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Abstract~Experimental investigations are made in a hot circulating fluidized bed unit to study the effect 
of lateral, and lateral and extended fins together on heat transfer coefficient and on the rate of heat transfer. 
The circulating fluidized bed (CFB) unit consists of a riser column of 102 x 102 mm in bed cross-section 
(square), 5.25 m in height with the return leg of the same dimensions. Both liquid petroleum gas and coal 
are used as the fuel. A mathematical model is also proposed to predict the heat transfer coefficient to a 
water-wall test section with lateral and extended fins. The model results are compared with the present 
experimental data and also with those of published literature and a fair agreement has been observed. ,% 

1997 Elsevier Science Ltd. 

INTRODUCTION DETAILS OF EXPERIMENTAL UNIT 

To maintain the combustion temperature at an opti- 
mum level in a circulating fluidized bed (CFB) 
furnace, it is required for the walls of  a CFB furnace 
to absorb a certain fraction of  the heat input to the 
furnace. It is known that the heat input is proport ional  
to the bed cross-section, whereas the heat absorption 
is proport ional  to the perimeter of  the furnace. Large 
CFB boilers having high heat inputs are thus required 
to have either additional heating surfaces across the 
furnace or external heat exchangers. However,  both 
the options are costly and may enhance the risk of 
tube surface erosion. Therefore, tubes with short fins 
could be employed to increase the surface area for 
more heat absorption. Basu et al. [1] made an exper- 
imental investigation to study the effect of  fins on heat 
absorption in a cold CFB,  under different operating 
conditions. Nag  and Ali [2] reported heat transfer 
results for pin-fins in a cold CFB. 

For  the membrane water-wall tubes experimental 
results have been reported by Wu et el. [3, 4], And- 
ersson and Leckner [5], and Golriz [6]. The provision 
of short extended fins in addition to lateral fins may 
be more effective in absorbing heat from the bed, but 
it may result in some change in bed hydrodynamics. 
For  this combination,  Basu and Ngo [7], and Reddy 
and Nag  [8] reported some data. In the present work, 
experiments are conducted in a CFB unit to study the 
effect of  lateral, and lateral and extended fins together 
with some relevant operating parameters on heat 
transfer. A mathematical  model to predict heat trans- 
fer to the water-wall tube with lateral and extended 
fins is also proposed. 

t Present address: Engineering College, Vellore 632 014, 
India. 

:[: Author to whom correspondence should be addressed. 

The investigations are conducted in a CFB unit 
which comprises of  a main riser column of 102 x 102 
mm in bed cross-section (square) with 250 mm thick 
brick walls, 5.25 m in height, with a return leg of  the 
same dimensions (Fig. 1). It is made up of  one layer 
of  refractory bricks on the inside and one layer of  
insulating fire bricks on the outside. The gas-solid 
separation is achieved by means of  an impact separ- 
ator, in conjunction with a cyclone in series, both 
made up of  mild steel. Air  is supplied by a high- 
pressure centrifugal blower and the volume flow rate 
is measured with the help of  an orifice meter (BS 1042) 
fixed in the air flow line before the distributor plate. 
The primary air is preheated by a 2 kW electric heater 
before it enters the distributor plate. The liquid pet- 
roleum gas is supplied to a burner located at a height 
of  0.75 m above the distributor plate. Static pressures 
are measured at 0.5 m intervals along the riser height 
with water tube manometers.  Liquid petroleum gas 
and coal are burned in the unit. 

The heat transfer test section is located at a height 
of  3.1 m above the distributor plate in the riser 
column. The test section with lateral fins is shown in 
Fig. 2(a). The water-wall probe with both lateral and 
extended fins is indicated in Fig. 2(b). First, the exper- 
iments are conducted with only lateral fins, and then 
with both lateral and extended fins together. Water  is 
circulated through the test section, and the mass flow 
rate of  water and the rise in water temperature are 
measured. Chromel-alumel  thermocouples are used 
to measure the bed and probe surface temperatures. 
Local sand with a mean particle size (dp) 248/~m and 
with a particle density (p~) of  2350 kg m -3 is used as 
the bed material. The slide gate in the return leg is 
adjusted in such a way that a constant opening area 
of  10 cm 2 is maintained for the solids flow. The heat 
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NOMENCLATURE 

Ar fin cross-sectional area, [m 2] 
An, A~_ cross-sectional areas of lateral and 

extended fins, [m 2] 
A,o, total surface area of the test section 

with lateral and extended fins 
together [m 2] 

A~f~ surface area of lateral fin [m 2] 
A~n surface area of extended fin [m 2] 
Am bare tube surface area [m 2] 
Aur unfinned surface area of the tube 

[m ~] 
br lateral fin length [m] 
b2 extended fin length [m] 
b2c corrected extended fin length [m] 
Cpw specific heat of water [kJ kg-  1 K - ~] 
dp average diameter of bed solids [~tm] 
e~, % ew, ed emissivities of cluster, particle, 

probe wall and dispersed phase, 
respectively 

./~.b wall-to-bed view factor 

.[~c wall-to-cluster view factor 
Jwd wall-to-dispersed phase view factor 
hc~), h~ad convective and radiative heat 

transfer coefficients [Wm 2 K - 1] 
h, h~vg average heat transfer coefficient 

[Wm : K  I] 
hr~ cluster radiative heat transfer 

coefficient [W m 2 K -L] 
ha dispersed phase radiative heat transfer 

coefficient [Wm 2 K-~] 
heq equivalent heat transfer coeffient based 

on total surface area including fins 
[Wm 2K '] 

kf thermal conductivity of fin material 
[W (m K)- '1  

m~ mass flow rate of water [kg s ~] 
OD outer diameter of the tube [m] 
P perimeter of the fin [m] 

q~, q~ convective, radiative heat fluxes 
[W m 2] 

Qn, Qf2 heat flow rate to the lateral fin, 
extended fin [W] 

Qur, Q~ot heat flow rate to the unfinned 
surface, and total heat flow rate to the 
test section [W] 

Qtt heat flow rate to the probe with lateral 
fins [W] 

Qt2 heat flow rate t the probe with both 
lateral and extended fins together 
[w] 

T temperature of the fin at any location 
[K] 

Tu bed temperature [K] 
Ts, Tw wall or probe mean surface 

temperature [K] 
Two, Tw, water outlet and inlet temperature 

[K] 
Y Volume fraction of solids in the 

dispersed phase. 

Greek symbols 
a Stefan-Boltzman constant, 

5.67x10 S W m  2K-4  
e cross-sectional bed average voidage 
e.w voidage at the wall 
ec cluster voidage 

non-dimensional fin length, x/b 
0 dimensionless temperature of the fin, 

T/T,~ 
0b dimensionless temperature of the bed, 

TB/Tw 
Psus cross-sectional average bed suspension 

density [kg m -s] 
Ps, PP sand particle density [kg m -3] 
6 fraction of the wall area covered by 

clusters. 

transfer coefficient is estimated by making energy bal- 
ance at steady-state conditions. 

The local cross-sectional average voidage of the bed 
(g), and the cross-sectional average suspension density 
(p~us) at the test section location are calculated from 
the measured pressure drop across the test section in 
the water-tube manometer. 

Ps,s = p s ( l - e )  +pgg. 

Water-wall probe with lateral fins 
The heat transfer coefficient is estimated by making 

energy balance at steady-state conditions. The middle 
tube with lateral fins on either side is considered for 
calculations. By taking into consideration the later fin 
efficiency 

QtJ = mwCTw(Tw,,- TwO 

= h,vg(A~+2A~n × ~/n)(TB-- Ts) 

where A b is the bare tube surface area exposed to the 
bed, AsfT is the lateral fin surface area, qr, is the lateral 
fin efficiency and TB and Ts are the bed and probe 
mean surface temperatures, respectively. 

Water-wall probe with both lateral and extended fins 

Qt2 = rn,~cpw(Tw,,- TwO 

= havg(Aof+2Am × *h'l +A~r2 × qf2)(TB -- Ts) 

where Aur is the surface area of the unfinned portion 
of the tube, Am and A,r2 are the surface areas of lateral 
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n 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

12 
t3 
14 
15 
16 
17 
18 
19 

Name of component 

Main column 
Return leg 
Impact separator 
Burner 
Feed point 
Fire bricks 
Distributor plate 
Orifice meter 
Air control valve 
Manometer 
High-pressure 
centrifugal blower 
Motor 
Drain valve 
Magnetic coal feeder 
Water pump 
Membrane water-wall probe 
Mixing cup 
Long-stem thermometer 
Slide gate 

20 Cyclone 
21 To indane gas 

10 22 Bypass valve 
P : pressure tappings 

~.~ ~ T: thermocouples Yf It l ID : inspection doors 

10 11 

8 9 [~- 22 

Fig. 1. Schematic diagram of experimental set-up. 

and extended fins, respectively, ~/n and q~ are the 
lateral and extended fin efficiencies, respectively. For  
lateral fins because of temperature symmetry the fin 
centre can be considered as of an insulated tip 
condition, (dT/dx = 0) and the fin efficiency is given 
by (only half of the lateral fin is considered on either 
side) 

tanhm~b~ 
qfJ - m~b, 

where b~ is the half of lateral fin length (bL = 5 mm). 
For extended fin, the fin efficiency is given by 

sinhm2b2 + ~ c°shm2b2 1 

t/f? = + hang X -  

cosh m2b2 m2kfsinhm2b2 rn2bz~ 

where b2 is extended fin length (bE = 5 mm). The cor- 
rected extended fin length b2~ is given by the approxi- 
mation, b2~ = b2 + t/2, where t is the thickness of the 
extended fin. 

MODEL FORMULATION 

A mathematical model has been proposed to predict 
the heat transfer rate from bed to the finned and 
unfinned surface of a water-wall in a CFB operating 
at a high temperature. The fin has been assumed to be 
of constant  cross-section, having only one-dimen- 
sional heat conduction through it. The predominant  
mode of heat transfer from bed to the wall is of  particle 

convection and radiation. The transport and thermal 
properties of the material have been assumed to be 
constant. 

From energy balance (Fig. 3) the governing heat 
transfer equation for the control volume at steady- 
state can be written as 

(q~ + G )P dx + Afqxd,. = q~Af (1) 

o r  

[hex~(T. - T) + qf~.(T~ -- T4)]P dx 

= - A r ~ x ( k f ~ d x  (2) 

d2T 
- k f A f ~  = h~P(TB-  T)+aJwbP(T 4 -  T 4) (3) 

where Af is the cross-sectional area of the fin. 
According to Glicksman [9] the convective heat 

transfer coefficient h(~) exhibits roughly the square 
root relationship with cross-sectional average sus- 
pension density, so that 

h~,  = C(p~us) ''~- = c ( p p ( l  _ ~ ) ) ,  2 (4) 

where C is a constant to be estimated by fitting the 
experimental data at room temperature conditions 
between he, ) and p~,,~. Using the non-dimensional  terms 
let # = x/b, where 'x'  is the distance from the fin base 
and 'b' is the fin length. 

Defining dimensionless temperatures for fin (0) and 
bed (0b) as, 0 -- T/Tw and 0b = TB/T,, where TB is the 
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(1) and (3) Lateral fins 
(2) Extended fin 
2bl = 10 mm 

Fig. 2. (a) Schematic view of membrane water-wall heat transfer probe (lateral fins) ; (b) schematic view 
of finned water-wall heat transfer probe (lateral and extended fins). 
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b 

Fig. 3. Schematic view of the fin projecting from the water- 
wall tube. 

bed temperature, Tw is the probe wall or fin base 
temperature and T is the surface temperature of fin at 
any location. The governing heat transfer equation 
(3) then becomes 

T,~ d28/d~ 2 = - (Pb2 /ArkO[(C {pp(l - e)} ,/2)Tw(Sh --  8) 

+~TJwbT4w(8484)]. (5) 

Dividing by T,,, 

dZ8/d¢ 2 = - (pb2 /A  fkf)[(C {pv(1 - e)}'/2)(0b -- 8) 

+ aJwb T~(84 -- 84)1 

o r  

dZS/d~ 2 = - (Pb2/Arkr)[h(.,)+ hr,d](8-- 8b). (6) 

The radiation heat transfer coefficient hrad is mod- 
eled as given by Basu [10] as 
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hra d = 6hr,+(1-6)h,a 

hrad = [6)'~:c÷(1--6)fwd]Cr(T 4 -  T4)/(TB- D (7) 

hrad = [~fwc ÷ (1 - ~ ) f w d ] 6  T3w(O~ + 0 2) ( 0  b ÷ 0 )  (8 )  

where 6 is the fraction of the wall area covered by 
clusters and (1 -6 )  is the area covered by dispersed 
phase and h,~ and h,a are the radiative components for 
the cluster and dispersed phase, respectively. 

The fraction of the wall area covered by clusters, 6, 
may be written approximately from the expression 
used by Basu and Nag [11], which has been modified 
by Nag and Ali [12] as (with short fins, no equation 
exists for 6, so approximately this is taken) 

5 = ( I - e . , , -> , ) / ( l -  e.~-y) (9) 

where y = 0.001, ~ = 0.5, and ew voidage at the wall. 
The wall-to-cluster and wall-to-dispersed phase 

view factors are given as 

1 
f.~ - ( 1 0 )  

(1/ew+ 1/e~-- 1) 

1 
.Ld = (1 l) 

(l/ew + 1/ed -- l) 

where ew is the emissivity of the wall, and ec is the 
emissivity of the cluster which is given as (Grace [13]) 

e~ = 0.5(1 +ep) 

where ep is the emissivity of the particle and ed is the 
emissivity of the dispersed phase. According to Basu 
and Nag [14], the emissivities for cluster and dispersed 
phase range between 0.85 and 0.95, so ed of 0.95 is 
chosen for the dispersed phase. Thus, equation (6) 
can be written as 

d 2 0/d~ 2 - m 2 ( 0 -  0b) = 0 

where m 2 = hPb2/Afkf. (12) 

Boundary conditions 
Lateralfin. For fins 1 and 3 (lateral fins) [Fig. 2(b)] 

0,.=0 . . . . .  0¢_0 = T(O)/Tw = 1 

at x = b ,  ~ = 1 ,  d0/d~l¢=j=0 (because of tem- 
perature symmetry the dT/dx is assumed to be zero at 
the centre of the fin). The dimensionless temperature 
distribution for fins 1 and 3 (lateral fins) is given as 

0 - - 0  b coshml (1 --4) 
01--0~ cosh ml (13) 

For the extended fin : 

0.,.=0 . . . .  0¢_o = T(O)/T w = 1 

krd T/dxl.~=:, = h(TB - T) 

or kfdO/bd ~[¢_ I = h(Ob-O). 

The dimensionless temperature distribution for fin 
2 (extended fin) is given by 

0--0b "coshm2(1--~) + hb2 s inhm~(1-  ~) 
mzkf 

1 - - 0  b = 
coshm2+ hb2 sinhm, 

m2kr 

(14) 

The heat transfer rate through the lateral fin (fins 1 
and 3) at steady-state is given by 

Qfl = kfAn(Tw/b)d0/d¢l¢=0 (15) 

The heat transfer rate through the extended fin (Fin 
2) at steady-state is given by 

Qr2_ = kfA~(Tw/b) d0/d¢l~-0 (16) 

and for the unfinned portion of the water-wall tube 
surface 

Q,,, = hAufTw(Ob-O). (17) 

Total heat transfer through the water-wall probe with 
both lateral and extended fins is given by 

Qto, = Q,f÷2Qn +Op_. (18) 

The equivalent heat transfer coefficient based on the 
total surface area for the test section with lateral and 
extended fins is given by 

a t o t  

h~q - AtotTw(Ob_O) (19) 

The fin efficiencies for various extended fin lengths are 
estimated by calculating the maximum possible heat 
transfer rate through the fin at ideal conditions. The 
constant C in equation (4) is evaluated by fitting the 
experimental results between h(x) and p .... for the 
probe with lateral and extended fins at room tem- 
perature conditions. 

RESULTS AND DISCUSSION 

the variation of heat transfer coefficient with sus- 
pension density for the probe is plotted in Fig. 4. 
The heat transfer coefficient increases with suspension 
density in consistence with earlier works [3-5, 9, 11]. 

.==, 

E 

150 

125 

8 

 ,oo 0 

75 
.v  o 

175! -O  TB = 500-650"C, water-wall tube (lateral fins) 
[2 TB = 500-650°C, water-wall tube (lateral and extended fins) 
A TB = 380-500"C, water-wall tube (lateral fins) 

- O  TB = 380-500°C, water-wall tube (lateral and extended fins) 

& 

I I I I I I 
5 10 15 20 25 30 

S u s p e n s i o n  d e n s i t y  [ k g  m "3] 

Fig. 4. Heat transfer coefficient vs suspension density for 
water-wall tube with lateral fins, and water-wall tube with 

lateral as well as extended fins. 
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"~ 400 
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I 
300 400 

O Suspension density = 2.44 kg m "3, water-wall tube (lateral fins) 
0 Suspension density = 2.44 kg m "3, water-wall tube 

(lateral and extended ruts) 

o o 
o 

oo A A  

o rnq~o 01~] nA~nspension density = 6.44 kg m.3, 
watur-wall tube (lateral fins) 

O Suspension density = 6.44 kg m "3, 
water-wall tube 
(lateral and extended fins) 

I I I I 
5 0 0  6 0 0  7 0 0  8 0 0  

B e d  t e m p e r a t u r e  [°C] 

Fig. 5. Comparison of heat flow rate with bed temperature 
for water-wall probe, SG = 10 cm 2. 

1200 - O Suspe~on density = 11 ± 2 kg m "3, water-wall tube (lateral fins) 
n Suspension density = I 1 ± 2 I~  m "3, water-wall tube 

1 0 0 0  (lateral and extended fins) 

8OO .~ oQg 
6oo- ~ O o  

O 
# A  A Suspension density = 16 ± 2 kg m "3, 

4 0 0  - -  water-wall tube (lateral fins) 
O Suspension density = 16 ± 2 kg m "3, 

water-wall tube 200 - (lamal and extended fins) 

0 I I I I I I 
200 300 400 500 600 700 800 

B e d  t e m p e r a t u r e  [°C] 

Fig. 6. Effect of bed temperature on heat flow rate for the 
water-wall probe with different suspension density ranges, 

SG = 10 cm:. 

The results also demons t ra te  tha t  the addi t ion  of  an  
extended fin to the water-wall  p robe  with lateral fins, 
results in a little d rop  in the heat  t ransfer  coefficient. 
The heat  flow rate var ia t ion  with bed tempera ture  is 
shown in Figs. 5 and  6. The addi t ion of  the extended 
fin increases the heat  absorp t ion  from the bed com- 
pared to lateral fin, thereby increasing the heat  flow 
rate. For  lateral fins only one side of  the fin surface is 
effective for heat  absorpt ion,  and  in the case of  the 
extended fin, whole surface is effective for heat  absorp-  
tion. 

The compar i son  of  present  experimental  da ta  with 
tha t  of  Basu and  Ngo [7] is shown in Fig. 7. The trends 
are the same and  the deviat ions are a t t r ibuted  to the 
probe  size and  operat ing condit ions.  The heat  flow 
rat io (Qt2/Qn) var ia t ion  with bed tempera ture  is dem- 
onst ra ted  in Fig. 8. Due to the addi t ion  of  extended 
fin, the heat  t ransfer  surface area increases by 15.3%, 
but  the cor responding  increase in heat  flow rate is 
between 7 and 14% (heat  flow rat io varies between 
1.07 and  1.14). 

The model  results are obta ined  for different bed 
temperature  ranges. Sand with a mean  size (dp) 248 
#m and particle density of  2350 kg m 3 is considered 
for model  calculations.  The var ia t ion  of  equivalent  
probe  heat  t ransfer  coefficient with suspension density 
is presented in Fig. 9 for two bed tempera ture  ranges. 
This includes the radia t ion  par t  also. As can be 
observed, the heat  t ransfer  coefficient increases with 

E 
160 

e- 
.o 120 

80 

40 

o 0 

200 -- 
0 Basu and Thoung [71 (room temperature), dp = 260 gm 
n Present data (bed temperature = 476 ± 14°C), dp = 260 gm 

g 

~gao 
m 

oOGO o 

c9 ~ 

I I I I I I 
10 20 30 40 50 60 

Suspension density [kg m "3] 

Fig. 7. Comparison of present experimental data of water- 
wall heat transfer probe with both lateral and extended fins 

with Basu and Thoung (1993). 

1.4 

c7 "b 
1.2 

1.0 

o S u s p e n s i o n  d e n s i t y  = 2.44 kg m "3 
o S u s p e n s i o n  d e n s i t y  = 11 ± 2 k g  m "3 
~x S u s p e n s i o n  d e n s i t y  = 16±2 kg m 3 

A O  A D O 
A A n ~rn 0 

O.8 I [ I I 
300 400 500 600 700 

B e d  t e m p e r a t u r e  [°C] 

Fig. 8. Heat flow ratio variation for the water-wall probe 
with bed temperature. 

the suspension density. For  the same suspension den- 
sity range, the heat  t ransfer  coefficient increases with 
the bed temperature.  The increase in suspension den- 
sity causes more  particles near  the wall, which results 
in more  heat  t ransfer  to the surface, thereby increasing 
the heat  t ransfer  coefficient. 

The present  model  results are plot ted with sus- 
pension density along with publ ished l i terature in Fig. 

;~ 250 

E 
200 

150 

10o 

5O 

~. 0 

Fig. 9. 

(1) TB = 873 K 
(2) TB = 1123 K (2) 

I I I I I 
20 40 60 80 100 

S u s p e n s i o n  d e n s i t y  [kg  m "3] 

Effect of suspension density on heat transfer 
coefficient, analytical model results. 
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500[-- O BasuudNall [ll],dp= S7l.tm, TB = 308 K 
I [3 Kobro and Brereton flS], dp: 179 p.m, T B = 298 K 

450~- & Wu etnl.[4],dp=241 Jtm, Ta=683K 
| 0 Sekthtrnet Id.[16],dv=300gm, TB =503 K 
/ ¢t Fusehie~ al. l17],d.r-2691am, Tii = 303 K 

400[-- + AnderDmt and Lecl~mer [$l, dp = 312 Itm, Tl~ = 1123 K 
, [ x Mahalingam and Kolar [18], dp = 256 gin, T B = 340 K 
I~ 350 L (I) Model data, dp = 248 Itm, - 

ru = s73 K / . .  
(2) Model data, dp= 248 Ixm, / / 

~ 300--  T e = l I 2 3 K - _ / ~  

250 --  

~ 150 

~ 100 

50 

I I I I I 
0 20 40 60 80 100 

Suspens ion  density [kg m "3] 

Fig. 10. Heat transfer coefficient variation with suspension 
density, comparison of model results with the published 

literature. 

10. The model also predicts the variation of heat trans- 
fer coefficient with suspension density along the same 
lines as reported in the literature. The comparison is 
made only to see the nature of heat transfer coefficient 
with suspension density. The deviations of the model 
results with literature can be attributed to different 
probe sizes and temperatures as used by different 
investigators. 

Figure 11 shows the comparison of experimental 
and model heat flow rates for the water-wall probe of 
the same dimensions (15 mm ID, 22.5 mm OD and 
304 mm in height with lateral and extended fins of 
190 mm (height) x 5 mm (length) x 5 mm (thickness)). 
The model heat flow rates are in fairly good agreement 
with the experimental data. The deviation can be attri- 
buted to the assumptions made in the model for- 
mulation and also to the properties and constants that 
are used in the model. 

The fin efficiencies for various extended fin lengths 

O Suspension density = 6.44 kg m "3, experiment 
1600 -- [] Suspension deusity I 11 ÷ 2 kg m "3, experiment 

A Suspension density = 16+ 2 kg m "3, experiment 
1400 -- (1) Suspension density = 4.7 kg m "3, model 

(2) Suspension density = 9.4 kg m "3, model 
(3) Suspension dentity = 14.1 kg m "3, model - - / ( 4 )  

~ 1 2 0 0  (4) Suspension density = 23.5 kg m -3, m o d e l / , , , " f / ( 3 )  

o 1 0 0 0 -  (2) 
[] 

~ 6OO 

~, 40o 

o I I I I I I 
300 400 400 500 500 600 700 

Bed temperature [oc] 

Fig. 11. Comparison of experimental and model heat flow 
rates at different bed temperatures for the probe with both 

lateral and extended fins. 
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9O 

80 

"~ 70 

c 
~ 6o 

50 

40 
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(2) 

-- (3) 

~ (4)  

(1)  b 2 = 5 m m  ~ ~ ( 5 )  
- (2)  b 2 = ] 0 m m  

(3)  b 2 = 15 mm 
_ (4)  b 2 = 2 0 m m  

(5)  b2 = 30  ram 
I I I I I 

20 40 60 80 1 O0 
Suspens ion  density [kg m "3] 

Fig. 12. Extended fin efficiency vs suspension density for 
various fin widths (b2), To = 1123 K. 

are shown in Fig. 12. The fin efficiency decreases with 
an increase in fin length. The increase in fin length 
may affect bed hydrodynamics, which in turn affects 
the heat transfer rate. So far with longer fins, the 
efficiency decreases with suspension density. 

The heat flux (Qtot/Atot) variation for various 
extended fin lengths are presented in Fig. 13, for vari- 
ous suspension density ranges. Up to a certain 
extended fin length the heat flux remains more or less 
the same and afterwards it starts decreasing at a faster 
rate indicating that the short extended fins may be 
more effective in absorbing heat from the bed. The 
short fins may not affect much of bed hydrodynamics, 
whereas the long fins will result in different bed hydro- 
dynamics, which in turn result in reduced heat transfer 
to the fins. So small extended fins may be preferred 
because they increase heat absorption, as observed in 
the present investigation. 

C O N C L U S I O N  

The heat flow rate increases with bed temperature 
and suspension density. The addition of a short 
extended fin, to the probe with lateral fins, increases 
the heat absorption from the bed. The heat flow ratio 
does not increase in the same proportion as that of 
area ratio. The model results are compared with the 
experimental data and also with the published litera- 
ture and the results are in fairly good agreement. It 

130 -- (1) Suspension ¢k~ity g 9.4 kg m "3 
(2) Suspe~ou d e i t y  = 23.5 kg m "3 

~ 1 1 0 -  ~ i ty=47Okgm'3 

~ (3) 
~ 9 0 -  ~ 

(2) 

7 0 -  

5O Z I I I I I I I 
5 I0 15 20 25 30 35 40 

Extended fin width [ram] 

Fig. 13. Qt2/At2 for water-wall probe with both lateral and 
extended fins with extended fin width (b2) model results, 

TB = 1123.16 K. 
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seems that short  extended fins may be more  effective 
in increasing the heat flow rate from the bed to the 
water-wall tubes. For  the extended fin, the fin 
efficiency decreases with an increase in fin length. 
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