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Results are given of an experimental investigation of the thermal re-
laxation time of particles in a fluidized bed. Values of the coeffi-
ciem of heat transfer from particles 1o gas are determined.

The thermal relaxation time for particles in a fluid-
ized bed has been determined experimentally by direct
measurement of the temperature of the particles from
the moment of immersion in the bed. The temperature
difference between the bed and the particle under in-
vestigation was measured with the aid of a differential
copper/constantan thermocouple (wire diameter 0, 2
mm), whose junction was embedded in granules of the
test material. To reduce the conduction of heat to the
granule along the thermocouple leads, the latter were
sheathed with fiberglass over a length of 200 mm from
the junction. One of the junctions was located in the
fluidized bed, which was heated until steady conditions
were established; the other junction was quickly intro-
duced into the bed along with the granule, The thermo-
couple readings were fed into an oscillograph and re-
corded on photographic paper. The variation of tem-
perature difference as a function of the residence time
of the granule in the bed was simultaneously observed
on the oscillograph screen, and the relaxation time
was registered with a two-needle timer., For conven-
ience of calculation, before beginning the experiment
the "spots" of the two mirror galvanometers (working
and null galvanometers) were made to coincide (when
the thermocouple emf was zero).
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The experiments were conducted with a single silica-
gel fraction (particle size 3.3 mm) and three polysty-
rene copolymer fractions (1.73 mm, 2,45 mm, 4.5
mm) at various values of the initial temperature dif-
ference, Each measurement was repeated 35—-40 times.
The thermocouple leads undoubtedly influenced the mo-
tion of the granule with the junction, and hence its rate
of heat transfer to the medium. However, no signifi-
cant inhibition of the motion of the granule was ob-

served in the experiments. The results of the experi-
mental determination of the particle thermal relaxation
time are given in Tables 1 and 2.

Table 2
Thermal Relaxation fime
for Various Initial Tem-

perature Differences

Relaxation time, sec
Initial temp. |for MSN poly- |for MSN poly-
difference, °Cistrene copolymer|strene copolymer
(1. 73 mm) (2. 45 mm)
i
30 10.46 16.76
25 12.2 20.0
20 11.08 17.88
15 10.24 12.24
10 9.2 11.62

The variation of mean particle temperature may be
obtained by considering the particle as a sphere lo-
cated at time zero in a medium with constant tempera-
ture to. The solution of this problem has been given
in [1].
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Confining our attention to the first coefficients i
and B, and assigning values of ‘D, we may determine,
from the Fo number, the time 7 corresponding to a
given @, We substitute in the Bi number the value of
the heat transfer coefficient calculated from the equa-
tion obtained in [2]. The experimental and calculated
relations between temperature difference and time are
comparatively close (see figure).

The results of calculations of the relaxation time
from Eq. (1), with the temperature difference re-
duced to 10% of its initial value, and the results of
calculations from the approximate equation of Dow and
Jakob [3] with the same reduction in temperature dif-
ference are presented in Table 1. It can be seen from
the table that the experimental data agree better with

. the results of calculations based on Eq. (1).

From the data on the heating of a particle in the
fluidized bed we can calculate the coefficient of heat
transfer from particle to gas. We write the heat bal-
ance equation for the particle:
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Separating the variables and integrating both sides
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of the equation over the corresponding limits, we ob-
tain
i, . T
' CyYud at dx :
6a fe—t ’ &)

fo 0

From (3), after integration, we obtain an expres-
sion for the heat transfer coefficient:

Caud g Lty @
6,  f—1,

Values of heat transfer coefficient during the heat-
ing process were calculated from (4) at various times
in the range from 1 to 7 sec (Table 3). In all the ex-
periments lower values of o were observed in the ini-
tial heating period, after which the value of the heat
transfer coefficient remained practically constant.
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Variation of relative temperature difference with

time for MSN particles: 1,2,3) calculation based

on Eq. (1) withd = 4.5, 2,45, and 1,73 mm, re-

spectively; a,b,c) experiment at the same particle
diameters.

The lower values of the heat transfer coefficient
in the initial heating period are evidently due to the -
influence of heat transmission along the leads of the
thermocouple embedded in the granule, As shown in
[4], in the initial period, in the presence of conduct-
ing thermocouple leads, the rate of change of tem-
perature of the body (and hence the heat transfer co-
efficient) increases time. The duration of this initial
period, .which depends on the rate of heat transfer
between the thermocouple leads and the bed, has been
calculated from an equation obtained in [4]. For our:
experiments this time was 1, 89—-2, 14 sec. As may
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be seen from Table 3, a constant value of the heat
transfer coefficient was established 3—4 sec after the
beginning of heating. It is also possible that in the
initial period the slowing down of heating of the par-
ticle is caused by the thermal resistance of the cold
gas film adjacent to the particle, which endures for
some time after immersion in the bed.

Comparative calculations of the heat transfer co-
efficients were made on the basis of the equation ob-
tained in [5] and an expression for the "true" heat
transfer coefficient obtained by the authors of [2]. The
results of the calculations are given in Table 3. The
experimental values of the heat transfer coefficient
are of the same order as those calculated from the
equations.

The error in measurement of the heat transfer co-
efficient arising from transmission of heat along the
thermocouple leads was determined approximately by
the method described in [4]. The mean value of the
error was 22, 2%; the maximum value (for the small-
est particle diameter) was 40, 1%.

Experiments were also performed to determine the
time to heat moist particles of silica-gel 3.3 mm in
diameter to the temperature of the bed. In this case
the granule with the embedded junction of the differen-
tial thermocouple was premoistened. In these experi-
ments variation of the temperature difference was de-
termined not only by the oscillograph, but also by a
potentiometric recorder, five points of which were
connected to the differential thermocouple, while one
point showed the temperature of the bed.

The duration of the first period of drying of the
particle was 44. 15 sec; the duration of the second
period was 32. 48 sec. It is characteristic that the sec- .
ond period is considerably greater than the relaxation
time of a dry particle of silica-gel (Table 1).

The heat transfer coefficient for a moist particle
was determined as follows, Since the second period is
rather long, it may be assumed that the mean tem-
perature difference in this period is equal to the arith-
metic mean of the initial and final temperature dif-
ferences, i.e., Aty, = At/

The moisture content of the particle in the second
period is small, and so we may assume approximately
that the heat transfer coefficient in this period is equal
to the heat transfer coefficient for a dry particle. The
heat supplied to the particle in the second period is
expended in heating the particle and vaporizing the
moijsture. Taking into account the above assumptions,

_ Table 3

Values of Coefficient of Heat Transfer from Particles to Gas

g Heat transfer coefficient, W/m2 * deg. g
L . o 3
Material . 73, E,‘ after heating for, sec ‘mean’| according to E —3
£8 value{_________ }© >
& 5 . CHECREE
G0 1 | ulmfw]v]v|vn | R
Silica-gel, dry 3.3 |98.2 ‘ 103| l'OSJ 10.6| 111110 1081 108.1 298 | 480 12.6
Silica-gel, moist | 3.3 Average value in first period 169 | — — | 19.6
MSN copolymer 4.5 | 424 (500]4891504|511]514|500 503 | 345 510 80.1
MSN copolymier 2.45 | 210 1247 2352391253263 280 252 126 | 448 | 22.3
MSN copolymer 1.73 | 82.5 ] l73| 222 ‘ 263 ‘r 267 1257|262 262 | 67.4 | 386 16.3
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the amount of heat supplied to the particle in the sec- -
ond period may be written as

Q, = amn d? A,

. (5)

The heat going into heating the particle is

md?

Qeh=> ¢y Yy fte—1,). {6)
Then the heat expended in vaporizing the moisture in
the second period is

Que=Q— Q. (")

The mean moisture content of the particle was de-
termined from weighing data for the individual gran-
ule of silica-gel (dry and moist), Thus, when the
weight of the dry particle was determined, the total
amount of evaporated moisture was known. Then the
amount of heat going into vaporization of moisture in
the first period may be written as

‘ Q1= Qsh= Qv—“sz =
=G,y (2490 + 1.97 £, — 4.194,)- 10° — Quy. (8)

Hence the heat transfer coefficient for a moist par-
ticle is given by

o = Qund®(t,—1,) 1. 9)

The value of ¢ obtained is shown in Table 3. The
heat transfer coefficient fora moist particle is greater
than that for a dry particle by a factor of 1, 56,
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Thus the experimental results show that the relax-
ation time for large particles and the heating time for
moist particles in the fluidized bed are considerable.
Therefore in calculating heat transfer in the bed we
must take account of heat transfer between the parti-
cle and the gas,

'NOTATION

to) temperature of bed; ty and t) initial and variable temperature
of particle; tp) temperature of particle during time interval 7,; Aty
and Aty,) initial and mean temperature differences; ©) relative tem=
perature difference; d) particle diameter; cyy) heat capacity of parti-
cle material; y)p) density of particle; Q) heat transmitted to particle;
Gyy) amount of moisture contained in one particle; gy) roots of the
characteristic equation tg g = ~(Bi — 1)'1 I; Bp = 6Biz/}1n2 (}11-12 +
+ Bi% - Bi). Subscripts: 1 and 2) first and second drying periods; v)
vaporation; h) heating,
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