Note on Efflux from Solid-Gas Fluidized Beds
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The results of an investigation on
outflow of solid and gas through ori-
fices open in the side of fluidized beds
have been given in a previous paper
(2). The diameter of orifices tested
ranged between 3 and 7 mm. These
experiments outlined the following
features of solid and gas outflow from
fluidized beds: flow rates of solid and
gas effluxed were almost constant in
the range of the flow rate of fluidizing
air, separation of solid particles from
solid-gas suspension in the column
took place immediately upstream of
the outflow orifice, and for a given
material the ratio Q./Qs decreased as
the orifice diameter increased. Experi-
mental results were interpreted by con-
sidering the interdependent phenom-
ena: the motion of the gas filtering
through the particles and the drag of
the solid caused by the filtering air.
These phenomena have also been con-
sidered by Stockel in his study on high
speed flow of fluidized solids in chang-
ing area sections (4).

Recently investigation on outflow
from fluidized beds has been extended
(5). Orifices up to 20 mm. in diam-
eter were tested with silica sand, iron
sand, and granulated limestone. The
results of these additional experiments
and new information on related sub-
jects (3, 4, 6) allow a better insight
into the outflow processes from solid-
gas fluidized beds.

In previous work equations
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were developed from energy balance
and drag equations according to dif-
ferent hypotheses. Equation (1) was
obtained from the assumption that
most of the potential energy of the gas
was lost owing to friction by the ef-
fluent. Equation (2) was derived by
equating the drag and inertial forces
acting on the particles. Frictional
forces between the particles them-
selves and between the particles and
the edge of the orifice were disre-
garded.

Actually the first hypothesis is more
likely, when one considers that kinetic
energy of the effluxing solid-gas sys-
tem was about 10% of the potential
energy of the gas upstream orifice.
However a fair agreement was found

Vol. 9, No. 1

between curves Qu/Qs vs. 1, calcu-
lated by means of Equation (2) and
curves obtained by experimental data,
at least for orifices of 5- and 7-mm.
diameter. This agreement could de-
pend on an underestimation of drag
coefficient. Because of lack of more
suitable data the drag coeflicient for
effluxing particles was obtained by
multiplying the drag coefficient for
single sphere by a factor about equal
to 2. This factor was determined by a
broad extrapolation of the formula
proposed by Ladenburg for spheres
falling in tubes. Rowe (3) has demon-
strated ‘that drag coefficient related to
the motion of a group of spheres can
be one order of magnitude greater
than the drag coefficient for single
sphere. A higher value of Cp in Equa-

tion (2) would considerably lower
theoretical ratios Q./Qs with respect
to experimental ones. For a true agree-
ment it would be necessary to give full
consideration to the effect of interpar-
ticle frictional forces.

It should be pointed out that the
ratio of particle diameter over orifice
diameter has a considerable effect on
frictional resistances in outflow of solid
from fluidized beds. The higher
D,/2r, is, the higher the discrepancy
between experimental and calculated
Q4/Qs is. Zenz (6) has interpreted
the influence of D,/2r, on solid out-
flow from fluidized beds by extend-
ing Brown’s concept (I) of solid stag-
nation on the edge of orifice valid for
gravity flow of bulk solid. He suc-
ceeded in correlating data of solid ef-

150 /
£
E 100 // — =
5
A _}:
‘ *—0—0—10—0—0—0—0
c ’ —
= 30
g
5 20 : .
{ o = —_0
]
(%]
g 10 e — ﬁﬁ
= - T -
¥ = I 00019 |
5 10 15 20 25

mass velocity of fluidizing air, kg/h dm?
efflux pressure = 400 mm H,0

orifice diameler: @ — 3mm O -14mm
O-7mm 6 —20mm
a=10mm

Fig. 1. Flow rate of silica sand and air from orifice as a function of the mass velocity of
fluidizing gas. The air flow rate has been measured at atmospheric pressure and at 20°C,
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Abstract: To obtain information on the effect of eccentricity on mass transfer
naphthalene spheroids covering a range of eccentricities from 1:1 to 3:1 and
having major axes of 1 in. were suspended in a low turbulence, intensity air
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Abstract: Turbulent mass transfer coefficients are colculated as a function of
position in regions of developing anisotropic turbulence, with the data of Farstall
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Abstract: A number of experimental investigations of the axial diffusion of mass
in packed beds have been reported for both gas and liquid flow systems. The
diffusion coefficients of the two systems differ markedly, although previous the-
oretical analyses (based on the perfect mixing model) indicate that the diffusion
coefficient should be independent of the nature of the fluid. It is shown here thot
the discrepancy arises from a capacitive effect caused by stagnant fluid regions
in the packed bed,
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flux given in reference 2 using orifice
equation for single phase outflow with
a corrected section w/4 (27, — 1.5 D, ).

When larger orifices were used, the
outflow gas flow rate increased with
the flow rate of fluidizing gas; on the
contrary the outflow solid flow rate
remained practically constant (Fig-
ure 1). The dependence of flow rate
of efluxing gas on degree of voids in
the column considerably complicates
analysis of efflux process. Equations
(1) and (2) were derived by suppos-
ing a constant degree of voids in the
solid-gas system feeding orifice. This
assumption is reasonable insofar as
flow rates of solid and gas flowing out
do not depend on the flow rate of
fluidizing gas. With larger orifices out-
flow gas flow rate definitely depends
on distribution of degree of voids up-
stream orifice, and this in turn de-
pends on the degree of void of the
bed, on drag and inertial forces acting
on the particles, and on interparticle
frictional forces. As expected (2)
Equations (1) and (2) cannot be ex-
tended to orifices larger than 5 to 7
mm. in diameter, even if an appropri-
ate value of C, is taken and allowance
is made for interparticle friction. Al-
though kinetic energy of solid and gas
flowing from orifices is only a limited
part (about 20%) of the potential
energy of the gas in the bed, a theo-
retical correlation of data for orifices
7 to 20 mm. in diameter would require
more complete expressions for emergy
balance and drag equations. These
should include terms depending on
actual distribution of degree of voids
upstream orifice. However such a re-
sult cannot be reached by considering
only gas energy balance and drag
equations. Other physical aspects of
solid-gas interaction should be con-
sidered for a more fundamental ap-
proach to the problem.

NOTATION

Cp = drag coefficient, dimensionless

D, = mean particle diameter, meter

g. = conversion factor, 9.81 Kg.
(meter)/(Kg. force) (sec®)

Q. = outflow air Hlow rate, cu.
meter/sec.

Qs = outflow solid flow rate, cu.
meter/sec.

T, = orifice radius, meter

s, = surface of the particle ex-
posed to the air stream, sq.
meter

w, = volume of the particle, cu.
meter

Ap = outflow pressure, mm. water

& = shape factor for the Carman-
Kozeny correlation, dimen-
sionless

P4 = air density, Kg./cu. meter

I

Pe gsolid density, Kg./cu. meter
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Nonisothermal Velocity Profiles

Analytical extensions of the Graetz
problem to include the effect of vary-
ing viscosity have been made by Cherry
(1), Yamagata (4), and Yang (5).
The corresponding problem which in-
cludes the variation of density for the
case of the horizontal tube has so far
not been solved analytically.

At present there is no experimental
information available on measured vel-
ocity profiles for flow through horizon-
tal tubes in which the variation of both
density and viscosity is important.

The purpose of the present work
was to obtain experimental data on
velocity profiles for the flow of mineral
oil through a horizontal steam heated
tube for Reynolds numbers in the
laminar range.

EXPERIMENTAL APPARATUS

The apparatus consisted of a cen-
trifugal pump, venturi meter, air cool-
ing coil, calming chamber, inlet sec-
tion, test section with steam jacket,
probe, cooling coil, and discharge tank.
A flow diagram of the apparatus is
given in Figure 1.

From the venturi exit the oil entered
a finned air-cooled coil which was
used to lower the temperature of the
oil.

The calming chamber was cylindri-
cal and approximately 6 in. in diam-
eter and 6 ft. long. Several screens
were placed in the calming section to
help damp out any irregular motions
in the oil before it entered the inlet
section. The temperature of the oil in
the calming section was measured with
a copper-constantan thermocouple.

The inlet section and test section
were smooth, hard-drawn copper tub-
ing 1.055 in. ID. and had a wall
thickness of approximately 0.010 in.
The inlet section was joined to the
calming section by means of an 0
ring seal and protruded inside the
calming section for a short distance.
The inlet section was approximately 10
ft. long and was covered with mag-
nesia insulation. The inlet section and
test section were joined with a bakelite
connector and 0 ring seals in order to
keep the metal inlet and test section
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tubes from touching each other and
thus to simulate a step change in wall
temperature at the test section inlet.
The test section itself was 10.05 ft.
long.

The steam jacket was a 8-in. stand-
ard pipe which enclosed the test sec-
tion and was supplied with low pres-
sure wet steam. The steam tempera-
ture was measured with a copper-
constantan thermocouple.

A depth gauge micrometer with
*+ 0.001-in. divisions was used to posi-
tion the probe. The probe was a total
pressure probe and was made of 0.072
in. O0.D. hypodermic tubing with a
tube wall thickness of 0.0090 in. The
static pressure was obtained from a
small hole in the test section wall. The
difference between the total and the
static pressure was read by means of
an inverted U-tube manometer with air
in the top portion of the manometer.
In this way mineral oil at room tem-
perature was used to indicate the dif-
ference between the total and static
pressure.

Following the probe was a short
section of copper tubing connecting
the exit of the probe housing with the
discharge tank. A coil of copper tubing
with water flowing through it was
used to cool the oil as it passed through
the discharge tank.

From the discharge tank the oil re-
turned to the pump. The discharge
tank was located above the pump so
that there was always a positive head
on the pump.

RESULTS AND DISCUSSION

Tests were run under. isothermal
conditions to determine the velocity
profiles at inlet to the test section.
These tests indicated that the inlet
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profiles were within = 5% of the cor-
responding parabolic ones. Runs were
made at Reynolds numbers of 650,
950, and 1,325. A maximum value of
r/r. of 0.57 was used in these tests.

Five heated runs were made, and
five vertical and three horizontal vel-
ocity profiles were taken at the test
section exit. The Reynolds number in
the test section, based on the inside
tube diameter, varied from 850 to
1,400. The corresponding Graetz,
Prandtl, and Grashof numbers as well
as p/pe were essentially the same for
all runs. As a consequence the vertical
and horizontal velocity profiles were
essentially the same for all runs made.

The tube Reynolds number, Prandtl
number, Grashof number, and Graetz
number were calculated with proper-
ties evaluated at the average bulk
temperature. The Grashof number was
based on tube inside diameter and
arithmetic mean temperature differ-
ence. The outlet bulk temperature was
not measured but was estimated by
an energy balance. The specific gravity
of the oil used in these experiments
and hence the density and the value of
B were obtained with a hydrometer.
The kinematic viscosity was obtained
with a viscometer, and the thermal
conductivity was measured in a par-
allel plate apparatus. The specific heat
was not measured but was estimated
from data on similar oils. A summary
of the property values used is given
in Table 1.

As is well known (2, 5) at low
probe Reynolds number the pressure
coefficient for a square-edged total
pressure probe of the type used in
these experiments is unity for values of
the probe Reynolds number greater
than 20, where the probe Reynolds
number is based on the outside probe
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Fig. 1. Schematic of apparatus
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