NOTATION

ud Ta
Re=1, i Nu=jd/D{co—ep); dnu= Ff} 100; c_‘/ Z(Nuz—NUavV 8=#k/B; c, concentration; D, diffusion coefficient;

d, diameter of a grain; j, specific flow of the materxal to the surface of the grain; k, reaction rate constant;
s, external surface of the grain; As(Nu), distribution function of the local mass-transfer coefficients on the
external surface of the grain; u, rate of flow referred to the whole cross section of the layer; w, rate of '
chemical reaction; ¢, minimum useful cross section (0.17); 8, mass-transfer coefficient; and v, coefficient
of kinematic viscosity. Indices: f and K, front and rear parts of the surface; av, average value; max, maxi~
mum value; r, surface; and o, free volume of the layer.
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EXPERIMENTAL INVESTIGATION OF THE RADIANT
AND CONDUCTIVE~-CONVECTIVE COMPONENTS OF
EXTERNAL HEAT EXCHANGE IN A HIGH-
TEMPERATURE FLUIDIZED BED

0. M. Panov, A. P. Baskakov, © UDC 66.096.5:66.045.2
Yu. M. Goldobin, N. F. Filippovskii,
and Yu. S. Mazur

The results of the experimental investigation of the components of complex external heat ex~
change in a high~temperature fluidized bed, by means of a radiometer and two o calorimeters
with a different degree of surface blackness, are given.

In order to separate complex heat exchange into radiant and conductive —convective components, in this
paper the combined heat-transfer coefficients to two ¢ calorimeters, differing only in the degree of surface
blackness, were measured. Each a calorimeter was a box with dimensions of 80 x 80 x 40 mm, made of
Nichrome with a thickness of 5 mm, and filled inside with kaolin wadding.

' The heat-transfer coefficients were determined by the heating or cooling rate of the side walls of the o
calorimeter, in which a thermocouple was calked. In order to reduce thermal inflows from the end walls of the
o calorimeter, which could be heated up differently than the side walls because of differences in their flow

S. M. Kirov Ural Polytechnic Institute, Sverdlovsk. Translated from Inzhenerno-Fizicheskii Zhurnal,
Vol. 36, No. 3, pp. 409-415, March, 1979. Original article submitted March 24, 1978.
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- _..T?——’—— Fig. 1. Dependence of the degree of surface
46 ptwr’ - blackness on the temperature tg, °C: 1) for

=1 polished platinum [4]; 2) for the "white'" cal~
2 ‘ .| ' orimeter; 3) for oxidized Nichrome [1]
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7 /]« Fig. 2. Effect of temperature of heat-exchange
a #——#17—%  surface tg, °C, on the apparent degree of black~
°8 /@ rlf’@/ ness of the fluidized bed. The solid lines are
Sy N7 the data obtained by means of the black and
x/x;;@{“ white o calorimeters; the dashed lines (drawn
X through the experimental points) are the data
obtained by means of the radiometer. The
figures near the curves are tflp, °C; d = 0.5
mm; w= 1 m/sec,

P 600 000 g
conditions, the measurement section with dimension of 50 x 50 mm on the side wall was isolated by grooves
with a 0.5~mm width and a 4.5~mm depth,

The surfaces of one of the « calorimeters ("black") were given a high degree of blackness (&1) by
means of a special heat treatment [1], and the surfaces of the other ("white'') were covered with a layer of
platinum, 50 pm thick, with a low degree of blackness (ew), by the plasma deposition method [2]. The values
of &p] and ey for surface temperatures of up to 700°C were experimentally determined* by means of a radi-
ationpyrometer [3], Thefunctions obtained, &g = f(tg), were extrapolated tohigher temperatures as necessary,

The values of the degree of blackness of the oxidized surface of Nichrome (Fig. 1, black points) found
experimentally agree quite well with the data from [1] (curve 3). The experimental values of ey, (open points)
lie somewhat higher than the dependence (curve 1) recommended in [4] for polished platinum, which is obvi~
ously due to the roughness [5] of the sensor surface.

The heat exchange was studied in equipment with a cross section of 460 x 250 mm, a height of the filled
bed of 300 mm, and a distance from the bubble~cap distribution grid to the center of symmetry of the « calori-
meter of 150 mm. In one equipment, due to combustion of the natural gas in the fluidized bed, temperatures of
800-1200°C were maintained, and the other bed was fluidized with air at a temperature of 50°C. Particles of
white corundum, with a size of d = 0.5 mm, magnesium oxide 0.8-1.2 and 2.5-3.0 mm, and Alundum spheres
with a diameter of 5~7 mm were used as the bed material,

The rate of temperature change of the side wall of the « calorimeter was determined over intervals of
50°C, within the limits of which it can be considered as practically constant, For increased accuracy the tem-
perature measurements were recorded by an EPP-09M3 potentiometer whose limits of measurement were 0-
50°C. Since the temperature difference "bed — body" as a rule exceeds 50°C, the signal from the differential
thermocouple was partially compensated by means of a PP-63 potentiometer, used as a controlled voltage
source with stepwise switching,

In order to increase the accuracy of the experiments at low surface temperatures, experiments were
conducted by a steady-state procedure by means of a water-cooled coil, coated galvanically by means of a
layer of nickel with a thickness of ~10 um; the degree of blackness of this surface, according to the data of
[1, 4], was ew = 0.05 at a temperature of tg = 100°C. After the series of experiments with the "white" coil the
nickel coating was removed and the poil was subjected to heat treatment, after which according to [1], the de-
gree of blackness of its surface amounted to gp] = 0.77. The series of experiments was then repeated, but now
with the "black" coil.

The radiant and conductive —convective components of the heat-transfer coefficient were calculated by
starting from the assumption of their additivity. The system of equations describing complex heat exchange be-
tween the fluidized bed and the bodies immersed in it with a different degree of blackness has the form

*Théwe-xperiments were carried out in the thermophysics 1aboratory of the All-Union Scientific-Research Institute
of Metrology.
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The radiant heat-fransfer coefficient between two blackbodies is determined by the formula
4 4

% rad,o™ O (Tfl.b_T; )/(Y;I.F Ts)' (3)

From the joint solutionof Egs. (1) and (2), neglecting the possible effect on the quantities ®gc and ggpp of the
degree of surface blackness of heat exchange, we obtain the expression for calculating the apparent degree of
blackness of the fluidized bed [6], taking into account the geometry of the bed of radiating particles and the ef-
fect of cooling of the particles at the heat-exchange surface:

171 1 1/ 1 Iv2 71 1\ raaol™ ,
= []——={ — = l/_ R oot rad.o .
sapp [ 2 (8w+ Eb1)+ 4 (Ew ebl) +( jabl——a] 4

By & w

The apparent degree of blackness was determined also by means of 2 radiometer with a controlled tem-
perature of the quartz glass by the proceduredescribed in detail in [7, 8]. The values of egpp, obtained by the
two independent methods, agree well at high temperatures of the surfaces of the sensors and the quartz glass
(Fig. 2). The divergence of the curves at low values of tg is found to be within the limits of measurement
error, as the accuracy of the determination of eapp, by both methods, decreases with decrease of tempera-
ture. Later, the values of eapp were used for the calculation by Egs. (1) and (2) of the radiant and conductive —
convective heat~exchange components. '

From the data plotted in Fig. 3 for the heat exchange of plates immersed vertically in the fluidized bed
(each point is the result of averaging five experiments) it can be seen that the combined heat-transfer coef~
ficient increases with increase of temperature of the bed and surface and also with increase of the surface
degree of blackness. The quantity cee in a bed of fine particles increases linearly with heating up of the
plates and more rapidly the higher the bed temperature. This is due to the increase of the conductive heat-
exchange component, which is predominant here, because of the increase of thermal conductivity of the fluid-
izing medium. In a bed of coarse particles, the quantity o, on the contrary, decreases somewhat, as the in-
tensity of the convective heat-exchange component, which is predominant in this case, is reduced. For exam-
ple, if in the formula [9}

Nu = 0.009 Ar**pr® % (5)

conv

for the determining temperature we assume t = 0.5(tg 1, + tg), then the value of qgqyy decreases by almost
15% with heating up of the body from 100 to 1000°C in a bed with tf] = 1200°C.

The difference between the combined heat-transfer coefficient and the value of ace defines the contribu~
tion to the heat exchange of the radiant component. With tf].p = 50°C the heat-transfer coefficients obtained
with the black and white ¢ calorimeters are almost no different from one another. This clearly shows that
the intensity of radiation in this case is very low and the combined heat-transfer coefficients are almost equal
to cee- In a high~-temperature fluidized bed, the contribution of the radiant component to the heat exchange be~
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Crad ‘ "/ Fig. 4. Dependence of radiant heat-exchange
400 5 77| component ciyad, W/m?-deg K, on the sur-
//¢/ face temperature tg, °C (¢g = 0.8),d = 0.5
300 . / Y mm, w = 1 m/sec; 1, 2, 5) tf1p = 1200°C;
4 A s | 3,4 tf.p = 800°C; 1) calculation without
200 7 taking account of cooling of particles near
%/ , / the heat-exchange surface; 2, 3) by the
00 > f method of black and white ¢ calorimeters;
G Z # 4, 5) by the radiometer method; 6) by the
2 e o w0 % empirical formula (7).

comes significant and even predominant in a bed of coarse particles. The main reason for the increase of the
contribution of opgq to the heat exchange with increase of particle diameter is the reduction of the conduc-
tive~convective component, while the quantity apad remains almost identical even in a bed of Alundum
spheres of d = 5-7 mm, and in a bed of fine corundum particles of d = 0.5 mm. The authors of [10] also did
not detect the effect of the particle diameter (chamotte with d = 0.35~1.25 mm) on the radiant heat-transfer
coefficient for tgp = 850°C. It follows from this that, on the average, the supercooling of the surface of the
particles visible from the side of the sensor is almost identical in a bed of fine and coarse particles, despite
the fact that the combined heat-transfer coefficient in the bed of coarse particles is significantly lower. Obvi-
ously, here, just as in the bed of very fine (d = 0.043-0.32 mm) particles [11], with increase of d the average

. time of contact between the particles and the surface of the sensor increases. The whole of a coarse particle
cannot be cooled, but only the parts of it close to the cooled surface. With large thermal fluxes, the tempera~
ture gradient in a coarse particle will be very considerable.

By the equation
o = O . T'fi.b_Ts4 ,
md 1,1 Thyh (6)
eapp &g

using the experimental data for eapp, the heat~transfer coefficients by radiation (Fig. 4, curves 2-5) to a sur-
face (€5 = 0,8) immersed in a bed of corundum (d = 0.5 mm) have been calculated. The absolute error in de=-
termining the quantity apad does not exceed 24 W/m?- deg K. Curve 1 has been plotted without taking account
of cooling of the particles near the heat-exchange surface, i.e., when the quantity eapp is equal to the degree
of blackness of the free surface of the fluidized bed. The effect of supercooling of the particles near the heat-
exchange surface has a significant effect on the quantity arad in the case of a temperature drop between the
bed and the surface of more than 200~300°C, which agrees with the data of [12].

In a bed of magnesium oxide particles the levels of the coefficients ayaq are lower than in a bed of
corundum. This is completely natural, since the degree of blackness of magnesium oxide is less than for cor-
undum [4] and agrees with the conclusions of [6, 13, and 14] concerning the effect on the radiant heat exchange
of the degree of blackness of the bed material.

The dependence of the radiant heat-transfer coefficient on the temperature of the bed for a constant sur-
face temperature (Tg > 800°K) was found to be weak (curves 2, 3 and 4, 5), which is due to cooling of the par-
ticles near to the heat-exchange surface.

The special experiments showed that in a high~temperature fluidized bed, the dependence of the combined
heat~transfer coefficients on the angle of slope of the plate is almost the same as in the low-temperature
fluidized bed (a detailed analysis of the heat exchange of plates in a "cold" bed is given in [15, 16]). The radi-
ant component of the heat-transfer coefficient in this case (with fluidization velocities close to the heat-ex-
change optimum) varied very weakly (within limits of 10%). It should be noted only that the lowest values of
arad were observed with the horizontal positioning of the sensors above the heat-exchange surface, when the
contact time of the particles with the heat-exchange surface increased strongly. For practical calculations of
the heat-transfer coefficient by radiation to a surface immersed in a high-temperature fluidized bed of the
- materials investigated (g, = 0.3-0.6), the simple empirical formula
%y = 7,3GoemesTs3 . . )
can be used.

It should be noted that the cubic dependence of @ygd on the temperature is theoretically obtained from
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the Stefan—Boltzmann law for heat exchange by radiation between bodies having an almost identical tempera~-
ture:

M ctrag (Ty—To) = 40, T% (8)

But in this case the conclusion cannot be drawn from Eq. (7) that the temperatures of the surface and bed of
radiating particles are equal, since the experimentally measured radiant thermal flux when calculating ayrad

is not related to the temperature difference between radiating particles and the surface, as was done in Eq. (8),
but to the temperature difference between the core of the fluidized bed (this temperature, in contrast to the
temperature of the bed of radiating particles, is easily measured and usually is known for calculations) and

the heat-exchange surface,

It can be seen from Fig. 4 that the error in the calculation by the empirical formula (curve 6) for tg >
850°K does not exceed 10%. With small values of the surface temperature, in the majority of cases the role of
radiation in a fludized bed can be neglected.

NOTATION

g, integrated degree of blackness; t, temperature, °C; T, temperature, °K; «, heat-transfer coefficient,
W/m? - deg K; d, particle size, mm; w, fluidization velocity, m/sec; ¢, coefficient of radiation, W/m? - deg K
Nu, Nusselt criterion; Ar, Archimedes number; Pr, Prandtl number. Indices: bl, black sensor; w, white sen-
sor; s, heat-exchange surface; fl.b, fluidized bed; app, apparent; rad, radiant; cc, conductive —~convective;
conv, convective; m, material; sc, scaled; o, corresponds to a black body.
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