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Effect of Aeration on the
Discharge Behaviour

of Powders

G. Ferrari, ltaly, and T.A. Bell, USA

The effect of aeration on the discharge
tehaviour of free flowing and semi-cche-
sive powders was investigated in a flat-
bottomed model bin. The following para-
meters were varables in the experiments:
gas ffow rate. sclids head height in the Bin
and bin outlet diameter. Based on the ra-
suits ogtained thus far, aerated bing can
be considered as suitable devices to pro-
mote the discharge of free flowing and
semi-cohesive powders. Discharge rates
of free flowing powders can be controlled
{wathin [imits) by varying the amount of
aeraticn gas.

Nomenclature
A crifice cross section area {rm=]
D, orifice diameter {m]
dy mean paricle diameter [mj
g  acceleration due to gravity  [m/s?
H  bed height [(m]
U; gas velocty m/s]
U minimum fluidizaticn

velccity [m/s]
W, solid mass flow rate [kg/si
Py soiid butk density [kg/m?)
P gas chase density tkg/m?]
D, particle density fkg/m3
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Abstract

1. Introduction

Powders are a raw matarial. intermediate,
or final product in many industries, such
as foods, pharmaceuticals, chemicals
and mineral processing. The storage and
discharge of these powders from bins,
hoppers and sics rs an mportant, but fre-
guently overlooked. part of the produc-
tion precess. Reliable and controilaple
discharge of powders from storage is a
necessary raquirement for successiul op-
eration of most processes.

Relatively coarse materials, such as plas-
tic pellets and certan grains, rarely pre-
sent discharge problems. Refiable dis-
charge by gravity is reasonabiy assured
without significant investment in engi-
neering or equipment. Finer materials,
starting at about 1,000 micron mean par-
ticle size, frequently will not discharge re-
liably from silos without careful engineer-
ing and selection of discharging
equipment and silo geometry. For these
materials, cohesive arching (bridging) at
the cutlet can be a sencus problem.

JenkE (1] developed material testing
methods and bin design techniques that
permit accurate design of bins for reliable
gravity discharge. Unfortunately, for many
cohesive materials, the final product of
the Jenike tests and calculations is a bin
with a steep-sided hopper section and a
very large outlet. Such bins are costly to
build and may reguire more vertical space
{headroom) than is feasible in an industrial
situation. The gravity flow rate from the
large outlet may greatly exceed prccess
requirements, requirng the selection of
an apperopriate bin discharging device or
feeder.

Conversely, for some relatively imperme-
abte putk materials, the discharge rate
from a silo cesigned per the Jenike meth-
ods can be severely limited by the
counter-current fow of ar back into the
bin from the outlet. In these cases, either
greatly oversized cutlets or air injection
systems are necessary in order to

achieve the desired discharge rates. The
volume of air necessary to increase the
flow rate of impermeable materals can te
calculated using comglex two-phase flow
equations [2].

Laocal njection of ar near the outlet of a
kin has also been used to intiate or main-
tain gravity flow (3.4.3] in sios that may
not satisfy Jenke's crtera for gravity
flow. Surpnsingly, there has been very lit-
tle research into the mechanics of why
such systems operate or into the design
guidelines for their use, although recent
studies by Jochem and Schwedes are
promising [6).

The design of such aerated bins is, at the
moment, as empincal as the design of
mechanical flow promoters. Even the
mirimum local air flow rate or velocity to
induce solids flow cannot be estatlished
on the basis of deterministic equations.

The aim of this work is to investigate the
effect of aeration on the discharge rate of
powders of scientific and incustrial inter-
est and to elucidate the prevailing mech-
anism of flow promotion. For this pur-
pose. a wide expenmental program was
astablished. and the effects cf several de-
sign variabies and operating conditions
were investigated.

2. Experimental
Arrangement

Expernments were performed in a 140
mm |.D. modet bin with a flat bottem, as
shown in Fig. 1. The aeration gas was arr.
ntrgduced into the hottern cf the Gin
through a porous plate. The porous
plate, made of sintered stanless steel,
provided a uniform distribution of the gas
flow in the bed section, since the pres-
Sure drop across the plate 'was n the
range between 9.8-49 mpar for the gas
flow rates tested. The air How rate was
measured with rotameters. The cyiindri-
cal portion of the bin was made of clear
plastic, 800 mm high, fitted with an ex-
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Fig. 1: Sketch of the experimental apparatus.

ternal rule to measure the bed height be-
fore, during and after discharge experi-
ments.

The bin outlet {a brass tube) was cen-
tered on the bottorm and surrounded by
the porous aeration plate. Interchange-
able tubes were used tc vary the outiet
diameter between 9 mm and 25 mm.
Due to mechanical design constraints,
there was a narrow annular region with-
out aeration between the outer edge of
the outlet and the inner edge of the aera-
tion plate. The width of the annular re-
gion varies inversely with the diameter of
the brass tubes, ranging from 1 mm with
the 25 mm tube to 9 mm with the & mm
tube.

The bottom of the brass discharge tube
was closed with a pneumatically actuated
slide gate valve. The valve did not ob-
struct the discharge tube in any way
when it was open. The opening action of
the valve was rather abrupt, and a small
amount of vibration was transmittec to
the mode! bin as a result.

Solids exiting the bin fell a short distance
onto a pan which in turm was resting on a
load cell. The output from the iocad cel
was amplified and sent to a strip chart
recorder. The mass flow rate exiting the
bin was determined from examination of
the strip charts in a time interval of 5 to 10
seconds.

A number of powders were used in the
experiments, as shown in Tabie 1. GeL-
DART'S (7] classification systern was used
as a first approximation criterion to char-
acterize the powders. This system at-
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tempts to predict the aeration/fluidization
behavior of powders on the basis of their
density and mean particle size. Under
Geldart's criteria, the powders used in
the experiments were either Class B (free
flowing) ar Class A {aeratable) or Class C
(cohesive).

The fluidization characteristics for each of
the powders was determined using a 50
mm 1.D. glass column fitted with a differ-
ential manometer and an external rule to
measure the bed height {expansion) as a
functior of gas velacity. Powders were
considered to be fluidizable if the graph of
pressure drop vs. gas velocity had a reg-
ular pattern and if the minimum fluidiza-
tion velocity (Un) could be unambigu-
ously determined.

For all the powders tested, experiments
were performed with a quantity of mater-
ial in the range between 5 to 11 kg, de-
pending on the bulk density of the pow-
der, in order to keep constant the initial
height of the bed. The height of the bed
was not kept constant during experi-
ments, but this did not affect the solids
discharge rate in the short time interval
necessary for its evaluation.

The effect of the following variabies on
the solids discharge rate was investi-
gated for each material:

* Gas velocity (Ugh as a multiple of
the minimum fluidization  velocity
{Um), ranging from O to 2 times the

mi+

* Bin opening diameter, ranging from 9
mm to 25 mm.

¢ Bed height, ranging from 1 to & times
the bin diameter.

The effect of the latter variable was very
weak, except for the lower extreme of the
range. For this reason, the experimental
data reported here refer to an average
bed height of 500 mm.

In addition, the test materials were se-
lected and prepared (screened) in such a
way that the effect of the mean particle
size and the particle density could be in-
dependently investigated.

3. Experimental Results

Powder discharge rates with a bin outlet
tube diameter of 19 mm are shown in
Figs. 2, 3, and 4 as a function of the gas
flow rate.

Fig. 2 shows the results for glass beads
“B", the alumina catalyst and the polymer
powder, ali of which are Class B (free
flowing) per Geldart's criteria. For the
glass beads, a continuous increase in
discharge rate with increasing gas flow
rate can be seen. For the polymer pow-

Table 1: Physical and transport properties of powders

Size Distribution Ut Buk | Particle | Geloart's

Powder [um] Density | Density | Group

10% 50% 90% [cmv/s] | fg/emd] | [g/femd) -
Glass Beads B 129 150 175 2.21 1.48 2.48 B
Glass Beads A 40 47 55 0.35 1.45 2.45 A
FCC A 62 84 120 0.51 1.01 1.96 A
FCCB 28 45 64 0.16 1.10 1.96 A
Alumina Catalyst 80 108 140 1.565 0.98 1.42 B
Polymer Powder 78 116 180 1.33 0.87 1.32 8
TPA 42 76 164 -~ 1.04 1.47 c
Com Starch 9 19 39 | - 0.72 0.75 C
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der and the alumina, the discharge rate
increases with gas flow until 2 steagy-
state vaiue is reached. Beyond this point,
additicnal gas flow is either ineffective or
actually retards flow. The latter effect is

: probably caused by gas displacing soiids

in the discharge stream. The stream of
solids exiting the Qin was cbserved to be
rmore highly aerated in these cases.

in Fig. 3, a similar behavior can be ob-
served for the powders satisfying Gal-
dart's type A “aeratatle” criteria (Glass
beads "A", FCC “A* and FCC "B"). All of
the aeratable and free flowing powders
{Figs. 2 and 3) will flow through the outlet
of the bin without aeratign.

A different behavior was observed for the
two cohesive powders, TRPA (Teraghtalic
Acid) and corn starch. As shown in Fig. 4,
these materials do not flow at all in the
absence of aeration, or they exhibit un-
stable flow, which stops when the ted
height decreases. The introduction of
aeration promotes powder flow, As with
maost of the other powders, a steady state
vaiue of discharge is reached with aera-
tion, and further increases in the gas flow

rate does not lead to a comespending in-
crease in the discharge rate.

Fig. 5 illustrates the solids discharge rate
from a 13 mm outlet as a function of the
ratio Uy/Uqy for all of the fluidizable pow-
ders. When compared to non-aerated
discharge. the sclid flow rate can be in-
creased by up to 500% via aeration. Solid
flow rates are increased even in cases
where the aeration velocity is well below
the minimum fluidization velocity for the
material.

Fig. 6 depicts the influenca of outlet di-
ameter on the discharge mass flow rate
for three cowders, FCC "B°, glass beads
"AY, and alumina catalyst. Aeration was
prowvided to create a gas flow of 1.5 times
the minimum  fluidization velocity, The
salids discharge rate increases with in-
Creasing outlet size for each of the mate-
rials, but there is an indication that the
discharge rate for the alumina cataiyst
may reach an eventual limit. The FCC "B*
matenal and glass beads "A" do not
show such a limit.

The influence of particle size is presented
in Fig. 7, which shows the solids mass

flow rate of giass beads "A” and "B" from
two different opening diameters (13 mm
and 19 mm) as a function of the ratio
U /U. The glass heads were of identical
chemical composition and shape. At all
aeration rates (including zerc), for both
Cutlets, the “aeratable" glass beads "A"
flowed at a higher mass flow rate than the
‘free flowing" glass beacs "8" despite
their slightly lower tulk density,

In Fig. 8 the effect of particle density is
shown. it depicts the solids mass flow
rate of glass beads "A" and FCC catalyst
"8" from 13 mm and 19 mm diameter
openings when aerated at up to twice the
mnimum fluidization velocity. Both pow-
cers are aeratabie per Geldart's cnteria
and have approximately the same particle
size. It can be cbserved that the denser
powdcer flcwed at a higher mass flow rate,
altheugh not in direct progortion to its
density.

4. Discussion

The gravity discharge rate of free fowing
powders and granular materials can be
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predicted by empirical relations based on
the Bernouli equation. Using dimen-
sional analysis, BEVERLOO ET AL. [8] pro-
posed the following empirical correlation
for solids discharge from a circular aper-
ture:

W, =C-py-g®* D, -k d, % (1)

where C is a constant factor usually set at
a value of 0,58, k a particle shape factor,
dy, the particle diameter, D, the outlet di-
ameter and py, the loose bulk density.
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For fine powders the Beverloo correlation
tends to overestimate the sclids flow rate
even with modified values of the C and k
parameters [9). This is probably because
it does not consider the impediments to
flow caused by the counter-current flow
of gas into the bin at the outlet. In addi-
tion, it fails to consider the possibility of
cohesive arching at the outlet that would
prevent flow entirely,

The reason that aeration has a positive
effect on solid discharge rate is not clear
at present. The most accepted hypothe-

sis is that the increase of mass flow rate
of powders somehow involves the inter-
stitial pressure gradient at the base of the
bed.

The effect of the pressure gradient within
the material on the increase of the flow of
granutar materials was first studied by
McDouGALL AND KNGWLES [10}, who also
developed a correlation to evaluate the
discharge rate from a bin. However, in
this correlation, two parameters (K and
Ppo) Must be experimentally determined.
There is evidently a complex dependence
on particle characteristics, i.e. size, size
distribution and density, and on bin open-
ing diameter and shape. This implies that
experiments on the effect of aeration on
the mass discharge rate are stil neces-
sary.

The hypothesis of McDOUGALL AND
KnowLES tends to fail when the flow of rel-
atively fine materials, such as aeratable
and semicohesive powders, is consid-
ered. In fact, the discharge of fine barely
permeable materials can cause the de-
velopment of significant vacuum pressure
at the base of the silos. Experimental de-
termination of the gas pressure at the
base of the bin during discharge confirms
this behavior for all powders tested [11],
Moreover, part of the gas supplied to the
system via aeration flows downward
through the bin outlet with the stream of
solid. This was confirmed by analysis of a
videotape, taken in our laboratory, of the
solid stream flowing from the bin, which
become looser (i.e. of lower bulk density)
as the gas flow rate in the bin increases
12). As a consequence, in our case the
pressure gradient at the base of the bin
can not be evaluated as suggested by
McDouGALL AND KNOWLES as UgkeH, with
U, the gas velocity, & the resistivity of the
bed and H the bed height. Since some of
the gas flows out of the outlet with the
solids, the value of Uy, is guestionable,
Sirmilarly, the ditation of the sofids in the
region of the outlet makes determination
of the resistivity (k) froblematical,

Other hypotheses for the interpretation of
the effect of aeration on the discharge of
fine powders are the following:

- Fluidization of the pov&der, at least on
a local scale, occurs and liguid-like
flow develops.

QOr,
- The momentum of the gas flow pro-

vides the energy input necessary to

overcome inter-particle forces.

Under the first hypothesis, the motion of
solid particles through the orifice can be
treated as that of an inviscid continuum.
The changes of the voidage fraction of
the powder during discharge is ne-
glected, thus the theory predicts that the
mass flow rate is described by Bernouli's
equation for incompressible materials

v
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(3,13.14]. The discharge rate can be pre-
dicted by an equation of the form:

W, =C-py-A 2 g~ @

with C a variable which assumes different
values depending upen the size and
shape of the discharge opening, py, the
bulk density of the powder at minimum
fluidization conditions, A the cross sec-
tion of the outlet, and H the bed height.
Note that this equation differs from Eq. (1)
by the inclusion of ted height. This is ap-
prograte for the inviscid continuum as-
sumption, and prasumes that the entire
pin achieves minimum fluidization condi-
tions.

if the secong hypcthesis is correct, the
effect of aeration is exerted only locally
and a relatienshig similar to Eq. (1) should
cdescnbe the phenomena. Morecver, the
effect of aeration does not depend on flu-
idizatcn velocity, but on gas mormentum.

Cur study (Fig. 3). and a previous report
[15] demcnstrate that the solids dis-
charge rate is increased even with suger-
ficial gas velocities that are considerably
lewer than the minimum fluidization ve-
lccity. This supports the second hypothe-
sis, that the effect of aeration is to over-
come inter-particle  forces. However,
there was no observatle step effect that
would correspond to the gas momentum
suddenly reaching a level sufficient to
overcome inter-particle forces. & is possi-
ble that the gas flow rate, even at the low-
est amount, was sufficient for this pur-
pose on a local level and increasing gas
flow merely increased the voiume of pow-
der affected. Full fluidization, if any, is the
upper limit of the effect of increasing aer-
ation on discharge rate.

In Fig. 3, the maximum discharge rates
predicted by Egs. (1) and (2) are com-
pared to the actual rates observed for the
various ¢utlet sizes. The comparisons
werg made at zero aeration rate {shown
with the hollow white symbols) as well as
at the aeration rate that caused the high-
est discharge rate (shown with solid black
symbaols).

The Beverloo correlation (Eq. (1)) appears
to underestimate the non-aerated flow
rate from small openings and overesti-
mate that from larger outlets. Aerated
discharge resuits, which perhaps could
Le described by Eg. (2). showed large
deviaticns from the thecretical predicticn.
Neither eguaticn appears to be adequate
to expiain the observed behavior.

The results are further interpreted in Fig.
10, in which the discharge rates of FCC
"B" are plotted as a function of cutlet di-
ameter for all the aeration rates tested. In
this case, Eq. (2) appears to be effective
n terms of descrbing the upper limit of
mass flow rate but the Beverloo correla-

tion agan overestimates the discharge
rate from larger outlets.

it is also interesting o note the step
change in discharge rate correspond-
ing 6 increasing aeration to a value of
Uy/Ume = 1.0 with the 25 mm cutlet. With
smaller outlets. the discharge rate ap-
peared to vary more gradually with in-
creasing aeration. This implies that there
may be a scale effect in the experiments.

5. Conclusions

The experimental results confirm that
aeration is a very effective technigque in
gromoting the flow of a wide range of
powders, including slightly cohesive ma-
terials. Even moderate gas flow rates
{(betow minimum fiuidization) have a defi-
nite effect cn the discharge rate for the
materials tested, including those catege-
rized as "cohesive’ by Geldart's critenia.
For slightly cohesive powders, a no-flow
situation converts to retiable flow by the
addition of moderate gas flow rates.

The large number of expermental tests
performed allows the following conclu-
sions o be drawn or reaffirmed about the
mechanisms of gravity flow in aerated
conditions:

Aeration rates do not have to reach flu-
idization leveis in order to be effective. In-
creasing aeration tends to increase dis-
charge rates, but aeration rates in excess
of the minimum necessary for fluidization
may reduce discharge rates by displacing
salids at the cutlet.

Tne most likely mechanism for explaining
the influence cf aeration on discharge
rates is the influence of the gas on the
inter-particte forces. The gas may have
three possitle effects. First it may simply
relieve the negative pressure created as
the bulk solids ditate in the cutlet region,
Proviging aeration eliminates the need for
the air to enter the bed by traveling up-
wards from the cutlet. Since this counter-
current air flow impedes the discharging
particles. it is lcgical to conclude that the
providing aeration wiil increase discharge
rate. A second possible effect of the gas
is to provide a mechanicai force acting
against the cohesive inter-particle forces
in the viciruty of the outlet. The resistance
(pressure drop) of the powders between
the aeration source and the cutlet is the
source of the rmechanical force, and in-
creasing the gas flow increases the me-
chanical farce and possibly the size cf the
region it acts on. The third possibie rele of
Ihe gas concerns inter-particie attractive
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forces. Drag forces exerted by the gas
phase overcome the inter-particle forces.
This mechanism is likely to be most effec-
tive when the potential drag forces and
the inter-particle forces are in the same
range, as 15 the case for semi-cohesive
powders.

it appears that the existing correlations
for gravity flow and for discharge from flu-
idized beds both fail to accurately de-
scribe aerated flow from bins. Neither
correlation quantifies the influence of zer-
aticn rates, and there are avidently parti-
cle or bulk material characteristics that
they gverlook,

Particle size affects the 'sciid discharge
rate. With aeration, the beds of finer aerat-
aple powders expand as a consequence
of the balancing between drag forces, ex-
erted Dy gas phase, and inter-particle
forces, The materials of larger mean parti-
cle size are free flowing and do not ex-
pand at all while undergoing aeration. The
structure of the bed of aeratable mateniais
Decomes more loose, as a conseguence
of aeraticn, and the number of contact
points between particles reduces. Thus,
sclid-sciid friction is expected to be less
pronaunced for aerated aeratable pow-
ders than for free flowing ones.

The bulk density of the powder seems to
glay an important role. The effect of this
parameter, which is strongly refated to
the porosity of the pocwder near the open-
ing, needs to be investigated further,

The structure of beds of aeratable or
slightly cohesive particles in presance of

aeration is more compilex due to the for-
mation of cavities and aggregates stabi-
lized by inter-particle forces. This could
change the sclid discharge rate from bins
ard hoppers in respect tc beds of free
flowing particles which exhibit a more ho-
mogeneous structure. This is one of the
more interesting topics tc be investigated
to gain a deeper understanding of the
flow mechanism.
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