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A description i3 given of the method and the experimental results of
a study of heat transfer between fixed cylinders of various diameters
and a cylinder of diameter 10 mm moving in a fluidized bed.

Heat transfer between a fluidized bed and a fixed
plane surface or cylinders of large diameter has been
studied in sufficient detail [1~3]. The indications are
that the heat transfer rate depends on the cylinder ra-
dius [4, 5], although there is not enough experimental
matierial confirming this.

In connection with work we performed for hardware
factories on heat treatment of wire in a fluidized bed,
experimental verification was required of the influence
of cylinder (wire) radius on heat transfer,

A parallel investigation was conducted of heat
transfer transverse to a cylinder moving in a fluid-
ized bed, the work being connected with a study of
conditions of heat treatment of parts in a stream. In
a series of papers [6—8] devoted to investigation of
heat transfer under conditions of relative motion of
a bed of fine-grained material and a heating surface,
an examination was made either of heat transfer to
the cylinder, but in a continuous moving stream [6],
or of heat transfer in a fluidized bed, but of a plane
surface [7,8]. The results indicate that it is quite
difficult to evaluate heat transfer in a fluidized bed
with motion of poorly streamlined bodies (cylinders)
along the perimeter of which there must be variation
of bed particle concentration and variation of heat
transfer coefficient [6]. ‘

Experimental equipment; This was a plexiglas tube
of diameter 200 mm and height 800 mm (Fig.1). The
base of the tube was a steel gas distributor (clear
cross section 0,55%) with apertures of diameter 0.5
mm, over which was fastened a metal mesh with ap~
ertures of 40 p. Mounted in bearings along the tube
axis was a hollow shaft 16/12 mm diam. with a calor-
imeter fastened to it—a vertical copper cylinder with
a nichrome heater inside (the investigations were car-
ried out under steady conditions), and a thermocouple
welded to the wall. We used KhA grade KTMS-2 mirco-
thermocouples [9], wrapped in steel sheathing 1 mm
in diameter, made by the Cable Industry Scientific
Research Institute. The calorimeter was insulated
at the ends by textolite plugs penetrating 6 mm into
it. The leads were taken out through the hollow shaft
to a contact unit-—copper rings with throw-off flexible
copper connectors sliding on them, The connections
of the thermoelectric wires were led off with an inter-
mediate copper collector and taken away side by side
so that their temperatures would be the same, A check

showed that there was no intermediate thermo-emf,
nor was there any parasitic frictional emf during op-
eration of the contact unit, this being verified while
the shaft was rotating by means of a potentiometer
connected to a stabilized voltage source through the
collector. Measurement of the thermo-emf was made
with a PP-1 potentiometer to which was fed directly
the difference in emf of the thermocouples located in
the calorimeter wall and in the fluidized bed. End
losses were not taken into account in reducing the

Fig. 1. Experimental equipment: 1) plexiglas tube;

2) air distributor; 3) calorimeter; 4) hollow shaft; 5)

fluidized bed; 6) calorimeter supply transformer; 7)

contact unit; 8) revolution counter; 9) system of pul-

leys; 10) electric motors; 11) PP-1 potentiometer;

12) fluidized bed thermocouple; 13) measuring dia-
phragm.

experimental data, The temperature drop between
the wall and the fluidized bed was checked for two
points on the calorimeter wall—at a distance of 3 mm
from the end and in the center. The deviation of the
measured differences did not exceed 3%. We therefore
used only one thermocouple in the working tests, its
junction being 65 mm fron the end of the calorimeter.
Under these conditions heat removal along the sheath
and the thermo-electrodes did not come into play [10].
It was established by preliminary investigations
that in transversely moving cylindrical copper calori-
meters of diameter up to 10 mm with wall thickness
of 1.5 mm, the thermocouple junction could be located
at any point of the perimeter. Thermocouples mounted
on the front, side and rear of cylinders of diameters
6/3 and 10/7 mm gave completely identical tempera-
tures even at high relative velocities (3.5 m/sec) of



28

the bed and the cylinder, i.e., the mean heat transfer
coefficient around the cylinder may be computed from
the reading of any of the thermocouples. A similar
check for a copper calorimeter 19.8/14 mm diam. had
already given a noticeable difference in the thermo-
couple readings, i.e., there was a clearly detectable
temperature gradient around the cylinder under this
condition of motion, and therefore there was also a
variation of heat transfer coefficient.

The shaft was driven by two dc electric motors
through a system of pulleys. The rate of rotation of
the motors was tontrolled by varying the voltage sup-
plied to them.

A single (fixed) calorimeter could be let down into
the bed through a hole in the top. ‘

The bed material was white electrical corundum
(Soviet standard GOST 3647-59) with particle size 60,
120, and 320 u, charged to a height of 360 mm above
the distributor.

The working tests were made with fixed vertical
copper cylinders of diameter 3, 6, 10, and 19.8 mm,
fixed vertical porcelain cylinders of diameter 19,7
mm, and a vertical copper cylinder of diameter 10
mm, moving at an angle of 90° to its axis. The height
of each cylinder was 130 mm; their axes were located
at a distance of 70 mm from the center of the equip-
ment, the lower end being 100 mm from the distributor.

Tests were also conducted with a massive vertical
copper calorimeter of rectangular section, thickness
10 mm, and size of plane edges 45 x 100 mm, With
its aid the heat transfer on a fixed plane surface in
the fluidized bed was evaluated.

Experimental results. Tests were made to evaluate
the dependence of heat transfer coefficient o on fluid-
ization velocity w for fixed vertical cylinders of var-
ious diameters. As may be seen from Fig. 2, the heat
transfer increases noticeably with decrease of diam-
eter, for cylinders of diameter less than 10 mm. This
is confirmed by Antonishin, who conducted an inter-
esting theoretical investigation [4] to explain the de-
pendence of ¢ on the radius of curvature of the heat
transfer surface. It is also clear from the work of
Varygin [5], who experimented with wire of diameter
0.2 mm.

The heat transfer coefficients for cylinders of di-
ameter greater than 10 mm practically coincide with
those for a plane surface (of a "massive" body [5]).

Figure 2 also shows values of the maximum heat
transfer coefficient amgx for a "massive™ body (case
of a plane surface), calculated from the formulas of
Zabrodskii [1], Varygin and Martyushin [3], Khar-
chenko and Makhorin [2], and of Todes et al. [11]. It
is seen that the most accurate for the conditions of
our experiment are calculations based on the formulas
of [1] and {3}, although they also give a considerable
deviation from the test data.

Figure 2 does not show a clear maximum of the
heat transfer coefficient [1,2]: after reaching a least
value at a fluidization velocity wgy, the so-called op-
timum, « is constant right up to the appearance of a
considerable entrainment.
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The conclusion may be drawn that the gas velocity
wg does not depend on calorimeter diameter, but is
determined only by the properties of the fluidized bed.

Figure 2 shows the optimum fluidization velocities
wg, calculated from the formulas of {11, 3, 2]. They
prove to be considerably above the experimental value
of wy, due, apparently, to the absence of a sharply
pronounced maximum in the curve ¢ = f(w).

There is evidently an increase in heat transfer coef-
ficient with decrease of particle size.

It is also observed that the heat transfer coefficient
of the porcelain cylinder of diameter 19.7 mm turns
out to be 10-12% less than that for the better conduct-
ing copper cylinder of the same diameter. This is
connected, apparently with the quasi-stationary mech-
anism of heat transfer in the fluidized bed [12].

During the experiment we also found the dependence
of « on the velocity of the cylinder.w, (0—3 m/sec) at
various fluidization velocities w, starting from criti-
cal (wey) corresponding to the limit of stability of the
bed (Fig.3). We observe a clear dependence of @ both
on the fluidization velocity and on the velocity of the
cylinder.

The maximum values of o are reached at minimum
fluidization velocities. This is in good agreement with
the two-phase theory of the fluidized bed, confirming
that there is weak heat transfer from the gas phase
by bubbles, in whose mediuim the calorimeter remains
longer as the gas velocity w increases.

At large w, a drops at the beginning (the cylinder
is moving slowly, wg = 0-0.7 m/sec). This allows us
to postulaté that in the motion of the cylinder, a zone
of reduced particle concentration is formed on its
rear side, while ahead of it there is a dense layer of
particles which have not been separated from the cyl-
inder. The zones lower the local « at these points and
thereby decrease the mean heat transfer coefficient
calculated over the whole surface; on the sides of the
cylinder, at small w., replacement of heated particles
by cold ones occurs only a little more intensely than
replacement due to fluidization. Therefore, when the
heat transfer coefficient for the stationary cylinder is
large (large w values and strong mixing of the bed),
it falls, in motion of the cylinder at small velocities,
until the degree of increase of o on the sides of the ,
cylinder does not predominate over the degree of re-
duction of « at the front and rear. This postulate is
based on the investigations [6] of heat transfer on a
cylinder washed by a transverse dense moving stream
of quartz sand. The qualitative picture of heat transfer
with w = wey (there is no mixing by fluidization) is
evidently similar to that described in [6].

At velocities we greater than 0.8 m/sec (even at
large w), and in all cases of small w, o steadily in-
creases with increase of velocity of the eylinder up
to a certain value which is always greater than the in-
itial value (with w¢ = 0).

When a definite cylinder velocity is reached (2—3
m/sec) it ceases to have an influence on heat transfer,
in the range in which the tests were made. Some con-
stant small value of the heat transfer coefficient is
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Fig. 2. Dependence of heat transfer coefficient «
{W/m? - degree) on the fluidization velocity w {(m/sec)
for a plane surface (e) and for fixed cylinders of di-
ameter 3 (a), 6 (b), 10 (¢), and 19.8 {d) mm for 60u
corundum (upper curves) and 320y (lower). The points
1, 3, 2, and 11 denote values of « calculated respec-
tively from formulas taken from {1, 3,2, 11], and the
corresponding optimum fluidization velocities, cal-
culated from the same sources; wy—experimental val-
ue of the optimum velocity.

[ ¢
l "y
"

g-—nnn oo -—nu-"“%"‘-.m—g);_

e

400 r 4 _ 0”'__,_0.'-5' --—v—_ —
Axyy fug? e s Ko e o A T
W&'ﬁ | palriat R
200 d—/1 v—4
{g B—2 x—5
o °~—3

600

%00
g

e rtt 4o
ﬁv-
©= O

]
as

1o

2

g

25w,

Fig. 3. Dependence of heat transfer coefficient
o (W/m?- degree) on the velocity we (m/sec) of
a cylinder of diameter 10 mm in a bed of 60u(a),
320 (b), and 120u {c) corundum at a fluidization
velocity w (m/sec): 1—0.00285; 2—0.1705; 3—
0.1826; 4—0,229; 5—0.37; 6—0,419; 7T—90.0578;
8~0,1005; 9—0. 319,
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reached. This is connected with the attainment of a
limiting time of contact of the particles with the sur-
face, i.e., with the onset of a time when the particles
cannot become noticeably heated during contact, and
the intensity of heat transfer is limited only by the
thermal resistance between the surface [7, 8, 13} and
the particles adjacent to it.

Generalizing the results of the experiments con-
ducted, the conclusion may be drawn that however in~
tense the heat transfer on a motionless surface in a
fluidized bed, it may still increase when the motion
of the particles relative to the heat transfer surface
is intensified and their dwell time in the gas phase
is reduced.

This conclusion contradicts the statement of Ernst
that "in fluidized beds at sufficient gas velocity, there
is an optimum value of the heat transfer coefficient
which cannot be exceeded by any intensification of the
motion of the solid particles™ [7].
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