INVESTIGATING THE TRANSFER OF HEAT BETWEEN
A VIBRATION-FLUIDIZED BED OF DISPERSE
MATERIAL AND A BODY THAT IS BEING

COOLED WITHIN THIS MATERIAL

I. I. Kal'tman and A. I. Tamarin UDC 541. 182.3

We investigate the intensity of heat transfer between spherical « calorimeters and a vibra-
tion-fluidized bed. The experimental data are generalized in the form of criterial relation-
ships.

Certain technological processes in the metallurgical and machine-building industry [1-3] are best
accomplished in a fluidized bed. In a number of cases, e.g., in the hardening of component parts, the use
of a vibration method of fluidization offers a number of distinct advantages [4, 5]. To develop industrial
installation involving the use of a vibration-fluidized bed, we must know the fundamental quantitative rela-
tionships governing the transfer of heat between this medium and the material immersed in it. The litera-
ture has given inadequate attention to this problem. There are a few data for a narrow range of variations
in the vibration parameters, derived for a low temperature of the heat-exchange surface (below 300°C) [6-13,
26]. It is the purpose of this investigation to determine some of the quantitative relationships governing the
transfer of heat in cooling of hot objects (850°C) in a vibration-fluidized bed.

A cylindrical vessel 140 mm in diameter and 300 mm in height was attached to the platform of the
vibrator, and the walls of the vessel were cooled with water. The tests were carried out with a variety of
disperse materials, whose characteristics are given in Table 1.

The material was poured into the vessel to a height of 70-80 mm in each of the experiments; electro-
mechanical vibrators were used in the tests: a cam-driven vibrator and one based on the time-delay (un-
balance) principle, The platforms of the two vibrators, for all intents and purposes, executed vertical
oscillations. The frequency control for the cam-driven vibrator was achieved by changing the drive pulleys,
and the amplitudes were regulated by altering the eccentricity. The parameters of the time-delay vibrator
were regulated by turning the unbalances and altering the supply voltage for the dc electric motor. A tacho-
meter accurate to 3% was used to measure the vibration frequency. The vibrator stands were designed so
as to produce the following maximum vibration parameters; amplitudes of 8 and 12 mm for frequencies of
19 and 16.8 Hz, respectively, on the cam-driven vibrator, and amplitudes of 6.4 and 3 mm at frequencies
of 16.8, 32, and 36 Hz respectively, for the time-delay vibrator.

During the experiments we measured the heat-transfer coefficient by means of a heat probe (an o
calorimeter), which was made of a copper or a nickel sphere into whose center a Chromel-—-Alumel thermo-
couple had been imbedded. The heat probe, first heated in an electric furnace to a temperature of 850-900°C
is rapidly immersed into the vibrating bed along the axis of the vessel and it is fixed at the midpoint of the
charge height. The temperature of the vibrating bed during the experiment did not go above 40°C. During
the cooling of the heat probe, an automatic potentiometer recorder (class 0.5, time of scale coverage 1 sec)
to mark the temperature difference between the bed and the probe (), measured by the differential thermo-
couple. The heat-transfer coefficient is determined by a regular-regime method on the basis of the heat-
probe cooling rate [16] in the vibration-fluidized bed, i.e.,
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where m = Iné,/6,, 1/7 is the cooling rate, and ¥ is a coefficent by means of which we take into considera-
tion the magnitude of the temperature gradient through the cross section of the « calorimeter.

As they were being processed, the 6 () curves in the range from 850 to 106°C were divided into seg-
ments of 50°C, within whose limit the magnitude of « could be regarded as virtually constant. The result-
ing value of o was referred to the average surface temperature for each theoretical segment. Such a pro-
cedure made it possible graphically to plot the function «(f) for the entire cooling period. From three to
five thermograms of 0(1) were taken for each material in a given vibration regime.

To increase experimental accuracy, the graph paper of the electronic potentiometer was made to move
at a speed such that the maximum time-measurement error did not exceed 3-4%.

The measurement accuracy is primarily affected by the error in the determination of the cooling rate
that is dependent on the absolute error in the recording of the temperatures.

To reduce the absolute error in the temperature measurement, the potentiometer was graduated from
17 to 37 mV. To record temperatures up to 480°C, an additional emf was introduced into the measuring
circuit from a stable-voltage source. The maximum relative error in the determination of the heat-transfer
coefficient was thus no more than £14%.

One of the basic factors governing the intensity of heat transfer in the medium under consideration is
the hydrodynamic regime of that medium. The kinetic energy transmitted to the bed by the vibration of the
vessel is transformed into the kinetic energy of the moving particles. Similar to the fluidized bed, stable
low-frequency large-scale circulation loops for groups of particles are seen in the system, and simulta-
neously we find high-frequency small-scale loops. A statistical steady-stage [25] field of particle velocities
and their groups is set up in the bed. This field can be described, to a first approximation, by the mean
square mass velocity u and the average scale (dimension) { of the circulation loops. Proceeding from these
concepts, within brief time intervals continuous replacement of the particle groups takes place at the sur-
face immersed 'in the bed. The average contact time for the particle group is proportional to the circula-
tion time

1 T
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This relationship will be valid if the surface dimension is greater than the average dimension of the
particle circulation loop within the bed. In this case, the time of contact between the particle group and the
wall will be independent of the geometric dimensions of the immersed body.

The transfer of heat from the surface to the vibration-fluidized bed can thus be treated as a process of
heating coutinuously changing groups of particles. The removal of heat by the gas leaving the bed, because
of its low heat capacity, is negligibly small. The radiative heat exchange, according to our estimates, is
also slight and it can be neglected. Convection (filtration) heat transfer for small Re numbers (rather small
particles), when the streamlining is primarily without separation, on the basis of the estimates from {17,
21], was also not considered. The particle group together with the gas that it contains, as afirst approxima-~
tion, will be treated as a packet in which the transfer of heat is achieved as a consequence of an effective
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Fig. 2. Heat-transfer coefficient o (W/m?-deg) of
a vibration-fluidized bed of corundum for dgy=45.9
pum (with a surface) as a function of the excess tem-
perature ¢ (°C):a) n =16.8 Hz, A = 6 mm; b) n = 16.8
Hz, A =1.5 mm; 1) cam~driven vibrator; 2) time~delay
vibrator.

thermal conductivity 7‘p which is a function of porosity, as well as of the thermal conductivities of the gase-
ous and solid phases. Assuming that the packet is heated in a manner analogous with the heating of a semi-
infinite body, we find that the intensity of heat transfer from the wall to the packet can be defined [15] in the
following manner:
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Analogous concepts were used earlier [18, 19, 21] for the fluidized bed.

Using the familiar notation, we can write Eq. (1) in the form of the criterial relationship

Nuy/Fo — —2 . 2)
PR

It follows from (2) that the heat-transfer intensity in the investigated medium varies in inverse pro-
portion to the square root of the dimensionless time of contact between the packet and the wall, which is a
function of the ratio //u. To eliminate the effect of the circulation-loop dimension on heat transfer, we
must make the diameter of the ¢ calorimeter greater than [. In this connection, we performed tests with
five ¢ calorimeters of various diameters in vibration fluidized corundum with an average particle dimen-
sion of 68.4 um for n = 16.8 Hz and A =4 mm. The results of these tests are given in Table 2. The values
of o correspond to the range of temperatures for the probe surface from 650 to 700°C. The table gives
the arithmetic mean values from the data of three measurements.

It follows from the table that a change in probe diameter by a factor of 2.4 has virtually no effect on
the heat-transfer intensity. This obviously indicates that the probe dimensions were greater than the aver-
age scale of the circulation loop. In subsequent experiments we used a probe with a diameter of 20 mm.

The main series of tests were carried out over a wide range of frequencies and amplitudes on corun-
dum powders with an average grain diameter of 45.9 ym.

The results of this series of experiments are given in Fig. 1. We can see from the curve in Fig. la
that over the entire investigated range of vibration parameters, for specific frequencies, we note bends in
the curves for « =f(). Here, the greater the amplitude, the lower the frequencies at which the curve
bends. The presence of a maximum in the intensity of the transfer of heat between the surface and the vi-
bration~fluidized bed was also noted by other researchers [6, 7, 11]. As we can see from the cited data,

the coefficient of heat transfer is a nonmonotonic function of the amplitude and frequency. The extremum
condition for this function is
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TABLE 1. Characteristics of the Test Materials

Limits of vibration
. Js O invibration
Material dgyr pm | part3 & | parameters Particle shape
kg/m A, mm ‘ n, Hz
Corundum 287,9 4000 | 0,537| 4; 8 16 Irregular,
. 1958 | 4000 |0,57 | 4 16,8 | o ansled
) , e s
" 1027 | 4000 {0,585 6,8 | 16 The same
" 68,4 4000 | 0,562 212 13—24 "
" 45,9 4000 {0,562 1,5—8 13—36 "
" 14,2 4000 | 0,622 4. 6 16 "
" 10 4000 10,71 |. 4; 6 16 "
" 7 4000 | 0,77 4; 6 16 "
Sand 470,8 2500 | 0,428: 6 16; 16,8 Acute-angled
" 282 2500 » 2—6 16—28 "
" 201 2500 10,43 3—-6 | 16—36 "
" 82,4 2500 10,4561 4—8 16; 16,8 "
Carborundum 79,1 3200 10,569 6—8 16 Irregular,
acute~angled
Copper 26,2. 8930 | 0,814| 4; 6 16 The same
Iron 79,8 7880 | 0,658| 4 16,8 "
Magnesite 159,9 3100 10,8134 4 16,8 Acute~angled
Chamotte clay 41,8 92650 | 0,615 4 16,8 "
Cast iron shot ™ 1000 7850 | 0,445 4; 6 16,8 Circular
Nickel 400 8900 0,57 | 4 24 "
0 (A, n) _ Oandaa(A, ny _ 0,
on 0A

whence A = [, (n).

To determine the form of this function, we processed the experimental data for corundum (45.9 um)
in A, n coordinates for the points corresponding to Omaxe The experimental points are shown in Fig. 1b
in a logarithmic coordinate system. The experimental data fall satisfactorily on the straight line described
by the following function:

A=0.4n"18
This equation can be written in the form
Awl6 =7.6 or K=0.780"04

The resulting relationship defines the conditions for the onset of maximum intensity in the transfer of
heat between the vibration-fluidized bed and the surface. Under the conditions of our experiments, the w45
value was reached as soon as K = 4.7 (greater values of K correspond to greater frequencies).

The presence of a virtually constant value for the maximum heat-transfer coefficient evidently sug-
gests that the effective time 74 for the contact between the particle groups (packets) and the heat-exchange
surface within the investigated range of vibration parameters is a constant quantity. We can assume that
the value of the average mass flow rate for the particles remains constant in this case, i.e., with K > 0.78
. o4, inaddition to the increase in the linear velocity, there is a simultaneous increase in the porosity of the
bed.

For a number of technological processes, in which it is important to achieve the greatest heat-transfer
coefficient (for example, in the case of hardening), it is advisable to use a regime whose vibration param-
eters are governed by conditions (3) and (4).

Since two types of vibrators were being used in the experiments, it was a matter of some interest to
compare the experimental data derived under identical conditions, but with different vibrators. These data
are presented in Fig. 2 in the form of a graph for the function « = £,(6). It follows from the graph that the
type of vibrator had no effect on the intensity of heat transfer.

Moreover, it can be concluded that the coefficient of the transfer changes only slightly with a variation
in temperature. Thus, in studying the materials listed in Table 1 we found that as the probe was cooled from
850 to 100°C the heat-transfer intensity diminished basically by no more than 20-45%.

From the standpoint of hardening, the greatest interest is the temperature range from 530 to 730°C
[20]— the so-called interval of minimum austenite stability, in which the greatest cooling rate is required.
In this connection, further generalization was undertaken for this temperature interval of the cooled surface,
and for the experimental values of the heat-transfer coefficient we took the average for this interval.

430



Nu 3 B K

5 §=la

3 T <EE :
21—/ < d
o c—2 a—§ \\\ a

1 8—3 v—7 ~J
71 +—~4 s—§ r‘n‘%_._l_._
S a—5 x—g ~8
20 ==, N I
IS S IR

0 ] 1LY oN et 2 N

G o—f +—5 i %{%m

O e—2z s—7 I

4: x—7 8—8 T4 e bi—
J v—4 9—9 T

Z[e~5 =0 [ | [

2 34 6010 234 6610° 2 34 66107 234858/m° 2 34 F0F

Fig. 3. Correlation of experimental data on heat trans-
fer with respect to the surface: a) in the vibration~flui-
dized bed: 1) corundum; 2) sand; 3) cast iron shot; 4)
corborundum; 5) copper; 6) iron; 7) magnesite; 8) chamotte
clay; 9) nickel; b) in a tightly packed moving bed {22-24]
(Nu- 10 along the axis of ordinates): 1) glass beads d

= 375 pm in an atmosphere of air [23]; 2) the same, ina
Freon atmosphere [23]; 3) glass beads d,y, = 145 ym in an
air atmosphere [23]; 4) the same, in a Freon atmosphere
[23}; sand dgy = 150 ym in an air atmosphere [22]; 5) the
same, dyy, = 400 pym [22]; 7) the same, day = 600 um [22];
8) slag beads d,, = 780 pym in an air atmosphere [24]; 9)
the same, d,, = um [24]; 10) the same, dy, = 2200 um [24].

TABLE 2. Heat-Transfer Coefficient as a Func- We generalized all of the experimental data de-
tion of Heat- Probe Diameter rived in the optimum vibration regime (i.e., when the
Diameter, § s t » , s ; " . heat-transfer int‘ensity approa}ches or has actually
mm L [ i ' reached the maximum value) in the form of the func-
7 1 . ! tion Nu = ¢ (Fo).
w/m®. deg 1039 | 1039 ’ 940 1 1042 1150 o o
% | , The coefficients of thermal conductivity and

thermal diffusivity for the packet in the values of
Nu = agxpday/Ap and Fo = apTexp/dby Were de-
termined from the tormulas

. Ap

a

P Cpart Ppart (1 —&) + Cghg €

and [21]
a1 )
Ap=he) 14— : e
28 | 0.289:63 (% part/Ag)
7"part

In these equations the determining temperature was assumed to be equal to the mean integral temperature
of the packet, which was calculated as in the case of a semi~bounded body [15] under boundary conditions of
the first kind, on the basis of the formula

X

g erf (x) dx.

0

1
X

6"‘.—-“

When x = 1/2vVFo — 2 we have $ ~ 0.72.

As was noted, above, in an optimum vibration regime the contact time 7g¢p is a constant quantity. It
was calculated on the basis of (1), which according to [27] is valid for large values of the Fo number:

4hpcpppart(l —e)

2
a
Wexp

Teff—

(5)
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The calculations performed for particles with an average diameter of dgy < 100 um under the condi-
tion that the quantity ¢ is equal to the porosity of the bed in the free-flowing state demonstrated that the
mean effective frequency fexp =1/7eff is approximately equal to 3 Hz.

The experimental data for all of the test materials are shown in Fig. 3a. it follows from the curve
that for values of Fo* > 5 the experimental data are rather well described by (2) for the system being stud~
ied. The maximum scattering in the experimental points is less than 50%. This confirms the validity of
the original hypotheses with regard to the mechanism of heat transfer for the given region of Fo* values.

For the region Fo* < 5 the quantity Nu depends only slightly on Fo* (approximately 0.05).

For purposes of comparison, Fig. 3b shows the experimental data derived by certain authors [22-24]
in measuring the coefficient of heat transfer between a moving sensor and a tightly packed bed of particles
(or, conversely, for a moving bed and a fixed sensor), i.e.,” when the frequency of particle replacement of
the surface is known. As we can see from the graph, the transfer of heat in the tightly packed bed when
Fo > 1 is described quite satisfactorily by the same equation (2). The maximum scattering in this case
does not exceed 60%. When Fo < 1, the curves in Fig. 3a and b ave virtually equidistant.

The difference between the magnitude of Nu and the values of Fo and Fo* at the bends in the Nu(Fo)
curves for tightly packed and vibration-fluidized beds is explained by the fact that the thermophysical charac-
teristics of the packet were included in Eq. (5) for the calculation of 74¢, and the packet exhibited the poro-
sity of a free-flowing material. Observations show that the porosity of the vibration-fluidized bed in the
experiment (for o, .. ) was greater by 20~30%. than that of the free-flowing material. If we convert the
values of Nu and Fo* for the vibration-fluidized bed, with consideration of the thermophysical charac-
teristics, in the case of a porosity elevated by 20-30% (in comparison with a free-flowing material), the
graphs of the Nu(Fo) functions in Fig. 3a and b virtually coincide. This indicates that the heat-transfer
mechanism in a moving tightly packed and vibration-fluidized bed is identical. For small Fo numbers,
when the function Nu(Fo) is weak, the basic thermal resistance is concentrated near the first row of parti-
cles and the transfer of heat is determined by the nature of the transport at the boundary between the packet
and the surface.

Taking the porosity of the free-flowing material as the characteristic quantity for a vibration-fluidized
bed, we can write the equations which approximate the experimental data:

for 800 > Fo* > 5
Nu = 1.13 (Fo*)—05, 6)

for 5 > Fo* > 0.07
Nu = 0.557 (Fo*)—0-064 7)

These relationships may be used to calculate the maximum coefficient of heat transfer between a vi-
bration-fluidized bed and the surface immersed within that bed. 1t follows from these relationships that the
intensity of heat transfer is governed primarily by the thermophysical characteristics of the bed (of the ma-
terial charge) and the particle dimensions. The relationship between o and the particle dimensions is com-
plex. Initially, as the Fourier number increases (a reduction in particle dimensions) the heat-transfer
coefficient increases (Eq. (7)). This relationship gradually weakens, and when Fo = 5 a change in particle
dimension has no effect on the heat-transfer coefficient (Eq. (6)).

A reduction in particle diameter below approximately 80 um (Fo = 5) is thus not advisable, since it
does not result in an intensification of heat transfer.

NOTATION
o is the heat-transfer coefficient;
a and A are the coefficients of thermal diffusivity and thermal conductivity;
c is the specific heat capacity;
Aandn are the amplitude and frequency of vessel vibration;
w is the angular velocity;
K= Awl/g is the relative acceleration, where g is the acceleration of free fall;
q is the heat flow;
£ is the porosity;
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day is the average particle diameter;

V and S are the volume and area of the surface;
t is the temperature;

At and 6 are the temperature differences;

o is the relative error;

&= (tx, r — ty)/ (th— tw) is the relative temperature;

ty, 7 is the instantaneous temperature value;
ty is the wall temperature;
t, is the initial temperature or the temperature of the bed core;
Nu, Fo, and Re are the similarity criteria;
Fo* is the Fourier number in the optimum vibration regime (for a constant contact
time);
1 is the average dimension of the particle circulation loop;
[ is the mean square mass flow rate;
Teff and fopp are the effective time and frequency of packet replacement.
Subscripts
P denotes the packet;
g denotes the gas;
part denotes the particle;
h denotes the heat probe;
exp denotes the experiment;
eff denotes effective;
av denotes average.
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