
Total and Radiative Heat Transfer to an 
Immersed Surface in a Gas-Fluidized Bed 

A high-temperature heat transfer probe capable of measuring both 
the total and radiative heat transfer coefficients between an immersed 
surface and the bed has been designed, fabricated, and tested. Mea- 
surements of these coefficients in beds of 559 and 751 pm sand par- 
ticles at temperatures up to 1,175 K have been made using this probe. A 
thermal analysis of the probe is developed in order to ensure a reliable 
interpretation of the measured quantities. The dependence of the total 
and radiative heat transfer coefficients on such parameters as bed tem- 
perature, fluidizing air velocity, and mean bed particle size are investi- 
gated. The various models proposed to describe high-temperature heat 
transfer are evaluated from this perspective. The models capable of 
best simulating the heat transfer process with relative ease of computa- 
tion are identified and evaluated using data generated in the study. 

Introduction 
The presence of radiation as a mode of heat transfer in high- 

temperature gas-fluidized beds, along with particle and gas con- 
vection, leads to an enhancement of the overall heat transfer 
rate between the bed and an immersed surface, as compared to 
that in beds at  low and moderate temperatures. This necessi- 
tates the development of reliable mechanistic models and simple 
correlations capable of adequately describing the heat transfer 
characteristics of the bed at  elevated temperatures. High-tem- 
perature heat transfer is significantly more difficult to describe 
since the convective (particle and gas) and radiative modes 
occur simultaneously and in parallel, and the inclusion of the 
two processes in a single step becomes difficult due to the nonlin- 
ear dependence of radiation on temperature. Due to the indus- 
trial interest in fluidized-bed technology, efforts have been 
made from time to time to measure the total heat transfer coeffi- 
cient a t  high temperatures. Various experimental techniques 
have been used to obtain the value of the total heat transfer coef- 
ficient h,, and the radiative heat transfer coefficient h,, as a 
function of bed and surface temperatures, particle size, and 
fluidizing velocity. These efforts are examined here, and are uti- 
lized in developing a high-temperature heat transfer probe for 
the simultaneous measurement of h, and h,,. 

The results obtained with this probe up to a maximum tem- 
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perature of 1,175 K for both heat transfer coefficients in fluid- 
ized beds of silica sands of average diameters of 559 and 751 pm 
are reported as a function of fluidizing velocity. The results are 
examined in the light of the data available in the literature, and 
also on the basis of the theoretical models. This has enabled the 
estimation of the relative adequacies of different theoretical 
models and also helped in resolving some of the existing contro- 
versies concerning the parametric dependence of the radiative 
heat transfer coefficient on different parameters. 

Heat Transfer Fluxes and Coefficients 
at High Temperatures 

The heat transfer process a t  high temperatures in gas-fluid- 
ized beds consists of particle convection, gas convection, and 
radiation. The total heat flux from the bed to an immersed sur- 
face at  a lower temperature is given by: 

here, 

and 
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In general, qpe and qgce are  different because the mean boun- 
dary layer thickness on the surface is different for the two 
phases (Ganzha et al., 1982). However, for beds of small par- 
ticles, groups I and IIA in the particle classification scheme of 
Saxena and Ganzha (1984), Eq. 1 simplifies to: 

For group I11 particle beds, Eq. 1 simplifies to: 

The general form of Eq. 1 must therefore be used for beds of 
group IIB particles. 

The convective and radiative heat transfer coefficients are 
appropriately defined as: 

and 

The total heat transfer coefficient, h,, is 

h, = h ,  + h,. 

For group 111 particle beds, Eq. 8 may be written as: 

(7) 

(9) 

and h, on the basis of Eqs. 7 ,8 ,  and 4 as 

In practice, however, Eq. 11 is used for beds of particles of all 
sizes as an approximation since T, is difficult to measure. In the 
present study, Eqs. 10 and 11 are used to determine h,  and h,, 
respectively. 

Experimental Procedure 
Measurement of h, and h,, 

The total and radiative heat transfer coefficients between a 
fluidized bed and an immersed surface a t  high temperatures 
have been measured by a limited number of workers; the results 
are listed in a historical sequence in Table 1 .  The table also iden- 
tifies the experimental techniques used by each investigator as 
well as the ranges of average particle sizes and temperatures. 
The measurement techniques for h, and h,, may be divided into 
three different categories in both cases. For h, these are: 

I. Methods employing the change in temperature with time 
of a heated metallic probe immersed in the bed 

11. Methods using a fluxmeter 
111. Methods exploiting a water-cooled probe 
The three categories for h ,  measurement are: 
1 .  Methods employing a quartz or silica window to block the 

convective flux and allow only the radiative flux to reach a flux- 
meter 

2. Methods involving the measurement of heat transfer by 
two probes of high and low emissivities 

Table 1. Investigations of High-Temperature Heat Transfer 
in Gas-Fluidized Beds 

Measurement 
Method 

Category 

h w  h,  m 
Tb 
K 

4 
Investigators 

Jolley ( 1949) 
Il’chenko et al. (1968) 
Szekely & Fisher 

Wright et al. ( 1  970) 
Baskakov et al. (1973) 

Yoshida et al. (1974) 
Thring (1977) 
Basu (1978) 
Panov et al. (1979) 
Vadivel & Vedamurthy 

Flamant (1982) 
Botterill et al. (1984) 
George & Welty (1984) 
Ozkaynak et al. (1984) 
Zhang et al. (1984) 

Alavizadeh et al. (1985) 
Goshayeshi et al. 

Tuzla et al. (1985) 
Zhang & Xie (1985) 

( 1  969) 

( 1980) 

(1985) 

I 
11 

- 
111 
I, I1 

111 
I11 
I1 
I 

11 

I, I1 
I1 
I1 
I1 

I1 

I1 
I1 
I1 

- 

800 
570-1,750 

200-300 
1.800-2,900 

350-1,250 

180 
582,928 

500-6,000 

4,000-6,000 

250 
3 70-3,000 

2,140;3,230 
1.030 

325-500 

,048-1,25 3 
700-1,700 

t600 

1,123 
,073-1,173 

823-1,273 
923-1,273 
973-1,273 
800-1,200 

1,023 

600-1,400 
573-1,273 
8 10-1,005 

<760 
1,346-1,580 1,073-1,273 

520-3,230 812-1,050 

2,140, 3,230 810-1,005 
465-1,400 773 

1,000;4,000 1.073-1.313 

3. Methods involving passing of the radiative flux only in the 
bed and measuring the resulting temperature change 

For well-known reasons, category I methods for h, measure- 
ment have been found to yield greater h, values than the meth- 
ods of categories I1 and Ill (Baskakov et al., 1973; Botterill et 
al., 1984). Category 111 probes have been found to yield unreli- 
able values due to large uncertainties in temperature measure- 
ment of the coolant outlet stream (White et al., 1986). Category 
11 methods, which employ a fluxmeter, appear to be most attrac- 
tive for the measurement of h,. Obviously simultaneous mea- 
surement of h, and h,  is most desirable and this eliminates 
category 3 methods. Category 2 methods are likely to yield erro- 
neous results owing to the change in surface emissive properties 
with time due to abrasion of the probe surface by particles. The 
use of a quartz glass window to isolate the convective flux, char- 
acteristic of category 1 methods, is, therefore, adopted here. The 
general drawback of this technique is that the finite conductivity 
of quartz glass causes some convective flux to be conducted to 
the fluxmeter. However, the convective flux can be either 
reduced by experimental arrangement, or accurately estimated 
by a detailed calculation. 

Design of high-temperature heat transfer probe 
In the perspective of the above discussion, a probe for the 

measurement of the total heat transfer and its radiative compo- 
nent a t  high temperatures has been designed and developed. The 
probe, shown in Figure 1, has a nominal diameter of 66.3 mm 
and comprises a water inlet section A, fluxmeters B and C, and 
water outlet section D. The middle section of the probe accom- 
modates the two fluxmeters, each housed in a 304 stainless steel 
50.8 mm dia. tube. These tubes are transversely inserted into the 
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Figure 1. High-temperature heat transfer probe. 

main probe, a 66.3 mm OD, 3.9 mm thick, 304 stainless steel 
pipe. The lengths of the tubes housing fluxmeters B and C are 
20.6 and 25.4 mm, respectively. The thickness of these tubes are 
2.4 and 4.8 mm, respectively. 

The water inlet section, A, consists of the water intake pipe, 
AJ, of 304 stainless steel, having a 26.7 mm OD and a thickness 
of 2.9 mm, which is insulated from the probe pipe by a layer of 
Fiberfrax T-30R insulation 15.9 mm thick. The purpose of the 
diverging section, A2, is primarily to provide mechanical sup- 
port to the water intake pipe, Af ,  as well as to smooth out the 
water flow past the interior faces of the fluxmeters. The space 
between the diverger section and the probe pipe is also filled 
with insulating Fiberfrax Lo-Con felt. The water outlet section, 
D, is similar to water inlet section A both in design and purpose. 
The water flows out of the reducer section, D2, and the water 
outlet pipe, D l .  

Fluxmeter B, designed to measure the total heat flux and the 
total heat transfer coefficient, is a 30.7 mm dia. 420 stainless 
steel plug, BJ, inserted into the main housing pipe, B2, and insu- 
lated from it by a 8.1 mm thick annular ring of Zircar thermal 
insulation, B3. It is recognized that some thermal leakage will 
take place from the interior face of the fluxmeter from BJ to B2. 
and this has been minimized by reducing the thickness of the 
extending shoulder of BJ. The thermal conductivity of the plug 
material, k,,, as well as its thickness, xb, are precisely known, and 
the temperature difference across it, (TBo - TBl), is measured 
by a set of six thermocouples, three on each of the two faces. The 
thermal conductivity of stainless steel 420 at  various tempera- 
tures ranging from 435 to 1,630 K has been taken from the tabu- 
lation of Touloukian et  al. (1970). 

The thermal fluxmeter, C, designed to isolate and measure 
the radiation component of total heat flux and the radiative heat 
transfer coefficient, is also a plug of 420 stainless steel, 30.7 mm 
in dia. and 12.7 mm thick. Its design is similar to that of B in 
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many respects but is more complicated. A 6.35 mm thick pol- 
ished quartz glass window, C4, is incorporated to isolate the 
thermal radiation from the total incident thermal flux, and only 
the former is transmitted to plug Cl. The thermal conductivity 
of the quartz glass is 1.38 W/mK. Plug CJ is welded to the main 
housing pipe, C2, with a Zircar insulation lining, C3, in between. 
The thickness of this thermal insulation lining is 5.5 mm. The 
quartz window, C4, is held tightly on a shoulder of Zircar insula- 
tion via a threaded ring, C6, mating with threads in pipe housing 
C2. The ring rotation is accomplished through two pinholes, C7. 
The air gap, C5, between the quartz window, C4, and the exte- 
rior face of plug CI is 3.2 mm thick. The heat conduction or nat- 
ural convection occuring in this air film augmenting the heat 
transfer process is corrected by a theoretical calculation. Not all 
the thermal radiation incident on the quartz window is transmit- 
ted to plug C1 for measurement: a part is scattered and 
absorbed. These losses are accounted through knowledge of the 
transmissivity of the quartz glass. The transmissivity chart for 
quartz glass has been supplied by the manufacturer. The tem- 
peratures of the two faces of plug C1 are established by six ther- 
mocouples, as in the case of BJ. 

The thermocouples used in the heat transfer probe are chrom- 
el-alumel (K-type), and are encased in grounded Inconel 
sheaths filled with magnesium oxide as an electrical insulator. 
The thermocouple leads are brought out through the water out- 
let pipe and are connected to a Leeds and Northrup 934 Numa- 
tron with a 16-point switch for digital display. 

Thermal analysis of the high-temperature heat 
transfer probe 

The water flowing through the probe removes the heat added 
through the two fluxmeters, and enables the setting up of ther- 
mal equilibrium in both meters. The fluxes incident on the probe 
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are given by: 

and 

respectively. TBo and Tco, and TBi and T ,  are the temperatures 
of the outer and inner surfaces of fluxmeters B and C, respec- 
tively. xB and xc are the thicknesses of the two fluxmeters. The 
total heat transfer coefficient and its radiative component are 
calculated from the following relations: 

and 

4, is the radiative heat flux incident on fluxmeter C, and is 
obtained from qc after applying a correction for the convective 
flux leakage. 

The flux measured by fluxmeter C, qc, comprises the fraction 
of the radiative flux that is transmitted through the quartz glass 
window, and the leaked convective flux, ql ,  which has been con- 
ducted through the quartz glass and the air gap. Thus: 

Here, t, is the transmissivity of the quartz glass, qc, qr, and q1 
are the fluxmeter measured, radiative, and conductive fluxes, 
respectively. It is assumed that the air gap C5 is transparent to 

Equivalent f ir  
Quartz Window Gap Fluxmeter 

(8) 

Figure 2. Heat propagation. 
A. Radiative fluxmeter; B. An equivalent of (A) 
- - - Temperature distribution 

Flux ql is conducted across the air gap to the fluxmeter, and 
therefore: 

where Tql and T ,  are the temperatures of the inner face of the 
quartz window and of the outer face of the fluxmeter, respec- 
tively. The evaluation of q1 from Eq. 19 requires knowledge of 
Tqi. In order to calculate Tqi, the temperature distribution in the 
quartz glass needs to be established. The temperature of the 
outer face of the glass can be calculated from: 

thermal radiation. The value oft, for the quartz glass employed 
in the probe construction is from the transmissivity chart pro- 
vided by the manufacturers, and qc is calculated using Eq. 13. 
Thus, in order to obtain q1 it is necessary to obtain q, in Eq. 16. 
This is accomplished according to the procedure detailed in the 
following. 

Figure 2 shows a schematic representation of the heat propa- 
gation process and the temperature distribution in fluxmeter C. 
Radiative flux q, and convective flux ql0 emanate from the bed 
at temperature Tb, traverse the emulsion phase thermal boun- 
dary layer, and are incident on the outer face of the quartz glass, 
which is at a temperature Tqo. The two fluxes simultanenously 
propagate through the quartz glass, where due to simultaneous 
scattering and absorption, some of the radiative flux is converted 
to conductive flux. Thus, r,q, is the radiative flux that leaves the 
inner face of the quartz window, which is at a temperature TOi, 

410 = hwc(Tb - Tqo), (20) 

where h,  is the convective heat transfer coefficient between the 
bed and the probe. To relate Tqo and Tqi, the simultaneous con- 
duction-radiation process through glass needs to be formulated 
so that the temperature distribution in the quartz glass, Tq(x), 
can be evaluated. The approach of Kellett (1952) is followed 
here, according to which, for a gray glass, 

d’T, and finally reaches the fluxmeter. The conductive flux through 

flux, and the conductive flux leaving the glass and reaching the 
fluxmeter is given by: 

the glass is enhanced by the partial conversion of the radiative k , z  - ZCYCTT: - d k , T ,  - a2qcx + CYCI - 0. (21) 

a is the absorptivity of glass, k, is its thermal conductivity, and 
CI is an undetermined constant. Here, x is the axial distance in 
the glass, measured from its outer face as shown in Figure 3A. 
T,(x) can be obtained from Eq. 21 when solved with the follow- 
ing boundary conditions: 

91 = 410 + (1 - t r ) q r .  (I7) 

Combining Eqs. 16 and 17 to eliminate q, gives: 

41 = 410 + qc(1 - fq)/$ (18) T, = Tqo at x = 0 (22) 
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T, = Tqi at  x = xq (23) 

and 

- k , - = q l  dT, a t  x = x q .  
dx 

Thus, T,(x) can be obtained in terms of q,, Tqo, and Tqi. There- 
fore, Eq. 20 (with Eq. 18), Eq. 19, and the solution for T,(x) ,  
will form a set of three equations whose solutions will yield the 
values of qI, T,,, and Tqi. The substitution of q1 in Eq. 16 will 
yield the value of 9,. 

In order to make this approach more mathematically tracta- 
ble, the above problem is converted into an equivalent problem 
by lumping together the heat transfer resistances of the emul- 
sion phase boundary layer and the quartz glass. The overall heat 
transfer process across these two resistances is equivalent to the 
simultaneous conduction-radiation process occurring across a 
quartz glass of equivalent thickness d and absorptivity a, where 

and 

h ,  has been calculated from the correlation due to Grewal and 
Saxena (1980). A schematic representation of this heat transfer 
process is shown in Figure 2B. The temperature variation across 
the equivalent quartz slab is again described by Eq. 21, but the 
boundary conditions are: 

T, = Tqi a t  x = d (28) 

and 

dT, - k q - =  q, a t  x = d .  
dx 

An analytical solution of Eq. 21 is not possible due to the pres- 
ence of the T:  term, and therefore the following approximation 
is introduced whose implications and validity are discussed 
later: 

T :  = 4TqFi - 3T:. (30) 

is the average temperature in the glass. With Eq. 30, Eq. 21 
transforms to: 

The solution of Eq. 3 1 is 

T, = C2ebx + C,e-'" - [(a2qcx - aCl - 6a(~T;) /b 'k , ] .  (32) 

Here, 

b2 = + (8aaTi/k,) ,  (33) 

and C, and C, are constants of integration. The solution of Eq. 
32 is valid only in the region of x where Eq. 30 holds. The value 
of T i  predicted by Eq. 30 is within 10% of the actual T i  values 
as long as the following condition is satisfied: 

0 . 8 9 c  < T, -= 1.18c. (34) 

From Eqs. 27-29, the values of C,, C,, and C, in Eq. 32 are 

t e2")1/(a2/b2k,) (35) 

/ ( I  + eZM - 2e") (36) 

C, = C2ezbd + c,. (37) 

Here, 

C4 = (q,/bk,e-") - (a2qc/b3k,e-"). (38) 

q1 may now be calculated adopting the following iterative proce- 
dure: 

1. q1 is assumed to be a fraction of qc (0.5 a t  high bed temper- 
atures; 0.9 at  low temperatures). 

2. The assumed value of q1 is substituted in Eq. 38, and the 
constants C1, C2, and C, are calculated. 

3 .  Tqi is determined from Eq. 32 by setting x equal to d and 
substituting the values of CI, C,, C,. 

4. q1 is calculated from Eq. 19. 
5. The calculated value of q1 from step 4 is compared with the 

assumed value. If qlc,,Ic - qlars/q,c~lc  > 0.01, then qlccrk is taken to 
be the new value of qlaSs, and steps 2-5 are repeated. Once the 
inequality is no longer satisfied, the iterative process is stopped. 
qleolc is then substituted as q, in Eq. 16, and q, determined. 

Fluidized-bed facility 
The probe is mounted in a 0.152 m ID fluidized bed, details of 

which are described by Saxena and Mathur (1985). The top end 
of the column is disconnected from the off-gas cleanup system to 
enable direct viewing of the Combustion characteristics and 
quality of fluidization in the bed. The fluidization column is 
made of a 25.4 cm dia. column of schedule 40,304 stainless steel 
pipe, and is built in four flanged sections, each 57 cm long and 
bolted together with 3.8 cm longer spacer rings. These sections 
are placed over a specially designed distributor plate below 
which is a 30.5 cm long calming section. The high-temperature 
heat transfer probe is mounted horizontally in the bed through 
the first spacer ring above the distributor. The top view of the 
probe as seen in the bed is shown in Figure 3. Four external band 
heaters are wrapped around the column in the test bed section 
over a length of about 31 cm along the wall above the distributor 
plate. These heaters are used to make up for the heat losses from 
the column wall and thus maintain the bed a t  the desired con- 
stant temperature. The column wall is thermally insulated by 
three 2.5 cm thick layers of insulation, two on the inside surface, 
and one on the outside surface. The distributor plate has 19 bub- 
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Figure 3. Cross-sectional view of 0.152 m ID bed showing location of high-temperature heat transfer probe. 

ble caps located a t  the vertices of equilateral triangles of 2.9 cm 
to a side. Each bubble cap is a 2.6 cm dia. stainless steel cylinder 
with a conical head and a 0.6 cm dia. axial blind hole. The gas 
exits from the top through eight equally spaced 0.1 cm dia. holes 
drilled radially, 7.9 cm above the distributor plate. 

A metered amount of propane is introduced into the calming 
section through two nozzles oriented with their discharge ends 
a t  an angle of 120°, and located 23 cm below the distributor 
plate. The nozzles are fabricated from 1.9 cm dia. steel plugs 
having a tapered conical hole. The propane gas mixes with the 
fluidizing air in the calming section, and is ignited by an electric 
igniter in the bed section just above the gas distributor. Six ther- 
mocouples are installed to monitor and measure the tempera- 
tures in different sections of the fluidization column. Six pres- 
sure probes are also provided along the column wall. 

Experimental runs 
The major operations of a typical experimental run consist of 

the following steps. The controllers on the preheater and band 
heaters are  adjusted to proper settings for bed temperatures in 
the range 300-525 K. For higher temperatures, suitably pre- 
pared mixtures of propane and preheated air are ignited in the 
empty bed. A stoichiometric mixture of propane-air is found to 
bring the bed to a temperature of about 1,250 K. The theoretical 
flame temperature of such a mixture is 2,600 K. Increasing the 
propane concentration in the mixture above the stoichiometric 
value is found to cause the flame front to move up in the column 
and away from the igniter. Finally, the flame front moves out of 
the column and the flame extinguishes. Consequently, in our 
experiments the propane-to-air ratio was never greater than 1/25. 

Increasing the proportion of air in the mixture above the stoi- 
chiometric value produces bed temperatures lower than 1,250 
K. A mixture containing 100% excess air produces a bed tem- 
perature of about 700 K. It is also found that when the excess air 
is more than 100% (propane-to-air ratio less than 1/50), the flame 
extinguishes. The steady state is assumed to have been reached 
when the temperature change as indicated by the thermocouple 
located 15 cm above the distributor plate is less than 2 1 K over a 

period of 5 min. The temperature registered by the thermocou- 
ple located 10 cm above the distributor plate never differs by 
more than 2 K from the temperature indicated by the thermo- 
couple a t  the 15 cm level. The latter is always smaller than the 
former. At the steady state, in addition to these temperatures 
the distributor pressure drop, the total pressure drop, and the 
pressure drop across two sections of the bed are recorded. For 
the same bed temperature, the air flow rate is reduced, main- 
taining the same ratio of propane to air in the mixture to obtain 
data a t  a different flow rate. The variations in the bed tempera- 
ture are within 2 18 K for the whole range of gas flow measure- 
ments. 

Results and Discussion 
Heat transfer experiments have been conducted in beds of 

559 and 751 pm sand particles. The size distribution of these 
two bed particles is given in Table 2; the temperatures as well as 
the bed properties a t  minimum fluidization are listed in Table 3. 
At each bed temperature, the temperatures TBo, T,, T,,, and 
Tci are measured for various values of the fluidizing velocity. 
The calculated values of h, and h ,  for the two beds are shown in 
Figures 4 to 7, in each case for various temperatures and fluidiz- 
ing velocities. h, is found to increase with increases in Tb. This 
increase can be attributed to two sources: to the increase in gas 

Table 2. Sieve Analysis of Sand Particles 

Sieve 
Opening Mass Fraction of Particles 

w Retained on Sieve 

1,000 0.101 0.001 
850 0.296 0.265 
600 0.560 0.495 
500 0.034 0.192 
425 0.004 0.460 
355 - 0.001 

z 751 5 59 
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Table 3. Properties of Particles and Beds at Minimum 
Fluidization at Various Temperatures 

C P S  Tb u m f  
K m/s %f pm k$m3 J/kg. K 

385 0.21 0.45 
495 0.18 0.46 
675 0.16 0.46 
820 0.14 0.45 

559 2,670 800 1 
985 0.14 0.46 

( 395 0.40 0.41 

4 

40 

n 
Y 

E 
m 

g 2 0 .  

5 c 

751 2,670 800 

- 

510 0.45 0.47 
675 0.47 0.52 
785 0.53 0.56 
915 0.56 0.57 I 1,175 0.72 0.58 

t 1 I I I .-. 
.e- 0 

thermal conductivity at higher temperatures, which leads to 
increases in qpe, qFe, and qsB, and to higher radiative fluxes, q,e 
and qrB, because of the larger value of ( T :  - T f ) .  

The variation of h, with d, follows a more complex trend. At 
comparatively low bed temperatures (773-823 K), Panov et al. 
(1979), Botterill et al. (1984), George and Welty (1984), and 
Tuzla et al. (1 985) found h, to decrease as (3, increased from 
about 465 to about 6,000 pm. The decrease was quite rapid for 
beds with average particle sizes less than about 1,500 pm, but 
thereafter the decrease became quite gradual for larger values 
of 4. For higher bed temperatures (>l,OOO K) and for values of 
4 u_p to about 1,150 pm, an initial decrease in h, with increase 
in dp has been observed (Thring, 1977; Panov et al., 1979; Bot- 
terill et al., 1984). For (3, greater than 1,150 pm, h, increased (or 
remained constant) with increase in (3, (Wright et al., 1970; 
Vadivel and Vedamurthy, 1980; George and Welty, 1984; 
Zhang et al., 1984). Consequently, the difference between h, 
values at low and high temperatures is found to increase with 
increase in particle size. Basu (1978) attributed this trend to the 
smaller change in T, in beds of small particles due to a change in 
T,, as compared to that in large particle beds. This causes radia- 

a-r 400 ' /.-4-e- 
0 I 
Ye-- 

/ 

385K 
0 I I I 

0 0.2 0.4 
u - Umf(m/S) 

I I I J 
0.2 0.4 

u - Umf(m/S) 

Figure 5. Variation of h ,  with U - U,, at three bed tem- 
peratures. 
559 pm sand particle bed 

tive flux to be comparatively small in small particle beds, as 
compared to that in large particle beds at the same bulk bed 
temperature. Consequently, the difference in h, values at low 
and high temperatures goes on increasing as d, increases. From 
the data generated in the present study, a comparison of the val- 
ues of h,,,,, for the two particles at 675 K shows that h,,, for 
the bed of 559 pm sand is greater than that for the bed of 75 1 pm 
sand, as expected. 

The dependence of h, on U is not quite unambiguous. Wright 
et al. (1970), Basu (1978), Vadivel and Vedamurthy (1980), 
Alavizadeh et al. (1985), and Tuzla et al. (1985) have found 
h,to initially increase with increase in U, and then become con- 
stant. The average bed particle size of these investigators ranged 

n 
Y 

E 
cy 

2 

0 675K 
m ~ O K  i 
0 395K 

0.2 0.4 
I 1 I I 1 
U - %,(m/s) 

Figure 4. Variation of h, with U - &,at five bed tempera- 
tures. tures. 
559 pm sand particle bed 

Figure 6. Variation of hw with U - &,at five bed tempera- 

75 1 pm sand particle bed 
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Figure 7. Variation of h,with U - &,at four bed temper- 
atures. 
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from 400 to 5,000 pm, and bed temperature from 773 to 1,223 
K. Botterill et al. (1 984) found a similar trend for a bed of 1,150 
pm alumina at  1,153 K, but found h, to continuously increase 
with increase in U for a bed of alumina at  773 K up to a U/U,,,, 
value of about 10. On the other hand, Zhang et  al. (1984) found 
h, to decrease as U was increased in the range of 3.5 < U/U,,,, < 
4.5 for a bed of 1,340 pm particles. It is not possible to explain 
this discrepancy a t  this time on the basis of the available 
details. 

The effect of U on qr is also the subject of some controversy. 
Il'chenko et al. (1968), Baskakov et al. (1973), Basu (1978), 
and Ozkaynak et al. (1984) did not observe any variation in h,, 
as U was changed. However, Szekely and Fisher (1969), Fla- 
mant (1982), Botterill et al. (1984), Alavizadeh et al. (1985), 
and Zhang and Xie (1985) found h,, (or qr) to increase with 
increase in U. 

The variation of h, and h ,  with U clearly shows the effect of 
increased bed voidage on radiation. h,  initially increases rapidly 
as U is increased beyond Umf, but then the increase becomes 
much more gradual as U increases further. This indicates that 
once the bed is well fluidized, further increase in U has only 
marginal effect on h , .  It is also interesting to note that the pres- 
ence or absence of radiation is also clearly indicated by the trend 
of the h,-U curves. The data a t  the lower temperatures 
(Tb < 675 K), where radiation has been found to be negligible, 
show that h, initially increases with increase in U, becomes 
approximately constant, and then decreases slowly as U is 
increased further. By contrast, a t  the higher bed temperatures 
(>675 K), h, is never observed to decrease with increase in U. 
This is due to the con&bution of h,, which increases continu- 
ously with increase in U. This variation of h, with Uis  examined 
in the following from the perspective of the correlation of the 
experimentally calculated h ,  (= h, - h,,) values with the pre- 
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Figure 8. Comparison of experimental h, values with 
predictions from correlation of Grewal and Sax- 
ena (1980). 
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dictions based on the correlation of Grewal and Saxena (1980) 
over the entire ranges of U and Tb. 

Figures 8 and 9 show the variation of the experimentally cal- 
culated h ,  values with U for the two particles a t  different tem- 
peratures. The predicted values of h, obtained from the correla- 
tion of Grewal and Saxena are also shown. The correlation over- 
predicts the experimental data for the smallest value of 
(U - Urn,), but for all the data obtained for U/Urn, > 1.2 the 
agreement is within 25%. The stated accuracy for the correla- 
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tion is also 525%. It is therefore, concluded that the correlation 
of Grewal and Saxena is capable of predicting the convective 
component of the heat transfer coefficient with adequate preci- 
sion even a t  high temperatures. 

In order to evaluate the measurements obtained from the 
fluxmeter, the present results are compared with those of other 
investigators obtained for comparable operating conditions. 
Thring (1977) measured the total heat transfer to beds of 582 
and 928 pm particles a t  1,100 K. The measured h, values 
ranged from 550 to 635 W/m2 . K for the 582 pm bed, and from 
470 to 625 W/m2 - K for the 928 pm bed. In the present study, 
h,,, is found to be about 400 W/m2 - K for the 559 pm bed a t  
985 K. The trend in the increase of h,,, with Tb indicates that 
h,, would be about 470 W/m2 . K at  1,100 K for this bed. This 
is lower than the range of values obtained by Thring. This differ- 
ence is probably due to the difference in the placement of the 
heat transfer probe in the two investigations. The probe used by 
Thring was lowered vertically into the bed, whereas in the pres- 
ent study, the probe has been placed horizontally in the bed. The 
presence of Thring’s vertical probe in the 0.152 m I D  bed proba- 
bly used turbulent mixing in the narrow annular bed, leading to 
higher values of h ,  (White et al., 1986). Tuzla et al. (1985) 
found h,, to be about 400 W/m2 . K for a bed of 465 pm sand 
at  773 K. By comparison, the hWmaxvalue for the 559 pm particle 
bed is interpolated about 300 W/m2 - K a t  773 K. The lower 
value is expected as it corresponds to a larger average particle 
size. The measurements of Alavizadeh et al. (1985) indicate a 
h,, value of 349 W/m2 . K for a 520 pm grain bed at  8 12 K. A 
corresponding value of 355 W/m2 a K is found in the present 
study for the 559 pm bed a t  820 K. However, the value of h,, 
obtained by Alavizadeh et al. for this condition is 18 W/m2 . K; 
the comparable value obtained in this investigation is 28 
W/m2 - K .  These comparisions, which are by no means exact, 
show that the present probe measurements are in the range of 
reported literature data. 

Evaluation of High-Temperature Heat 
Transfer Models 

Various models have been developed to describe the high- 
temperature heat transfer process in gas-fluidized beds. The 
models can be classified into three categories depending on how 
the emulsion phase is modeled. The first category models treat 
the emulsion phase as discrete particles, the second as a con- 
tinuum with averaged properties, and the third as a stack of 
plane-parallel plates. Szekely and Fisher (1969) developed a 
first category model in which heat transfer is assumed to occur 
between the surface and the first row of particles. The mode1 
predicts radiation to be insignificant a t  temperatures less than 
1,273 K. 

The second category models are due to Yoshida et al. (1974), 
Chen and Chen (1981). and Glicksman and Decker ( 1  985). The 
models of Yoshida et al. and Glicksman and Decker are similar 
inasmuch as both consider the emulsion phase heat transfer to 
be described by the packet model (Mickley and Fairbanks, 
1955). The additional heat transfer in the packet due to radia- 
tion is accounted for in both models by the use of an enhanced 
effective bed thermal conductivity that accounts for particle 
convective and radiative components of heat transfer. The 
model of Yoshida et al. calculates the radiative flux in the bub- 
ble phase by modeling it as radiative transfer between a hemi- 
spherical surface and its equatorial plane, both a t  constant 

although different temperatures. The model of Glicksman and 
Decker introduces an additional thermal resistance in the form 
of a gas film between the immersed surface and the packet (Gel- 
perin and Einshtein, 1971). Chen and Chen modeled the heat 
transfer process by a nonlinear differential formulation of the 
simultaneous radiative-conductive flux in the emulsion packet. 
The radiative flux in the emulsion is described by the two-flux 
model, which assumes a forward flux and a backward flux to 
traverse the emulsion undergoing absorption and scattering. 
The general limitation of the second category models is that they 
require knowledge of averaged bed properties such as effective 
bed thermal conductivity, packet residence time, and bubble 
fraction. In addition, the more rigorous model of Chen and Chen 
requires the bed absorption and scattering cross sections, which 
are difficult to evaluate. 

The third category models evaluate heat transfer between 
arbitrarily defined bed regions, each separated from the other 
by a plane-parallel plate. Thus, Vedamurthy and Sastri (1974) 
assume radiation to occur only between adjacent plates, along 
with conduction through the emulsion phase between the plates. 
The emulsion phase is assumed transparent to radiation. Bhat- 
tacharya and Harrison (1977) modified the model of Vedamur- 
thy and Sastri by assuming the emulsion to participate in the 
radiative transfer, and each plate to radiatively interact with 25 
plates on either side. Thring (1 977) maintained the assumption 
of the radiative transparency of the emulsion, but decreased the 
thickness of the gas film between the immersed surface and the 
bed to 0.086 from the value of 0 . 5 6  assumed by both Vedamur- 
thy and Sastri, and Bhattacharya and Harrison. In another vari- 
ation of the model of Vedamurthy of Sastri, Zhang et al. ( I  984) 
assume the gas film thickness to be 0.1546,  and the radiative 
transfer between plates to be more than one plate deep. A signif- 

hw experimental 

Figure 10. Comparison of experimental h, values with 
predictions from model of Yoshida et el. 
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icantly different approach has been adopted by Kolar et al. 
(1979), who model the emulsion as a series of alternate slabs of 
gas and solids. The heat transfer through the solid slabs is by 
conduction alone, while that across the gas slabs occurs by both 
conduction and radiation. Borodulya and Kovensky (1983) 
model the parallel plates as two-dimensional planes with par- 
ticles arranged on them in a regular grid. The radiation incident 
on each plate is assumed to undergo reflection, radiation, and 
scattering, and the absorptivity, reflectivity, and transmissivity 
of an individual plate are calculated on the basis of the geomet- 
ric configuration of the particles. The limiting values of these 
parameters as the number of plates in the stack approaches 
infinity are considered to be the effective bed values. 

The prediction of h, at high temperatures from the models of 
Yoshida et al. (1974) and Glicksman and Decker (1985) is next 
compared with the experimental data obtained in this study. 
The total heat transfer coefficient hw predicted by the model of 
Yoshida et al. is given by the following expression: 

8 ’ 
8‘ a’ 0 1175K 

0 015K I I 

The effective packet density is assumed to be: 

The packet residence time and the bubble fraction were calcu- 
lated from the correlations due to Thring (1977), and the effec- 
tive thermal conductivity was calculated from the model of 
Kunii and Smith (1 960). 

Figures 1 1 and 12 show the comparison of the h, values pre- 
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Figure 11. Comparison of experimental h, values with 
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Figure 12. Comparison of experimental h, values with 
predictions from model of Glicksman and 
Decker (1985). 
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dicted by Eq. 39 with the experimentally obtained values for the 
two particles. The predicted values are greater than the experi- 
mental values except at very low fluidizing velocities. The over- 
prediction is greater for the 559 pm sand beds than for the 751 
pm beds when compared at the same temperature of 675 K. This 
trend clearly points out that the lack of a gas film resistance in 
the model of Yoshida et al. (1974) causes it to predict h, values 
higher than those obtained experimentally. In this particle size 
range, and probably for all particle beds belonging to groups I 
and IIA, it is estimated that the model of Yoshida et al. overpre- 
dicts the experimental data by about 50%. 

Figures 12 and 13 show similar comparison of the experimen- 
tal h, values with those predicted by the model of Glicksman 
and Decker (1985). The emulsion phase flux, qc,  is obtained 
from the following: 

where 

and 

143) 
1 - = ( 4 k , p e C p 3 / ~ ~ ) ” 2 .  

R, 

pc, T,  andf, are calculated as described earlier, and k, is calcu- 
lated from: 
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where k ,  is the thermal conductivity a t  ambient temperature 
from the model of Kunii and Smith (1960). k, has been calcu- 
lated, following the recommendation of Glicksman and Decker 
(1985), by the following expression due to Hill and Wilhelm 
(1959): 

q B  is also calculated from Eq. 41, but with R, set equal to zero. 
Equation 5 is then used to determine q. Finally, h, is computed 
using the relationship of Eq. 1 1. 

The predictions from this model are in good agreement with 
the experimental data, most being within *20%. The model 
overpredicts the h, values a t  high temperatures, and this over- 
prediction increases with increase in temperature. This is proba- 
bly due to the plane-parallel approximation of the tube-interface 
geometry. Also, the reliability of Eq. 42 has not been estab- 
lished, and the use of other correlations for k ,  at  high tempera- 
tures could result in better predictions. It should be noted, how- 
ever, that the maximum overprediction by this model is less than 
35%, which is remarkable considering its simplicity. I t  is there- 
fore recommended that this model be used for estimating h, a t  
high temperatures. 
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Notation 
b - constant, Eq. 33 

C,-C4 - constants 

d = equivalent thickness of quartz glass window and emulsion 

4 - average particle diameter, m 
fB - time fraction for which a probe is exposed to bubbles 
h, = overall heat transfer coefficient between bed and an immersed 

h,  - heat transfer coefficient between a bubble and an immersed 

h,  - convective heat transfer coefficient between bed and an im- 

h,  = heat transfer coefficient between emulsion phase and an 

h ,  = component of h, due to gas convection, W/m2 - K 
h ,  = component of h, due to particle convection, W/mZ - K 

h, - radiative heat transfer coefficient between bed and an im- 

phase thermal boundary layer, m 

surface, W/m’ - K 

surface, W/m2 . K 

mersed surface, W/m2 . K 

immersed surface, W/m2 - K 

hmX - maximum value of h,, W/m2 

mersed surface, W/mZ K 
k. - effective bed thermal conductivity, W/m . K 

k ,  = effective bed thermal conductivity at  ambient temperature, 

k, - thermal conductivity of fluidizing gas, W/m . K 
kp = thermal conductivity of probe material, W/m . K 
k, - thermal conductivity of quartz glass, W/m . K 
k, = component of k, due to radiation, W/m . K 
q = heat flux at  probe surface, W/m2 

qB - bubble phase heat flux at  probe surface, W/m2 
qc - heat flux measured by fluxmeter C of high-temperature heat 

qsc - gas convective heat flux at probe surface, W/m2 
qFB - bubble phase gas convective flux at probe, W/m2 
qm = emulsion phase gas convective flux at probe, W/m’ 

. W / m . K  

transfer probe, W/m2 

q1 - conductive flux at  fluxmeter Cin high-temperature heat trans- 

ql. = convective flux at quartz glass window, W/mZ 
qF = particle convective flux at  probe surface, W/m2 

qpn - emulsion phase particle convective flux at probe, W/m2 
q, - radiative heat flux at  probe surface, W/m2 

q,B - bubble phase radiative flux at  probe, W/m2 
q,e = emulsion phase radiative flux at  probe, W/m2 
Re = emulsion phase heat transfer resistance, m2 K/W 
R, = heat transfer resistance of gas film at probe wall, m2 - K/W 
tq - transmissivity of quartz glass 

Tb = bed temperature, K 
TBI - temperature of inner face of fluxmeter B, K 
TBo - temperature of outer face of fluxmeter B, K 
Tci = temperature of inner face of fluxmeter C, K 
Tco - temperature of outer face of fluxmeter C, K 
T, - temperature of particles adjacent to heat transfer surface, K 
Tq - temperature in quartz glass window, K 

T,, - temperature of inner face of quartz glass window of high-tem- 

Tw - temperature of outer face of quartz glass window in high-tem- 

fer probe., W/m2 

= average temperature of quartz glass window, K 

perature heat transfer probe, K 

perature heat transfer probe, K 
T, = surface temperature of heat transfer probe, K 

x = length coordinate, m 
Umf - superficial gas velocity at  minimum fluidization, m/s 

xu = thickness of fluxmeter B, m 
xc - thickness of fluxmeter C, m 
xg = thickness of air gap in radiative fluxmeter, m 
x, = thickness of quartz glass window, m 

Greek letters 

a - absorptivity of quartz glass window 
dB = bubble fraction in bed 

6 - bed voidage 
em/ = bed voidage at  minimum fluidization 

e, = emissivity of heat transfer probe surface 
pe = emulsion phase density, kg/m’ 
ps - solids density, kg/m’ 
u - Stefan-Boltzmann constant, W/m2 . K4 
7 - particle residence time at heat transfer surface, s 
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