blackbody emission power over the wavelength 
interval Al, for large values of A& can be evaluated 
accurately using the blackbody function F0 i [ 161 as 

s 

I + AiF 
eAj, ,h& = F i 

ej..b dl = tFo-(i+Aj,) -Fo~&T’. 

(23) 

2.5. Heat transfer coefji’cients 
Heat is transferred between the fluidized bed and 

the surface by (i) transient conduction and radiation 
through the emulsion phase (packet) and by (ii) radi- 
ation through the bubble phase. The time-average 
heat transfer coefficients for each of these processes 
will be denoted by /I,,, h,, and hrb, respectively. The 
overall heat transfer coefficient, /roV, may be written as 

hov = (I --f,)kx+k)+Ibhrh~ (24) 

The total radiative heat transfer coefficient, h, and the 
conductive heat transfer coefficient h, are given by 

h = (I -f,)h,,+f,h,h 

h, = (1 -f,)h,. 
(25) 

The different coefficients of heat transfer are cal- 
culated by 

The integrations in equations (26) and (27) are per- 
formed numerically using the simple rectangular rule 
applied to the M time intervals defined before. 

3. BED PARAMETERS AND PROPERTIES 

3. I Bed parameters 
A survey of the literature has been made for the 

existing correlations used to determine the various 
bed parameters needed in the calculations for the heat 
transfer analysis. The following correlations were 
selected and employed in the present study. 

(1) 

(2) 

(3) 

(4) 

23 

The minimum fluidization velocity, Umr. is cal- 
culated by [IS] 

U,,f = ~([(27.2)‘+0.0408Ar]0-5-27.2) (29) 
PCd, 

where Ar is the Archimedes number. 
The bed voidage, s,,,r at minimum fluidization is 
evaluated by [ 181 

&,i = (14@J”3 (30) 

where 0, is the sphericity of the bed particles. For 
spherical particles @, = I. 
The residence time, tr (in seconds), is obtained by 
[61 

t, = 8.932 [&&~“‘56[&]‘s (31) 

where W (= U/U,,) is the fluidization number. 
The bubble time fraction .f, is determined by [6] 

f0 = 0.08553 [ “‘$- ‘)2~‘g4’. (32) 

- I .& .  Bed thermal properties 
High-temperature gas-fluidized beds of practical 

importance usually employ solid bed particles of den- 
sities much larger than the gas density (p, >> p,). Thus 
the effective density pc and the effective specific heat 
C, of the emulsion phase can be given in terms of 
those of the solid bed material pI and C,, respectively, 
by 

PC = (1 -h-h%, cc = cs. (33) 

The effective thermal conductivity k, can be given by 
P, 111 
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I 
(34) 

3.3. Bed radiuhe properries 
Consider that the emulsion phase is a mono- 

dispersion of large opaque spherical particles (0, = I ) 
of diameter d,, in nonabsorbing gas. Moreover 
the surfaces of these particles are reflecting diffusely 
and emitting with a spectral hemispherical emiss- 
ivity Ed. For most fluidized beds the volume con- 
centration of the particles in the emulsion phase I’ 
(= I -E,,,~) is large ranging from 0.4 to 0.6. The par- 
ticle size range for the present study d, = 0. l-l .O mm 
corresponds to particle size parameter range r 
(= nd,,/i,) = S-100 (for thermal radiation wavelengths 
of interest). With these bed conditions the inde- 
pendent scattering theory can be applied and the bulk 
spectral scattering and extinction coefficients K, and 
K,, respectively, are determined by [ 191 

1.5 I.5 
KS = +I -E,,). 

P 
K, = TV’. (35) 

P 

The corresponding scattering phase function ~(11, [I’) 
is given by [I91 

s 
O”~(sinD-OcosO)d$’ (36) 

where 0 is the scattering angle defined as 

coso=~~‘+(l-~‘)(l-~‘~)cos(~-lj’). (37) 

The integration in equation (36) is performed numeri- 
cally for each pair of ll = AL,, /l’ = p, in equation (I 5). 

4. RESULTS AND DISCUSSION 

The mathematical model given in the present analy- 
sis was simulated by a computer program which has 
been developed and processed on the IBM XT per- 
sonal computer. Values of common parameters and 
their divisions and intervals were chosen for accurate 
numerical calculations as follows. The estimated resi- 
dence time t, was divided into 5 small intervals of 
time variation At = 0.08-0.30 s depending on the bed 
conditions. A fixed value of the effective thickness 
L, = 5 mm accounting for the thick packet was used 
with 20 equal divisions in the s direction. With surface 
and bed temperatures considered in the present analy- 
sis (3&l lOO”C), most of the blackbody radiation lies 
within a finite wavelength range of ,I = 1.0-22.0 itrn 
which was divided into unequal intervals. The number 
and values of wavelength intervals were determined 
mainly according to the spectral distribution of the 
radiative properties of the bed material. A number of 
5-8 wavelength intervals was used to describe pre- 
cisely the spectral variation for all materials used. 
Different numbers of the Gaussian divisions were 
checked and a value of 2n = IO was found to be 
sufficient for accurate numerical integration. The 
input data of the operating conditions and bed charac- 
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FG. 2. Variation of temperature along emulsion at the end 
of residence time. Air-sand. r, = 900 C. LY = 4. oxidized 

copper surface. r,\ = 200 C. 

teristics will be stated along with the figures and 
through the discussion of the corresponding results. 
The bed particles were assumed to have a sphericity 
O’, = I .O. The thermophysical properties of fluidizing 
gas (air). bed materials and heat transfer surfaces 
used in the computation were selected from various 
references and texts at different temperatures and 
wavelengths [l8-241. The temperature dependence of 
the emulsion properties was considered only through 
the parametric variation of the bed temperature, r,. 

The variations of the temperature and radiative flux 
of the emulsion packet along its length at the end 
of the residence time are shown in Figs. 2 and 3, 
respectively. It can be seen that the temperature level 
increases with increase in the particle size dP. This is 
due to the increase in the gas film, L, with increase in 
CI, (L,, = 0.08 d,). which in turn increases the thermal 
conductive resistance and reduces the conductive 
cooling rate. The radiative flux at the surface increases 
with increase in (/,, as shown in Fig. 3 due mainly to 
the decrease in the attenuation of the emitted radiation 
coming from the packet to the surface. This attenu- 
ation is inversely proportional to d,, as given by equa- 
tion (35). It is also clear from Fig. 2 that the tem- 
perature variation is limited only to a distance of 
about 3 mm for all values of d,, thus proving the 
validity of the boundary condition, equation (5) with 
the value of the effective packet thickness taken as 
L, = 5 mm. 
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FIG. 3. Variation of radiative flux along emulsion at the end 
of residence time. Air-sand, Th = 9OO”C, W = 4, oxidized 

copper surface, T, = 200’C. 
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FIG. 5. Effect of bed temperature on the relative radiative 
contribution. Air-sand. (/, = 1.03 mm. W = 6, r, =.[(r,). 

Figures 4 and 5 show the effect of r,, on the total 
radiative heat transfer coefficient, /I” and its relative 
contribution, l~,,/lr,~, for an air-sand system with a 
fluidization number W = 6. The experimental results 
for average particle size, d,, = 1.03 mm presented 
along with the present analysis at the same conditions 
are of Ozkaynak ef al. [12]. They measured the radi- 
ative heat flux using a radiometer probe whose outer 
window of zinc selenide served as a flat heat-transfer 
surface oriented vertically with average emissivity 
E, = 0.90. The surface temperature, r, was varying, 
as a function of bed temperature, Tb, from 30 to 
200°C. It is seen from Figs. 4 and 5 that the predictions 
by the present analysis are very close to the exper- 
imental results. In Fig. 5 the radiative contribution 
varies linearly from about 9 to 32% as the bed tem- 
perature increases from 300 to 900°C. 

Figures 6 and 7 show the effect of the bed tem- 
perature, Tb, on the overall heat transfer coefficient, 
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FIG. 6. Effect of bed temperature on the overall heat transfer 
coefficient and its conductive component. Air-residual slag 

of fired coal, W = 2, ?‘, =f(TJ. 
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FIG. 7. EfIect of bed temperature on the relative radiative 
contribution. Air-residual slag of fired coal, W= 2, 

7-s =./(7-d. 

/I,,.. conductive component, h,, and the relative radi- 
ative contribution, h,,//r,,, for residual slag of fired 
coal particles fluidized by air at W = 2. Presented also 
are the experimental results of Qian Renzhang et al. 
[I 31. They measured the radiative contribution by an 
indirect method in which they deduced the conductive 
component, /I,, from results of cold experiment at 
room temperature. The high temperature bed was 
cooled by water flowing through a horizontal tube 
with outer diameter d, = 35 mm. The analysis 
assumed the tube surface to have an emissivity E, 
which is a linear function of the bed temperature and 
ranging from 0.5 to 0.8. This is a good approximation 
for the oxidized metal of the cooling tube. The surface 
temperature was varying linearly with T,, from 30 to 
300°C. The predictions by the present analysis almost 
show a good agreement with the experimental results 
for all particle sizes. A similar tendency as in Fig. 5 
for the relative contribution of radiation can be seen 
in Fig. 7 except for the small values of /r,,//~~~ due to 
the relatively small values of particle size compared 
with d, = 1.03 mm. This is clearly shown in Fig. 8 
which shows the variation of /r,,/h,, with the particle 
size dr,. The increase of /I,, with increase in d, can also 
be understood from the discussion made before on 
Fig. 3. The small values of /I,//I,~ in Fig. 7 may also 
be attributed to the small values of surface emissivity 
(E, = OSO.8) compared with E, = 0.9 for the results 
of Fig. 5 as will be shown later. 

The good agreement obtained in Figs. 6-8 in 
addition with previous findings [5, 6, 93, shows that 

_ - present analysis 
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FIG. 8. Effect of particle diameter on the relative radiative 
contribution. Air-residual slag of fired coal, r, = 95O”C, 

T, = 290°C. 
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W 

FIG. 9. EtTect of Huidization number on the overall heat 

transfer coeflicienr. its radialive component and bubble con- 
tribution. Air-sand, T, = 900 C. oxidized copper surface. 

7-, = 200 c. 

the present one-dimensional model can be applied 
also to the curved surfaces of horizontal or vertical 
tubes with size ratios as low as: C/,/C/~ = 21. c/,/L, = 4 
and c/,/L, = 142 [25]. 

Figure 9 shows the clTect of the fluidization number. 

W, on the overall heat transfer coefficient, /I,,,, and 
its radiative component. /T,,, along with the radiative 
contribution of the bubble phase, ,/Jl,J/r,,, for an air- 
sand system. The overall coefficient increases initially 
with the increase in the fluidizing velocity reaching a 
maximum nearly at a value W = 2 for all particle 
sizes. Then it remains nearly constant and begins to 
slightly decrease at a value W = IO. The radiative 
component. /T,, increases with slow rates as M’ 
increases. However, the radiative contribution of the 
bubble phase increases as W increases with higher 
rates for W < 2. This is due to the increase in time 
during which the surface is exposed to bubbles as 
velocity increases. Both the radiative component and 
its bubble contribution increase as shown with the 
particle size. 

The variation of maximum overall heat transfer 
coefficient ( W = 2) with particle size. l/,,, is presented 
in Fig. IO for an air-sand system. The results of the 
present model arc compared with the theoretical 
results using an alternate-slab model by Kolar et rrl. 
[8], and the theoretical results using a packet model 
by Thring [6]. Shown also for comparison are the 
experimental results of Broughton cited in ref. [6]. The 
present model and other models show the same trend. 
However, the predictions by the present model are 
in better agreement with the experimental results 
especially for small values of c/,, at the same conditions. 
This may be attributed to the approximate treatment 
of radiation by the other two models [6, 81 as com- 
pared with the more exact one by the present model. 
An important observation is that the overall 
coefficient decreases as the particle size increases with 
high rates for d,, < 0.5 mm. This can be easily 
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FIG. IO. Ef‘ect of particle diameter on the maximum overall 
heat transfer coclticicnl. Air--sand. T, = 900 C. CI’ = 2. 
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FIG. I I. ElTect of particle emissivity on the radiative heat 
transfer coellicient. d,, = I .O mm. T, = 900 C, W = 4. oxid- 

ized copper surface. T, = 200 C. 

explained in view of the discussion made on Figs. 2 
and 3. 

Figure I I shows the effect of varying the particle 
emissivity, E,,, (for opaque particles) on the total radi- 
ative heat transfer coefficient, /I,, and the separate 
contributions due to emulsion packet, (I -,/6)/1,,. and 
due to bubble, .f&,,. The results arc for an air-sand 
system, except the value of E,, was varied as a 
parameter. The conductive coefficient /I, was found to 
be nearly constant (/I, = 266 W mm’ Km ‘). All radi- 
ative coefficients increase with the increase in the par- 
ticle emissivity. The total radiative coefficient is very 
sensitive to E,, for highly reflecting particles. It changes 
from 20 W m-’ K-’ for totally reflecting particles 
(E, = 0) to 73 W me2 Km ’ for particles with E,, = 0.2. 
On the other hand uncertainty in the particle emiss- 
ivity value for highly emitting particles (E,, = 0.8-l .O) 
does not lead to large errors in estimates for radiative 
heat transfer coefficients. 

Figure I2 shows the variations of the overall heat 
transfer coefficient h,, and its components /I, and /I,, 
with the thermal conductivity k, of the solid bed 
material. The results are for an air-sand system, 
except the value of k, was varied as a parameter. With 
values of thermal conductivity k, < IO W m-’ K-’ a 
noticeable effect of k, can be found. This is because 
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FIG. 12. EfTect of thermal conductivity of bed material on 
the overall heat transfer coefficient and its components. 
dP = I .O mm, T,, = 900 C. W = 4, oxidized copper surface. 
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the increase in k, decreases the packet thermal resist- 
ance and by turn decreases its relative effect on the 
heat transfer to the surface compared with the gas- 
film resistance effect. Some authors [3] found that 
the effect of k, on the value of /I,, is modest, and 
they concluded that it has no effect on /I,,.. This can 
be true as shown in Fig. 12 for materials of k, > 
IO W mm’ K-‘. 

Figure 13 shows the effect of the surface tempera 
ture, T,. on the radiative and conductive components 
of the overall heat transfer coefficient. /z,, and /I,, 
respectively, as predicted by the present model. Also 
shown are the theoretical results using alternate- 
slab model by Kolar et al. [S] and the theoretical 
results using a gas-film packet model developed by 
Bhattacharya and Harrison [7]. All results were for 
air-sand system with d,, = 0.35 mm operating at 
W = 2 and Tb = 850-C. The heat transfer surface 
was assumed to be a blackbody (E, = I). The present 
model as well as the other models show the same trend 
of the increasing of the heat transfer coefficients with 
T,. The results for /I,, by Bhattacharya and Harrison 
[7] nearly agree with the results by the present model 
while those by Kolar et al. [8] show an overestimation 
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FIG. 13. Effect of surface temperature on the conductive and 
radiative heat transfer coefficients. Air-sand, d,, = 0.35 mm, 

T, = 850°C W = 2. 
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FIG. 14. Effect of surface reflectivity on the radiative heat 
transfer coefficients. Air-sand, d, = I.0 mm. Th = 900 C, 

Ii’= 4. I-, = 150 c. 

from 25 to 35% as compared with the present model. 
However, the results for h, show overestimation by 
the results of Kolar et al. [S] and underestimation by 
the results of Bhattacharya and Harrison [7]. The 
agreement between the results for /I,, by Bhattacharya 
and Harrison [7] and the results of the present model 
are due to their correct treatment of the emulsion as 
an absorbing and emitting but not scattering medium. 

Figure I4 shows the effect of the hemispherical 
reflectivity, pw. of the heat transfer surface on the radi- 
ative heat transfer coefficient, /I,,, and its components 
for air-sand system. The surface reflectivity was 
varied as a parameter rather than considering its spec- 
tral distribution for actual surface. The coefficient h,, 
rapidly decreases by 95% as pw increases from 0.15 
to 0.95. Correspondingly the conductive coefficient 
increases by 25%. As a result, the overall coefficient 
was little influenced by the reflectivity of the surface 
(/I,,, = 359-341 W mm’ Km ‘). Theoretical and cxper- 
imental results similar to these results were also pre- 
sented by Yoshida et (11. [5] with stainless steel pipes 
having reflectivity values of pH. = 0.2 (oxidized sur- 
face) and pw = 0.83 (polished surface). The different 
effects of the radiative properties, E,, and pw as shown 
in Figs. I I and I4 are due to the different nature of 
each property. The effect of sp is acting throughout 
the packet of emulsion (distributed effect) whereas the 
effect of pw is mainly acting at the boundary of the 
packet (local effect). 

A check for the approximate but simple treatment 
of the scattering process in the radiative transfer is 
shown in Fig. 15. In the isotropic scattering approxi- 

dp . [mm) 

FIG. IS. Scattering approximations. d,,=l.O mm, 
Tb = 6OO”C, W = 4, oxidized copper surface, T,, = 100°C. 
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mation the phase functionp(Al, 11’) was simply replaced 
by unity. With partial neglect of scattering, the scat- 
tcring gain was neglected while keeping its attenuation 
cffcct. With total neglect of scattering both the gain 
and attenuation due to scattering were omitted. As 
shown in Fig. IS the isotropic scattering approxi- 
mation agrees well with the exact model for air-sand 
system, while exhibiting small overestimation for air- 
oxidized stainless steel system. This is bccausc the 
isotropic scattering contributes more to the radiative 
flux in the forward direction toward the surface com- 
pared with the predominantly backward one of the 
exact solution. The other approximations agree well 
with the exact solution for air-sand system while fail 
for the other system. The conductive heat transfcl 
coefficient h, was not affected much by the diffcrcnt 
scattering approximations. 

A check for gray medium approximation was made 
for air-sand and air-oxidized stainless steel having 
different spectral cmissivity distributions. at different 
bed tcmpcratures. In the gray medium approxi- 
mation, the real surrdce and packet medium arc 
trcatcd as equivalent gray media having mean bulk 
radiative properties, obtained in terms of the corrc- 
sponding spectral values by appropriate expressions 
[26]. It was found that the results for the gray 
medium approximation agree well with the results 
of the exact solution for all cases within an error 
not exceeding 5%. Usually the gray medium approx- 
imation can be applied for optically thick (T, > I) 
packet layers even with remarkable spectral vari- 
ation of the radiative propertics [26]. This is the situ- 
ation for many tluidized bed applications (T, > 3). 

5. CONCLUSIONS 

The present study proposes a model of bed to wall 
heat transfer in a high temperature fluidizcd bed which 
includes both conductive-radiative transfer from the 
emulsion packet and the radiative transfer from 
bubbles. The analysis of the radiative transfer in the 
emulsion is based on the assumption of the most 
real and practical systems in engineering and technol- 
ogy for which emission. absorption and scattering 
are considered. The semi-numerical solutions for 
both energy and radiative transfer equations are pre- 
sented and applied to predict heat transfer coefficients 
for different fluid&d bed systems with various oper- 
ating conditions and bed characteristics. Compari- 
sons are made with available experimental data and 
predictions by other analytical models in the litera- 
ture. The main conclusions of the present study are : 

(1) 

(2) 

The predictions by the present analysis agree well 
with the available experimental results for differ- 
ent Ruidizcd bed systems and heat transfer sur- 
faces under various operating conditions. 
The relative radiative contribution of the overall 
heat transfer coefficient is appreciable (as much 
as 35%) for large values of bed particle diameter 

and cmissivity, surracc and bed temperatures. sur- 
face cmissivity. and varies directly with them. 

(3) The overall heat transfer coetficient is littlc influ- 

(4) 

(5) 

The radiative contribution of the bubble phase 
is substantial for large Ruidizing vclocitics, and 
surFdcc and bed particle cmissivitics. 
The overall heat transfer cocficicnt would bc 
noticeably affected by the variation in the thermal 
conductivity of the bed material for values of 
k,<lOWm ‘K ‘. 

(6) For most practical applications the isotropic scat- 
tering approximation is acccptablc. However. 
neglecting the scattering contribution (totally UI 
partially) may lead to many errors with high11 
rcRccting bed particles. 

(7) The gray medium approximation can be accu- 
ratcly utilized for many practical Huidized bed 
applications with (I,, < I .5 mm whcrc the con- 
dition of optically thick packet luycr exists 
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