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Abstract-The conductive and radiative heat transfer to the walls of a Fluidized Bed Combustor are 
:alcul;lted. As a simplified model, the coal and ash particles are assumed to be spherical and the bed is 
considered to be vigorously bubbling. The analysis is one dimensional and is based on a gas film-emulsion 
packet model. The problem is formulated in terms of a non-linear partial differential equation assuming 
the gas film to be radiatively transparent and the emulsion packet to radiate as layers of black bodies. 
The solution is obtained numerically by the Crank-Nicolson method. The conductive and radiative 
specific heat fluxes and heat transfer coefficients for the emulsion and bubble phases are calculated at 
different fluidizing velocities, bed temperatures and particle sizes. The analytical results are shown to be 

in good agreement with the results reported in literature. 

NOMENCLATURE 

temperature of the emulsion [’ K] ; 
temperature of the wall surface [OK]; 

temperature of the core of the bed [OK]; 

time [h] ; 
residence time of the emulsion packet at the 

surface of the gas film [h]; 

thermal conductivity [W/m2 h “Cl; 
specific heat [J/kg “Cl; 

density [kg/m3]; 
Stefan-Boltzman’s const.; 

minimum fluidizing velocity [m/h] ; 
fluidizing velocity [m/h] ; 
average dia of the bed particles [ml; 

void ratio of the bed at minimum fluidiza- 
zation; 

void ratio of the bed at fluidizing velocity 

u; 
height of the bed at minimum fluidization 

[ml; 
height of the bed at fluidizing velocity U [m]; 
finite difference between emulsion layers 
used in the numerical solution; 
Time increment between two iterative steps 

in the numerical solution; 
overall specific heat flux [kW/mz]; 
conductive specific heat flux [kW/m’]; 
radiative specific heat flux [kW/m’]; 
specific heat flux through emulsion phase 

[kW/m’l; 
specific heat flux through bubble phase; 
view factor for radiant interchange (assumed 
to be unity); 

k%f~ Reynolds number corresponding to mini- 

mum fluidizing velocity; 

Pr, Prandtl number of air at bed temperature: 

k:> thermal conductivity coefficient of emulsion 

r51; 
fb fraction of area covered by bubbles; 

G “,,., mass velocity corresponding to U,,; 

Gf* mass velocity corresponding to U; 

I6 viscosity of fluidizing gas [kg/hm’]. 

Subscripts 

s, solid; 

9, gas; 

e, emulsion; 

m, node m; 

m-l,nodem-1; 
m+l,nodem+l; 

M, last node; 

0, surface node. 

Superscripts 
(v), time interval v; 
(v + l), time interval v + 1. 

INTRODUCTION 

THE SUCCESSFUL adaptation of the fluidization tech- 
nique in a wide range of process industries involving 
endothermic and exothermic reactions has, of late, 
given rise to extensive research on the development 
of fluidized bed combustors for use in industrial and 
power boilers. The factor of paramount importance 
behind this development is the high rate of bed-wall 
and bed-tube heat transfer. 
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McLaren and Williams [l], using coal of size 
~- I.6 mm (10 B.S.S. Mesh), fluidizing velocities of 
0.3-1.2 m/s and bed temperature of 700°C to 800°C 
have reported average bed-tube heat transfer coeffi- 

cients of 530 W/m2 “C for straight tubes and 465 
W/m’ “C for looped tubes. Vakrushev et al. [2] 

have reported bed-tube coefficients ranging from 
about 320 W/m’ “C to 520 W/m2 “C for a bed of hot 

coke of less than 1.0 mm dia, at temperatures of 200- 
65O’C and fluidizing velocities of 0.2-0.75 m/s. 

Wright et ul. [3] have reported average heat transfer 

rates of 180 kW/m2 to various arrangements of tubes 
immersed within a fluidized bed with particle size 

ranging from 3.2 mm and 6.4 mm to 0.5 mm and 
operating between 850°C and 900°C at a fluidizing 

velocity of about 4 m/s. They also estimate that radia- 
tion contributes between 30 and 50 per cent of the 

heat transfer. But, Karchenko and Makhorin [4], 
while investigating the heat transfer between a copper- 

alpha calorimeter and a fluidized bed using narrow 
size fractions of quartz sand (about 0.34 mm mean 

dia) and fire clay (0.34-1.66 mm) over bed tem- 
peratures up to 1050 C have observed a linear 

relationship between the total heat transfer coeffi- 

cient and bed temperature and contend that this is due 
to the changes in physical properties of the fluidizing 

gas and hence there is no appreciable amount of 
radiant heat transfer. Gelperin and Einstein [5] 

also support the view that at temperatures below 

lOOO”C, the radiative component is usually small (not 

more than 5 per cent). 
Considering the fact that heat transfer coefficient 

decreases with increase in particle diameter, it can 

be stated that there is general agreement about the 

value of the heat transfer coefficients at high tem- 
peratures but there is a wide difference of opinion 
about the quantitative contribution of radiation. 

It is, thus, the aim of this paper to estimate the 
bed-wall conductive and radiative heat transfer at 
temperatures likely to be encountered in fluidized 

bed combustors. 

MECHANISM OF HEAT TRANSFER 

As the bed is assumed to be vigorously bubbling, 
the wall surface will be wetted not only by the con- 
tinuous phase but also by the bubble phase and heat 
will flow from the core of the bed to the wall surface 
through these two phases. The heat transfer from the 
core of the bed to the wall surface through the bubble 
phase will be predominantly by radiation and that 
through the continuous phase by both conduction 
and radiation. 

To analyse the mechanism of heat transfer through 

the continuous phase, a number of models have been 
proposed. Wicke and Fetting [6] proposed a twin 
layer model consisting of a gas film adjoining the 
bed wall surface and a solids boundary layer separat- 

ing this film from the core of the bed. The heat flow 
through the gas layer was considered to be by conduc- 

tion. But Mickley and Fairbanks [7] postulated 

that heat is transferred between the wail and the bed 

by emulsion packets of the solid and gaseous ele- 
ments which, emanating from the core of the bed. 

reside at the wall surface for a short while, to be swept 

away and replaced by a fresh emulsion packet. 
As the coal and ash particles in a fluidized bed 

combustor will be surrounded by a cloud of air and 
products of combustion, it will be more appropriate 
to consider the ‘solids boundary layer’ as proposed 

by Wicke and Fetting to be consisting of the emulsion 
packets proposed by Mickley and Fairbanks. Hence, 

in the present analysis, it will be assumed that during 
heat transfer through the continuous phase, the 

thermal barrier between the core of the bed and the 

wall surface consists of a gas film and an emulsion 
packet in contact with it as shown in Fig. 1. This 

FIG. I. The physical model 

packet is assumed to emanate from the core of the 
bed, reside at the gas film for a short while, and then, 
on being replaced by a fresh packet or a bubble 
rejoin the core. The gas film is assumed to be 0.5 d, 
thick with thermal conductivity equal to that of the 
emulsion [5] and radiatively transparent. The emul- 
sion packet is assumed to be 3dp thick [lo] and 
consists of layers of solid and gaseous elements which 

radiate as black bodies. The coal particles are 
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further assumed to be spherical and the bed con- 
sidered to behave as a vigorously bubbling one with 
the wall surface exchanging radiation as a black 
body. 

MATHEMATICAL FORMULATION AND SOLUTION 

Heat will flow from the emulsion packet in contact 
with the gas film to the wall surface by (i) conduction 
through the gas film and (ii) radiative interchange of 
heat between the emulsion packet and the wall surface 
during the period of contact. 

For a one-dimensional system, the governing 
energy equation for the emulsion layer in contact 
with the gas film can be written as 

p&, ?T = kedZT + F”;- (4,) 
at ax2 

where 

q, = aF,(T4 - T:). (1) 

As the wall temperature is constant, equation (1) 
can be simplified as 

aT - a, a?? + &T3g at- a2 

where 
k 4aF 

u e = ---“-andbe = 2. 
PeCp, PeCpe 

(2) 

It may be quite reasonably assumed that q, for the 
ith emulsion layer is given by q, = aF,(Tf - Tf_ ,). 

However, since Ti_, is known from the marching 
solution, equation (2) can be applied for the emulsion 
packet in discrete layers subject to the following 
initial and boundary conditions: 

At t=O, T=T, 

x = 1, + I,, T = Tb 

x > 1, (34 

t 2 0. P-9 

The other boundary condition will be obtained by 
applying the energy equation at the gas film emulsion 
layer interface. 

Dimensionless forms of equations (2)-(3) can be 
obtained by defining 

and 
X-1 x=- 

4 . 

Hence equations (l)-(3) become 

where 

At 
t=o, O=l x>o (5) 

X=1, O=l t > 0. (6) 

Equation (4) is a nonlinear partial differential equa- 
tion and is solved by a finite difference method [8]. 

Dividing the emulsion layer into M segments, each 
of thickness AX, equation (4) can be written, for all 
interior nodes, as 

1 

+ /?/!P[!+&]. (7) 

Using Crank-Nicolson’s method, 

Substituting (7) 

. (94 
As a simplification it is assumed that 0:)’ = 02’ l)‘. 
Then equation (9a) reduces to 

f$+;’ [-p + qPJ] + e (“+‘)[2 

+ e&J [ - p 1 

+ 2p-j 

qo;)‘] = eg! 1 Lp - qe;)3] 

+ egf,"cz - 2p] + e;: 1 Lp + qe1ny)3] 6’W 

where 
udr 

p=(izy 
and q = E. 

2AX 

Lust node 

It follows from the boundary condition, equation 
(6), that 

e - 1. M+1 - (10) 
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The conductive and radiative heat fluxes entering 
and leaving the surface node are shown in Fig. 2. 

FIG. 2. The surface node 

Applying energy equation, 

P,C 
AX GT ~~~_ 0 = 

pe 2 at 
- 7,) + 0F,(7-: -- 7-Z) 

- + (T” - 7J + o-F&T;: -- 7-i) 
Y I 

Non-dimensionalization and application of Crank-- 

Nicolson’s algorithm to this equation results in 

0; i I’[2 + 2p + 2qot” + g] + 0:“+ “I -- 2p ~- qB:“‘] 

= Bb”[2 - 2p - 2q@” - y] 

t 0:“[2P + qO:“‘J + OJ2g + 2&] (11) 

where 

Equations (9~( 11) form a set of algebraic equations 
which, when solved, give the temperature at the time 

interval (v + 1) in terms of its temperature at the 

time interval (v). 
The instantaneous heat transfer to the wall surface 

through emulsion packets in contact with the gas 
film due to conduction through the gas layer and by 
direct radiant interchange between the emulsion 
packet and wall surface is given by 

4, = (4, + 4,,) (1 - 10) 

where 

and 

4 re = frF,(T;: - 7;). 

The instantaneous heat transfer to the wall surface 

through bubbles in contact with the gas film by direct 
radiant interchange between the core of the bed and 
the wall surface, assuming the bubble phase as radia- 
tively transparent. is given by 

As an approximation, F-e and F are assumed as 

unity. Assuming a uniform residence time for the 
various emulsion packets, the temporal mean of the 

heat flux may be taken as the arithmetic mean of the 
instantaneous L alues. 

In the present analysis, the above equations were 
solved on a digital computer with a step size of j+ and 

time variation of 2% of the average residence time. 

The bed height at minimum fluidization was assumed 

to be 250 mm. The analysis was carried out for- fluidi- 
zation velocities ranging from 1.25 to 8 times the value 

of that at minimum fluidization. The mean particle 
size was varied from 0.5 to 3 mm in steps of 0.5 mm 

and the bed temperature was varied from 8OO’YY to 

1100°C in steps of 100°C. The physical properties 01 
the gas film and the gases in the core of the bed were 
assumed to be equal to those of air at corresponding 
bed temperatures. 

The formulae used for determining the bed pam 
meters and the physical properties of air- and ash used 

in the computation are given in the Appendices 

RESULTS AND DISCUSSION 

The variation of the temperature of the emulsion 

packet along its length at the end of the average 
residence time, i.e. when it is about to rejoin the core 

of the bed, is shown in Figs. 3(a) and 3(b). It can be 
seen that the temperature level increases with increase 

in fluidizing velocity. This may be explained by the 
decrease in average residence time of the packets at 
the gas film as the velocity increases. The temperature 
level also increases with increase in particle size. This 
is due to the increase in thickness of the gas film with 
increase in particle size which increases the thermal 
rcsistancc for conductive heat transfer and reduce5 
the cooling rate. It can also be seen that the cooling 
of the emulsion packet is limited only to a distance of 
about 1.5 d,, thus proving the validity of the boundary 
condition 3(b). This is also in close agreement with the 
finding of A.I. Ilchenko et al. [ 121 who, while studying 
the degree of cooling of particles on individual water 
cooled tubes, have found that cooling extended only 
to a distance equal to d,. 

The variation of instantaneous spectfic heat flux 

with residence time of the emulsion packet at the 
surface of the gas film for a particle size of 0.5 mm and 
bed temperature of 900°C is shown in F-i@ 4(u) i~lltl 
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Bed temperature l 900 ‘C 

Fluidiring volocaty=Z L&r 

Distance olonq emulsion, dp 

FIN. 3. (a} and (b). Varia!lon of temperature along emulsion .tt the end of residence time. 
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FIG. 4. (a) and (b). Ynciation of instantaneous heat flux with residence time. 
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4(b). It can be seen that radiation plays a significant 
role and contributes between 17 and 30 per cent of 
the total heat transfer. The instantaneous specific 

heat flux varies between 340 and 150 kW/m’ h at 
900°C. Considering the black body assumption, these 
values are in close agreement with the average value 

of 180 kW/m’h reported by Wright et al. [3]. How- 
ever, their estimate of radiation contribution of 30- 

50 per cent of the total heat transfer at bed tempera- 

tures of 850 and 900°C appears to be somewhat on the 
high side. The radiative and bubble phase heat fluxes 
increase steadily with increase in fluidizing velocity, 

whereas the conductive flux has a maximum at twice 
the minimum fluidizing velocity. However, the total 

and emulsion phase heat fluxes initially increase with 
velocity and then decrease, the optimum values 

occurring at a velocity twice that for minimum fluidi- 

zation. 

The variation of the average overall heat transfer 

coefficient with fluidizing velocity is shown in Fig. 
5(a). It increases initially with increase in velocity and 

then decreases after reaching a maximum. For a 
particle size of 0.5 mm, the maximum occurs at ;I 
velocity of about 2.5 times that tor minimum fluidiza- 

tion. The same trend is observed for the conductive 
and emulsion phase coefficients also. However, the 

radiative and bubble phase coefficients do not exhibit 
such a trend and their values increase with velocity. 

This may be attributed to the increase in area of the 
gas film exposed to bubbles as velocity mcreascx. 

The variation of heat transfer coefficients with 

particle size at different fluidizing velocities is shown 
in Figs. 6(a) and 6(b). The conductive, emulsion phase 

and overall coefficients decrease with increase in 

particle size. The decrease is rapid initially but these 

Partlcls stre = 05 mm 
- -.- Conductive cosff,c,en+ 
----- Radiative coefficient I 

(b) ~iL~I!lIlrq \elcc,+y, 71’5 

FIG. 5. (a) and (b). Variation of heat transfer coefficients 
with fluidizing velocity. 

Bed temperature =9OO”C 
- - - Emulsion phase coefflcfent 
---- Bubble Dhose coeffuent 
__ Overall Coefflclent 

L ;---- ____- ---__--___---_----_-----_--_? ’ ___--- ___--- ---- -- ----- H 

05 10 15 20 25 30 

400 
.~ ~--- 

8ed temperature=900T 
- - - - Conductive coefficient 
----- Rodlot,ve coeffvxent 

350 Overall coefflclent 
P 

‘L 1 I 1 _-I__ 

O(b) O5 ‘“,,,+-,~5s,ze *’ ‘5 ” 
FIG. 6. (a) and (b). Variation of heat transfer coefficient> u Ith .., 

parrme me. 
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values stabilize at particle sizes of 25-3 mm. The 
bubble phase coefficient is independent of particle 
size, but the radiative component increases with it 
and this could be due to higher temperature level of 
the emulsion packet which, in turn, is due to slower 
cooling caused by increased gas film thickness. 

The variation of the heat transfer coefficients with 
bed temperature for various velocities for a particle 
size of 05 mm are shown in Fig. 7. It can be seen that 

Particle sue = O-5 mm 

-‘-.-‘- Conductwe coefficient 

350 
------ Radiotlve coefficient 

Iz 
- Overall coefficient 

I I I I 
800 900 loo0 1100 

Bed temperature. OC 

FIG. 7. Variation of heat transfer coefficients with bed 
temperature. 

while the conductive component varies linearly with 
bed temperature, the other coefficients are nonlinear, 
especially as the temperature increases. However, 
Karchenko and Makhorin [4], while plotting the 
variation ofexperimentally observed maximum values 
of the overall heat transfer coefficients with bed 
temperatures have reported a linear relationship. A 
similar plot of the maximum value of the computed 
overall coefficients (Fig. 8) also shows a similar 
variation within a limit of 5 per cent. However, their 
claim that this is due to the linear variation of con- 
ductive heat transfer coefficient caused by the changes 
in physical properties of the gases and hence radiation 
is insignificant does not seem plausible. The present 
analysis, on the contrary, indicates that the variation 
of conductive and radiative components are both 
nonlinear but the nature of these variations is such 
that when the two components are added together, 
their nonlinearities seem to almost compensate each 
other resulting in a nearly linear variation of the 
maximum overall heat transfer coefficient with bed 
temperature. 

Ol I I I I I 

K)o 600 700 800 900 1000 II’ 

Bed temperature, “C 

FIG. 8. Comparison of results. 

CONCLUSION 

The results obtained by the assumption of black 
body conditions at the wall surface and the emulsion 
overestimate the heat flux and heat transfer coeffl- 
cients and this can be offset by suitably selecting the 
configuration factor. However, the nature of the varia- 
tion of these values agree with the experimentally 
observed trends and hence this model can be used as 
a starting point in estimating the bed parameters. At 
the bed temperatures considered, the contribution 
of radiation is quite significant and cannot be 
neglected. 
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APPENDIX I 

Formulae Used in Determining Bed Parameters 

C 
(33,7)2 + 0.0408 

d;p,(p, - p,)s * 

pLz 1 
33.7 

[‘Ol 

c51 

[51 

APPENDIX II 

Physical Properties of‘ Air [9] 

Temp 
(’ C) (kg?m-‘) 

CP 
(kcali 
kg’C) 

800 0,379 0,276 
900 0.301 0,280 

1000 0.277 0,283 
1100 0.257 0,286 

-- 

/\(I 
(kcal. 
mh CI 

0.06 I: 
@06.56 
DO694 
0.0731 

APPENDIX III 

Physical Properties of’ Ash 
Density-800 kg/m3 

Thermal conductivity-O.061 kcal/mh-C 

Specific heat : 0.20 kcnlikg’ C 

ANALYSE DU TRANSFERT THERMIQUE AUX PAROIS PAR CONDUCTION ET RAYONNF 
MENT DANS DES CHAMBRES DE COMBUSTION A LIT FLUIDISE 

R&urn& -On calculc le transf’ert thermique par conductlon et rayonnement aux parols d’une chambre 
de combustion B lit fluidisb. Dans un modble simple, les particules de charbon et de cendre sont supposkes 
&tre spheriques et le lit est supposi vigoureusement brass&. L’analyse est a une seule dimension et elle 
est bask sur un modtle film gazeux-kmulsion en globules. Le problkme conduit B une kquation non hneaire 
aux d&iv&es partlelles qui suppose que le film gazeux est transparent et que le paquet en hmulsion rayonne 
comme des couches de corps noirs. La solution numerique est obtenue par la mCthode de Crank-Nicolson. 
Les flux thermiques et les coeflicients de transfer? sont calcuiCs pour diffkrentes vitesses de flmdisation. 
pour plusieurs temperatures du lit et tailles de particules. Les &ultats thCoriques sont en bon accord avec 

le< valeurs don&es dans la bibliographie. 

EINE ANALYSE DER W;iRMELEITUNG UND WARMESTRAHLUNG FiiR W;iNDE 
VON WIRBELBETTBRENNERN 

Zusammenfassung-Die Warmeleitung und WBrmestrahhmg der Wiinde von Wirbelbettbrennern wird 
berechnet. Als vereinfachtes Model1 werden die KohIe und Aschepartikel als kugelfijrmig angenommen 
und das Bett wird als kr&ftig brodelnd betrachtet. Die Analyse ist eindimensional und basiert auf dem 
Model1 einer gasfiirmigen Filmemulsionspackung. Das Problem wird unter den Bedingungen einer nicht- 
linearen partiellen Differentialgleichung formuliert, wobei angenommen wird, dass der Gasfi Im strahlungs- 
durchliissig ist und die Emulsionspackung als Schxhtung schwarzer Kijrper strahlt. DIG LBsung wtrd 
numerisch mit Hilfe der Crank-Nicolson Methode gefunden. 

Die konduktiven und strahlenden spezifischen WZirmestrijme und WIrmeiibergangskoefzienten 
fiir die Emulsion und Blasenzustgnde werden bei verschiedenen Fliessgeschwindigkeiten, Bettemperaturen 
und Teilchengriissen berechnet. Es wird gezeigt, dass sich die analytischer Ergebnisse in guter tiberein- 

stimmung mit den in der Literatur aufgefiihrten befinden. 
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BCCJIEAOBAHBE KOHJJYHTIJBHOFO I4 JIYYklCTOI’O IIEPEHOCA TEHJIA 
Ic CTEHICAM ECAMEP CI’OPAHBR C IICEBjJ00?0IXEHHbIM CJIOEM 

AHHOT&qEiSI-AaeTCR paweT K~HA~KTHBHO~O II nysmTor0 nepeHoca Tema K CTeHKaM 

KaMepbI CrOpaHHR C nCeB~OOHFLIH(eHHbIM CJlOeM. B npHHRToti yIIpoLqeHHofi MoAenll npea- 

nOJIaraeTCR, 4TO YaCTMI@I yrJIR I4 3OJIbI FIBJIFIiOTCfl C@epWIeCKlIMH, 11 B CJIOe npO&fCXOgI?T 

HHTeHCHBHOe KYlneHPie. AHam RBJIHeTCR OAHOMepHbIM I4 OCHOBbIBaeTCR Ha MOfieJIH ra30BaH 

nneHK3-3MynbCllOHHb~naKeT.3aAasa~OpMyn~pyeTCaBBIlHeHenllHeiHoro~~~~epeH~llaJIb- 

HO~OypaBHeHARBYaCTHbIXnpO~3BO~HbIX~npe~nO~o~eH~~,~TOra3OBaFIn~eHKanpO3pa~Ha 

AJUl I13JIyYeHPIR, a 3MynbcHoHHbIti naKeT HanysaeT Ten30 KaK a6conromo YepHoe Teno. 

%CJIeHHOe peIIIeHHe nOJIFIeH0 MeTOAOM KpaHKa-HHKOJIbCOHa. KOHAyKTHBHbIe M JIyYHCTbIe 

yReJIbHbIe IIOTOKH TenJIa II KO3~@4IJHeHTbI TeIIJIoO6MeHaHJIR 3MyJIbCMOHHOti II ny3bIpbKOBOm 

@a3 paccwiTbn3amTcfi npH pa3nmHbIx CKO~OCTRX nceBAoom4meHm, TenfnepaTypax cJoeB II 

pa3Mepax 9acTnq. noKa3aH0, 9TO aHaJII4TLlqeCKHe pe3yJIbTaTbI HaXOAIITCR B XOpOlUeM 

COOTBeTCTBHA C Ony6JIHKOBaHHbIMEi AaHHbIMA. 


