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A method is described for calculating heat transfer in a fluidized bed
on the basis of the calorimeter equation. Results are given of investi-
gations performed by a technique developed by the authors. A relation
is obtained for calculating the heat transfer between gas and particles.

A rigorous choice of dimensionless numbers based
on the equations of mathematical physics and precisely
formulated boundary conditions is not yet possible for
heat transfer in a fluidized bed. The usual method of
processing the data in the form of the parametric re-
lation Nu = f(Re) indicates acceptance of a physical
model of the heat-transfer process in which the main
thermal resistance is the boundary film of gas phase.
Obviously, this model of the heat-transfer process
does not correspond to the true situation, This disa-
greement is one cause of the large discrepancies ob-~
served when the test data of various authors are cor-
related.

There are two ways of viewing heat transfer be-
tween the gas and the particles. In the first case the
object of investigation is the heat transfer between a
single particle in the fluidized bed and the gas. In
this approach the heat-transfer coefficient @ (the true
value is usually designated) naturally serves as a
measure of heat transfer, while the validity of an ap-
proximate description of the process with the aid of
the relation Nu = f(Re) is indisputable. In the second
case object of investigation is the heat transfer be-
tween the solid phase as a whole and the gas. At-
tempts to describe this process, as usual, on the
basis of the heat-transfer equation

Q=aFAT )

lead to an apparent contradiction. The so-called "ef-
fective® heat-transfer coefficients prove to be two or
three orders below the true values [1]. Moreover, we
find that the effective values of @ depend on the height
of the static bed Hy, i.e., on the heat-transfer surface
[2], and this points directly to the inapplicability of

(1) to interphase heat transfer,

‘ Some authors [3, 4] apply (1) not to the whole bed,
but only to the active heat-transfer zone, since there
is practically no heat flux outside its limits, Then the
examination is restricted to regimes in which the en-
tire available temperature head AT, = ITé - Tyl is
expended in the bed, It should be noted that these re~
gimes are the most favorable for heat transfer only,
but are not optimum in general, For instance, increase
of gas velocity in the equipment may lead to loss of
part of the available head AT, [4, 5], but in return a
decrease of equipment diameter may be achieved.
Therefore the limitation of the region of investigation

so far accepted by the condition Tg = Ty should be
relaxed.

According to the data of Kazakova et al. [4], at
sufficiently high gas velocities w, the gas temperature
at the bed outlet T! differs considerably from the tem-
perature of the material Tyj. At the same time the ac-
tive heat-transfer zone is sharply defined. Thus, in
the upper, "passive" region of the bed, under the
above conditions, the temperature head AT! = |T# —

— T/l does not vary with height. This fact, at first
sight paradoxical, is due to an inflow of particles
from the active zone into the upper part of the bed,
in which dynamic thermal equilibrium is established.

It is clear from what has been said that determina~
tion of the heat-transfer coefficients from the surface
area of the particles in the active zone and the corre-
sponding mean integral temperature head is essen-
tially a means of reconciling the values of o found
from experiment with the true values. In this sense it
is not at all obligatory to calculate @ exactly from the
active area Fgpt, determined by some condition or
other; it may be affirmed a priori that the test values
of o will be the closer to the true values, the smaller
the part of the surface area of the particles in the bed
(reckoning from the gas distributor) used in the calcu-
lation, Yet, even in the case in which it has been pos-
sible to determine the true heat-transfer coefficients
with sufficient certainty, it will be impossible to cal-
culate the heat transfer, since it is possible to deter-
mine the mean temperature head and the surface area
only by experiment. Thus, the kinetic calculation of
interphase heat transfer in a fluidized bed cannot be
based on Eq. (1).

As a basic design equation it is expedient to take
the calorimeter equation

Q= Wy (T, —T), @)
transformed to the form

Q=W AT, (2a)

where the dimensionless temperature function
b= 8 TyATy = (Ty—T)T; —T.).

In the limiting case when the entire available tempera-
ture head is utilized in the bed, GTg = ATy, and y =1,
The possibility of determining the dependence of
the quantity ¢ on the conditions governing the course
of the process is determined from the balance equa-

tion

Wg 1P (Té - TM) = WM (TVI _'T;‘)v (2b)
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from which it follows that

m:r;/( 1x ey,

W, ")

or, expressed in excess temperatures,

-9 L We
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In a given regime of operation of the equipment, the
temperature of the material 43 = |T, — Tyl takes on
a quite definite value, but then, according to (3), ¢ is
also determined, It is evident that ¥ does not depend
on the temperature, and in this sense is an important
characteristic of the temperature field in the fluidized
bed.

It may be expected that under unsteady heating (or
cooling) of the bed, the quantity ¢ will not depend on
time. In fact, the solution of the heat-balance equation
found by us for unsteady heat transfer in the bed

T!&'I:T,_L Wg
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has the form
P = const,
_ ®)
¢ =1 exp (— $17),

where
¢ =T =TT —T,) =878,

and the dimensionless time is

15— Wg

= ‘.
GM CM

As may be seen from (5), the rate of change of the
temperature field in dimensionless time is numeri-
cally equal to the quantity ¢. This permits  to be de-
termined experimentally by simple means, Taking
logs of both sides of (5), we obtain

Ing = Iny —p1%,
or
]l’lﬁé: lng, -+ Ing — o 6

In the coordinate system In Jé — t* the last equation
is a straight line with slope equal to (—3).

To verify the relations obtained, we undertook tests
on unsieady cooling of particles in a fluidized bed.
Cooling studies were made of a fluidized monodisperse
bed of steel balls of five sizes (1.3, 1.59, 2,0, 2,44,
and 3.18 mm), of glass beads 0,45 mm in diameter,
and of spherical silica gel particles 1.6 mm in diame-
ter. Air was used as the fluidizing medium,

The equipment consisted of a thin-walled brass cyl-
inder of inside diameter 88 mm, The calculated heat
losses of the equipment were two orders of magnitude
lower than the rate of heat transfer in the bed, and
were therefore not taken into account. Measurements
of gas temperature at various points over the cross
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section of the equipment showed that there was no
temperature gradient and confirmed that it was possi-
ble to neglect heat losses. The air entering the equip~
ment had been previously dried with silica~gel in a
nozzle, The flow rate of air was determined from the
pressure drop in a standard orifice, and at small flow-
rates, by an RS-7 rotameter. Measurement of air
temperature differences at the boundaries of the bed
was accomplished with a copper-constantan differen~
tial thermocouple with its hot junction protected by a
mesh from contact with the particles. The current in
the differential thermocouple circuit was measured
continuously and was recorded on photosensitive paper
with the aid of an N-700 galvanometer oscillograph.
The paper feed rate was 3 mm/sec.

The particles, preheated in an electric oven to
600-700° K, were poured into the equipment, where-
upon the supply of air was at once switched on. The
time for the bed to reach an ordered state of cooling
was not less than 10~-15 sec in all tests, after which
the measured temperature difference 4% began to fall
exponentially. From the measured values of the rate
of change in &"g, corresponding values of i were calcu-
lated for eachtest. It is interesting to note that where-
as the arrangement of the thermocouple hot junction is
very important in reducing the heat-transfer data on
the basis of Eq. (1), this point is of no importance in
the method examined. Temperature measurement of
the material and of the gas were previously required
to determine the temperature head used in the ealcu-
lationg. In the first case thermocouples with exposed
hot junctions were used, and in the second case ther-
mocouples with hot junctions protected from contact
with particles and from gas suction. In using the tech-
nigue based on determination of i, it is important to
know not only the temperature of the gas and of the
material but also their rates of change, However, the
rate of change of these two temperatures is identical,
since 4! = ydy;. Therefore the very same result is
obtaineé, independently of the construction of the ther-
mocouple. This was confirmed by tests in which the
protecting mesh was removed from the thermocouple
hot junction,

The tests showed that ¥ decreased with increase of
gas velocity and with reduction of particle diameter.
From the physical point of view this means that with
more intense mixing the relative magnitude of the re-
verse heat flux increases, and so the fraction of the
available temperature head not used in the bed must
increase. In addition, the influence of other factors
ig also affected, for example, the nonuniformity of
fluidization.

From reduction of the experimental material ob~
tained, the following relation is proposed for calcu-
lating the degree of thermodynamic efficiency of the
equipment:

— vt
P = 0.145 Fr2) (1 — [,12-Hs f)(”—i’ﬁj 4 M
Vg
This relation requires further refinement on the basis
of wider experimental material, It may be seen from
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these expressions that the height of the static bed af-
fects heat transfer only for thin beds (H;/d < 40). For
beds with Hy/d > 40, heat transfer does not depend on
the height of the static bed. However, even for thick
beds the equality T = Ty is fulfilled only for specific
values of the gas velocity. With further increase of
the velocity the value of y falls off, If calculation ac-
cording to (7) gives ¢ > 1, it is necessary to take y =
=1, i.e., to use the heat balance equation.

NOTATION

Q=—quantity of heat; Wg = PgCp Vg —water equivalent of gas;
Wit = ppCp VM~ water equivalent of material; Pg and py,—density
of gas and material, respectively; Cpg and c¢)p,—specific heat of gas
and material; V; and Vy4~volume flow rate of gas and material; t—
time; Gy(—mass of material in bed; w— gas velocity in empty equip-
ment; Ho—height of static bed; d—particle diameter; T} and T —
gas temperature at bed inlet and outlet; Ty, and T{;—material tem-
perature at bed inlet and outlet; Tyj—temperature of material in bed;
ATy —available temperature head; 9§ = ITé - Té;l, Sy = T - TM|,
9y = ]T'g - TI'\'II —excess temperatures; ¢ = (T'g - T(E;')/(T!g - Tmh
Q= (Té = T{E;,)/(T'g — T}1)—dimensionless excess temperatures;
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