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Abstract 

The discharge rate of coarse powders (mean particle size >500 pm) from bunkers without aeration can be 
described by both empirical relations and theoretical models. In the case of small particles the discharge rate 
is largely overestimated. As the powder dilates during flow a negative pressure gradient develops near the hopper 
outlet, inducing an air flow into the hopper. This extra drag force decreases the discharge rate for fine particles. 
Aeration of the hopper through a porous cone section will create an opposite pressure gradient, and thereby 
increase the discharge rate. The aim of this investigation was to incorporate the dilation in an ad hoc way into 
the model of Altiner in order to improve its predictive power. To test the modified model we carried out 
experiments with a fluid catalytic cracking powder to study its discharge as a function of aeration. As the improved 
model needs a dilation parameter as input, the local bulk density was measured during flow at the outlet and 
at the bin/hopper junction using gamma-ray absorption. At the bin/hopper junction the bulk density was found 
to be independent of the discharge rate and equal to the bulk density at minimum fluidisation. At the outlet 
the bulk density goes through a maximum when the amount of aeration gas is increased. Without aeration gas 
a large dilation, Le. a 15-35% lower bulk density, was observed. With these data the model predictions improved 
from 600% overestimation error to 25-90% underestimation for pure gravity discharge, and from 100% to O-20% 
error for aerated discharge. However, the bulk density at the outlet cannot be predicted from the powder 
compressibility, as it seems to depend on dilation at fluidisation. 

Introduction 

Control of solids flow is essential in many types of 
process equipment. Usually this control is effected by 
means of mechanical valves with the disadvantages that 
they are subject to wear and that they only function 
well in a limited range of process conditions. Pneumatic 
flow control, if possible, is then to be preferred. The 
gravity discharge of powders from silos has been widely 
investigated, because it is a fairly simple and general 
operation, and because a vast amount of literature is 
available on stress and velocity distributions in silos. 

In general, gravity discharge of coarse powders (mean 
particle diameter d,>500 pm) from bunkers can be 
well predicted with empirical relations [l]. In the case 
of finer powders these relations overestimate the dis- 
charge rates by a wide margin (100-600%), due to the 
underpressure which develops near the vicinity of the 
orifice. This causes an air flow into the bunker, resulting 
in an extra drag force on the particles [24]. Aeration 
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of the bunker near the orifice will give an opposite 
fluid pressure gradient and will therefore increase the 
mass flow. 

In the more fundamental continuum mechanics ap- 
proach, powder flow from hoppers is usually described 
by friction theories using Mohr-Coulomb plasticity laws 
[l]. In the modelling of flow patterns or stress profiles 
the material is then often assumed to be incompressible 
[l, 5, 61. However, even for coarse particles (dp> 500 
pm) measurement of the density near the outlet during 
discharge shows significant density gradients with up 
to 30% dilation [3, 7, 81. To incorporate this effect, 
which reduces the discharge rate for smaller particles, 
into a model several investigators have assumed a 
dependence of density on the local mean stress level 
[2, 3, 91. However, powder compressibilities are mea- 
sured at much higher pressures (l-100 bar) than those 
present in bunkers, and result in much lower dilations 
than those experimentally observed near outlets, where 
solids stresses are almost zero [24]. 

With fine powders the interstitial air gradient causes 
an appreciable external pressure gradient under dilation, 
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complicating the problem to that of a real two-phase 
system. This is also the case when aeration gas is added 
to enhance the flow, both with coarse and with fine 
particles. For fine particles some authors start their 
description from flow from fluidised beds, using an 
inviscid flow theory [lo], assuming that at the outlet 
the interparticle friction can be neglected due to the 
lubrication of the interstitial air flow. However, in this 
approach the prediction of the dilation and its link to 
other powder properties has not received much attention 
up to now. For our problem of the prediction of the 
aerated discharge of an A-powder the question was 
whether the large zero-stress dilation at the outlet could 
be explained by the amount of stable expansion at 
fluidisation. 

For the aerated discharge of powders a relatively 
simple continuum model based on the assumption of 
an incompressible Mohr-Coulomb material has been 
described by Altiner [ll, 121. His experimental results 
show that it predicts both gravity and aerated discharge 
fairly well for large particles (d, > 200 pm) only, because 
the dilation at the outlet was not taken into account. 
For our purpose, a dilation was introduced in an ad 
hoc way into the theoretical model of Altiner. 

This investigation comprises an experimental and a 
theoretical part. The experimental part includes the 
characterisation of the Fluid Catalytic Cracking (FCC) 
powder, needed as input for the computer model, and 
the measurement of the discharge rates of the powder 
from a bunker with a conical hopper. The discharge 
rate was measured using different amounts of aeration 
gas, while the amount of dilation was determined in 
situ using a gamma-ray absorption technique. The the- 
oretical part includes the improvement of Altiner’s 
model and the comparison of its predictions with the 
experimental results. At the same time an attempt is 
made to relate the measured amount of dilation to the 
fluidisation properties of the powder. 

Theory 

Introduction 
First, the most well-known empirical relations will 

be presented for both gravity and aerated discharge. 
Next, a description of Altiner’s model, together with 
our own extensions will be given. 

Using dimensional analysis Beverloo proposed the 
following empirical correlation for solids discharge from 
circular apertures [l]: 

w= o.s3&g0.5(D0 - tiJ2.s (I) 

with k being a constant (about 1.4 for spheres) and 
pb the bulk density of the material in its flowing state. 
kd, refers to the ‘vena contracta’ - an annulus round 

the edge of the outlet, where no discharge can take 
place- to account for the increasing porosity near a 
wall. In incompressible flow the driving force is the 
specific weight pbg, but when a powder dilates a second 
body force appears, namely a pressure difference across 
the orifice Ap,,. Then, the negative gauge pressure in 
the vicinity of the orifice decreases the mass flow rate, 
and injection of air near the orifice, i.e. applying a 
positive pressure difference across the outlet, increases 
the mass flow rate. Resnick et al. [13] modelled the 
pressurized flow of coarse solids from vessels using an 
energy balance over the orifice, resulting in W being 
proportional to (g + constant x AJIJO.~, with the constant 
depending on particle properties only. However, it is 
desirable to be able to predict this pressure difference 
from theory [2, 31. Therefore, to give a description of 
the transition from packed-bed flow to suspension flow 
when aerating the material, it is necessary to take a 
more fundamental approach. Then, the flow properties 
of the powder in question and the permeability of the 
bed have to be taken into account. 

Altiner’s model 
The assumptions in Altiner’s model [ll, 121 are the 

following: 
- axi-symmetric hopper with radial (incompressible) 
flow of a cohesionless, free-flowing powder at a constant 
voidage 
- an air flow 12-r is introduced over the lower part of 
the cone and is assumed to spread uniformly over the 
hopper angle 
- no negative gauge pressure is created during the 
downflow, due to the assumption of incompressibility. 

A small volume element of the material is shown in 
Fig. 1. The equation of motion for smooth walls 
(7+ = TV+ = 7,0 = 0) is as follows: 

p,,v dvldr + l/rzd/dr(r2u,) 

-(ue+aJ/r+dp/d.r+&g cos e=o (2) 

(a) 
Fig. 1. (a) Differential volume element of the material in the 
hopper and (b) slice element in the hopper with the main flow 
and stress variables. 



In steeply converging channels the material is in 
mass flow with passive solids stresses in the cone, i.e. 
a, = Ka,. For frictionless walls K = (1 + sin S)/( 1 - sin 6). 
For rough walls the constant K is replaced by D,I; +EDJ 
tan cu, with 

D, = (ar>& 

E = (~&/(a,>, (3) 

F = (oM(& 

D,, E and F can be calculated numerically from the 
assumptions of a radial stress field only, for example 
by using Jenike’s Runge-Kutta numerical solution [14], 
or analytically using Walker’s assumption of r+ 8 [5]. 
With the Haar and Von Karman hypothesis that a,= a,, 
cos 8= 1 (small hopper angles) and 2)=X+*, with V 
defined as W/~TA, (1 -cos 01), it can be derived that 

d~~dr+2(1-K)-~r=22p,v2/r5-dpldr-pbg (4) 

To be able to solve the differential equation above, 
we need the fluid pressure gradient in the ax&symmetric 
hopper. 

The following two additions to Altiner’s model were 
made: 
- on top of the hopper a bin is present 
- the aeration section is not limited to the lower part 
of the cone, but can be varied in position (see Fig. 2). 

The gas is brought into the hopper through a porous 
cone section (see Fig. 2). Altiner only used the lower 
part of the cone (r3 =rO), but as we want to vary the 
place of the aeration section in the experiments, a 
variable boundary r, is introduced. This introduces an 
extra section I. Further an extra section IV is introduced, 
to take the influence of a bin section into account. 

Fig. 2. Schematic drawing of the cylindrical bunker. In 
experimental setup the aeration section II is divided into 
parts A and B. 
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Assuming that the gas velocity is distributed uniformly 
over the whole conical aeration area the superficial 
inlet gas velocity is 

U, = Q&r sin (~(r$ - 6) (5) 

Further a radius ri is defined (r, <ri<r2) such that 
any gas entering above ri flows towards the top of the 
particle bed and any gas entering below ri goes through 
the orifice. As the flow rate in the distribution section 
changes with r, different equations are needed for the 
relative gas velocity u in the four sections of Fig. 2. 
With Darcy’s equation 

dp/dr=u/K, with K,=d2,Z/l80(1-~)*~ 

and the four equations for u we have: 

section I: dpldr =A&? - rz)/r” 

section II: dpldr =A&‘? - ?)/r’ 

section III: dpldr = -A&z - rjz)/r’ 

section IV: d&lr= -A&Z-t-:)/r: 

with 

(6) 

(7) 

(8) 

(9 

(10) 

A, = U, sin 0112Kp~( 1 - cos CY) (11) 

By integrating these four differential equations with 
the boundary conditions p = 0 at r = rl + H and p = 0 at 
r=r, and the condition that the pressure profile is 
continuous at the section boundaries, the value of ri 
can be determined: 

r-F= (rfrz - 2r,rlr, +Hr,ri - r,r,r2, 

+ 2ror:r2)/(r: +Hr, -roTI) (12) 

Then, the pressure distribution p(r) follows from 
integration of eqns. (7) to (10) 

section I: p =Aa(rf -rg)(l/ro- l/r) (13) 

section II: p =Aa(rF - rG)( l/r0 - 1/r3) 

+A,rf(l/r3- l/r) -A,r+A,r, (14) 

section III: p =A$l(rf - r$rf 

+A&:-rf)(l/r- l/r,) (15) 

section IV: p = (H + rI - r)AJf(r~ - rf)/rf (16) 

with ri as given in eqn. (12). 
With the above pressure distributions, eqn. (4) can 

now be written as 

du,ldr+Du,/r=A/rS+Bi/r2+Ci (17) 
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where Bi and Ci are constants and are specific for the 
sections I, II and III. Integration of eqn. (17) leads to 

rD~~=rD-4Al(D-4)+~D-1Bi/(D-l)+P+1Ci/(D+1) 

+ constant (18) 

The boundary conditions are a, = 0 at r=r,, and 
a,= a,, at r=r,. a,, is calculated using Walters’ stress 
model for ax&symmetric mass flow bunkers [6], which 
calculates stress profiles in bins and hoppers using a 
differential slice method. With the condition that the 
stress profile is continuous at the section boundaries, 
a value of the constant A can be determined and after 
introducing the dimensionless parameters. 

zZ = r,/r,, z3 = r3/r0, zm = r,lrO, 

x = r/r,, and y = rl /rO (19) 

one obtains 

A(1 -y”-“)/D-4) 

=r~(B,z~-‘+B,z~-l-B,-B,z~-l 

-B3z:-‘+B3yD--)/(D- 1) 

+r~(C,z~+1+C,z~+1-C,-C2z~+1-C3z~+’ 

+ C3yD+‘)/(D + 1) -y9$ur, (20) 

From this equation, together with W= K+(l - cos 
a) and 2pVZ=A (see eqns. (4) and (17)), the particle 
discharge rate IIJ can be calculated. 

The radial stress profile as a function of r can then 
be calculated as follows: 

section I: xDr&,=A(xD-4- l)/(D -4) 

+ B,rz(xDvl - l)/(D - 1) 

= + C1rz(xD+ ’ - l)/(D + 1) 

section II: x”rzu, =A(xDw4 - l)/(D - 4) 

+rz(B2xD-l +B1zf-’ 

-B,-B,z~-~)/(D--~) 

+r~(CyyD+l+C1~~+l 

- Cl - C,zf + ‘)/(I) + 1) 

section III: x”r& =A(x~-~---~D-~)/(D - 4) 

+B3r%(xDp1 -p-l)/ 

(D - 1) + C3r;(xD+’ 

-y” + ‘)/(D + 1) +y”ro”u,, 

with A as defined by eqn. (17). 

(21) 

(22) 

(23) 

When gas is injected, the stress profile develops a 
minimum. As an example, the stress profiles for the 

50 mm orifice are given in Fig. 3 for different values 
of QP For a certain flow rate the stress minimum 
becomes zero. Calculating the location of this minimum 
by calculating da& in section II would lead to a 
complicated equation, therefore Altiner uses the fol- 
lowing estimation: r,=0.5(ri+r,) [ll, 121. As a cohe- 
sionless material cannot support any tensile stresses, 
it is assumed that beyond this amount of gas no more 
reduction in stresses can occur. Therefore, this is the 
limiting air input for that system. An expression for 
the limiting air input is obtained by putting a,=0 at 
r =r, in the stress eqn. (17). This gives an A, max (cf. 
eqn. (ll)), which is present in the constants Bi, Ci and 
A (see eqn. (17)): 

A =, ,,[GJr@ - 1) + G2r0/(D + 111 
= -&‘a, - G,r,/(D + 1) 

with 

(24) 

fI= (1 -$-4)/(1 -yD-4) (25) 

G, = -r?zz”,-‘+r$z$‘-’ +rz-r$+qrz&-‘-qr;e-’ 

-q(r~-r$)-q(r~-r~)yDF1 (26) 

G2=2”,+‘-t”3”‘-q$‘I+qg+’ 

and 

(27) 

G,=qg(-zD,+‘+l-q+qyD+‘) 

From eqns. (5) and (11) it follows that 

(28) 

Q T, max =A a, max29XP~( 1 - cos ol)(rz - r:) (29 

Introduction of the dilation 
For small particles the powder expansion and the 

resulting negative pressure gradient, which develop at 
the outlet in case of zero aeration, have to be taken 
into account in the model. The fact that the flow ceases 
to be radial at the outlet, with the velocity proportional 
to l/r’, disables Altiner’s analytical solution, which would 
have led to solving another balance equation for the 
gas phase. To circumvent this we tested a simple ad 
hoc solution, assuming the dilation to be small and 
therefore the particle flow to be still almost radial. The 
same differential equation is solved, but the gas flow 
rate QT will be replaced by an effective flow rate 

Q=QT-SQ (30) 

The second term is the amount of gas that has to 
flow into the hopper to compensate for the dilation 
8~. From Fig. 4 it follows that 

SQ = Ku, - vi” = W/P+ out - WP, in 

= (Cc.“, - %) wl[Pp(1 - %)( l- %t)l (31) 
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Fig. 3. Example radial solids stress profiles diameter as a function of aeration rate Qr for the 50 mm outlet. 

1 “out. ‘1 Pb,out’ ‘out 

Fig. 4. Schematic drawing of the material dilation in the hopper. 

and this leads, with pb. in=Pb, to 

SQ = 6EW/[~( 1 - Ein - So)] (32) 

A computer program was written to calculate for a 
given set of powder properties (including its dilation!) 
and bunker geometry the particle discharge rate W as 
well as the profiles along the hopper of the average 
radial stress a,, the fluid pressure p and the fluid 
pressure gradient dpldr, all as a function of aeration 
rate QT 

Aerated discharge experiments 

The bunker used in the experiments has a bin con- 
sisting of two aluminium cylinders each with a diameter 
of 0.6 m and a height of 1 m each. The conical hopper, 
with a half opening angle (Y of 19”, consists of four 
parts, two of which can be used to add the aeration 
gas (see Fig. 2). The hopper can be opened and closed 
with a slide valve. The discharge rate is determined 
from the weight-versus-time curve of a collecting vessel 
below. During most experiments the bed height H was 
on average 1.2 m (cf. Table 1). Two outlet diameters 
D, (25 and 50 mm) and three combinations of aeration 
sections were investigated: A, B and A+B (cf. Fig. 2 

TABLE 1. Input parameters used for investigating the parametric 
sensitivity of the discharge model (B case, cf. Fig. 9). Geometry 
data for the A-case aeration are also given 

Parameter Default value Changed values 

a (“) 19.0 

rr (m) 0.922 
r, (m) (B case) 0.215 
r, (m) (B case) 0.435 0.300 0.400 0.500 0.608 

0, (m) 0.025 0.020 0.023 0.027 0.030 

H (m) 1.2 0.0 0.5 2.0 5.0 

6e (-) 0.0 - 0.03 0.03 0.06 0.09 

& (“) 23.0 0.0 10.0 17.0 29.0 
r, (m) (A case) 0.083 
r2 (m) (A case) 0.215 
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and Table 1). As expected, during all experiments mass 
flow occurred. 

The following properties of the FCC powder used 
for the discharge experiments were determined: the 
internal friction angle S, the wall friction angle &, for 
polished stainless steel, stainless steel sinterplate and 
aluminium, and the unconfined yield strength uY using 
a Jenike shear cell [14, 151. As the porous stainless 
steel hopper wall is relatively smooth a value of 23” 
was taken for & in the model calculations. Furthermore, 
the particle size distribution (psd), the minimum flui- 
disation velocity U,, the minimum bubbling velocity 
u mb, the particle density and several bulk densities 
were determined. A summary of the results is given 
in Table 2. 

The results of the particle discharge rate measure- 
ments are shown in Figs. 5 and 6. The aeration section 

TABI,E 2. Summary of FCC powder characterisation 

Internal friction angle 6 30” 
Unconfined yield strength u,, ON 
Wall friction angle & polished SS 20” 

20 pm sintered SS 30” 
aluminium 18” 

Minimum fluidisation velocity CJ,,,, 1.54 mm s-r 
Minimum bubbling velocity U,,,, 4.5 mm s-r 
Mean particle diameter d, 64.5 pm 
Weight fraction < 20 pm 0.15% 

<40 pm 10.0% 
<80 pm 79.2% 
<105 pm 96.6% 

Particle density 4 1477 kg mm3 
Bulk densities in Jenike shear cell 868 kg mm3 

loosely compacted 830 kg mm3 
compacted 900 kg m-’ 

at Kr 790 kg mm3 

at %b 617 kg mm3 
Mass absorption coefficient (13’Cs) a’ 7.76~ 1O-4 ma kg-’ 

0 . 
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25dAE 

Fig. 5. Results of particle discharge rate measurements for 25 
mm outlet diameter: 25/A, 25/B and 25fAB. 
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Fig. 6. Results of particle discharge rate measurements for 50 
mm outlet diameter: 50/A, 50/AB, 50/A/H < and 50/A/H 4. 

used is registered with A, B and AB for A+ B. With 
measurements 25/A, 25/B, 25lAB and 50/A, 5OlAB the 
influence of orifice diameter and of the location of the 
aeration section was investigated. Measurements 50/A, 
50/A/H < and 50/A/H 4 show the influence of the filling 
height of the bunker (cf. Fig. 6). First, some general 
phenomena, which appeared during the experiments, 
will be described. Next, the dependencies mentioned 
above will be discussed. 

First of all, time is needed for the discharge flow 
to become constant with characteristic times that vary 
between 5 and 80 s for the different measurements. 
With a larger oriftce and a lower aeration section these 
times are relatively short. Secondly, when the filling 
height in the hopper falls beneath a critical value, the 
discharge rate can suddenly increase to another constant. 
This is attributed to breakthrough of the aeration gas 
to the top of the bed, reducing the drag force. The 
critical filling height increases with increasing gas flow, 
as does the new discharge rate. Finally, the powder 
jet emerging from the bunker changes markedly in 
shape when the discharge rate increases, as has been 
observed before with fine powders [lo]. At zero aeration, 
an underpressure is created and the jet contracts. When 
a small amount of gas is added, say 1 X lop4 m3 s-l, 
a much thicker jet is seen. By adding more gas, this 
jet becomes fuller and starts to disperse. 

Next, the various sets of measurements will be dis- 
cussed. First, it can be seen in Figs. 5 and 6 that the 
addition of gas into the hopper increases the discharge 
rate, until a limiting gas flow is reached, after which 
this rate becomes constant. At high gas flow rates a 
minor decrease is seen in the 50/A case. Furthermore, 
when using aeration section B or AB, the maximum 
discharge flow is larger than when use is made of 
aeration section A. This is evident in case of the 50 
mm orifice, but less evident for the 25 mm outlet, which 
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is due to the force exerted by upflowing gas on the 
particles above ri, which becomes appreciable in case 
of the small aeration section A. The same amount of 
gas is added to a much smaller volume as in the case 
of B or AB, which is also the reason why the results 
of 25/B and 25/AB do not differ much. From this it 
is concluded, that the higher up the gas is added, the 
higher the maximum particle discharge rate becomes. 

The influence of the orifice diameter depends on 
the amount of added gas. In case of zero aeration a 
factor of -6-7 between the 50 and 25 mm orifice is 
measured. The Beverloo equation (1) predicts a de- 
pendency of 0;‘. Our experiments show an exponent 
of 2.7. When gas is added this exponent decreases, 
depending on the location of the aeration section. 

The influence of the height is not very outspoken, 
cf. the curves 50/A, 50/A/H < and 50/A/H <. It is there- 
fore concluded that the filling height indeed has a small 
influence on the particle discharge rate. 

In situ bulk density measurements 

During the discharge experiments the bulk densities 
at the outlet and at the bin/hopper junction were 
measured using gamma-ray absorption [3, 7, 81. The 
mass absorption coefficient (Y’ of the FCC powder was 
calibrated using a powder sample of known density and 
size (see Table 2). 
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Fig. 7. In situ bulk density versus QT at the orifice for (a) the 25/A and (b) the 50/A case. 
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Fig. 8. In S&U bulk density versus QT at the bin/hopper crossing for 25/A and 50/A. 

The results of the bulk density measurements at the 
orifice are shown in Figs. 7(a) and (b) for the 25/A 
and 50/A cases, respectively. In measuring the bulk 
densities we took the changing absorption path length 
when increasing the aeration gas flow into account. In 
the case of the 50 mm orifice it was difficult to estimate 
the absorption path length for QT= 0, because the flow 
was sometimes pulsating. In that case a maximum path 
length was estimated, resulting in a calculated bulk 
density, which is a lower limit. The accuracy of the 
determined bulk densities is rather low due to the 
relatively short measuring times (24 to 100 s) and the 
small difference between the attenuated gamma-ray 
intensity I and the unattenuated intensity IO: when the 
absorption length increases this error rapidly becomes 
smaller. Despite the relatively large errors (4 10% or 
&SO kg mA3) two trends can be seen. In the case of 
gravity discharge an appreciable decrease in bulk density 
is measured at the orifice. This has been observed 
before [3, 7, 81. Surprisingly, even at low aeration flows 
the density increases sharply again, levelling off to a 
value around P,,,~ To our knowledge, this has not been 
observed before. For use in the model calculations the 
dashed curves were used. In Fig. 8 the results of the 
bulk density measurements at the bin/hopper junction 
are shown. In this case the data are much more accurate 
due to a much longer absorption path length and they 
show a constant bulk density during discharge, about 
equal to pmt and independent of QT Again, the dashed 
curve was used in the model calculations. 

Evaluation of the improved model 

The input parameters for the improved model de- 
scribed above which are related to the powder properties 

were taken from Table 2. For the filling height H of 
the powder in the bin a mean value was chosen, as 
the height changes during the batch experiments. An- 
other necessary parameter for calculating the discharge 
rate is the radial solids stress at the bin/hopper junction. 
This value is a function of the filling height and was 
calculated with the condition of an active stress state 
in the bin using the theory of Walters [6]. As an aid 
for the interpretation of the experimental and theoretical 
results, the theoretical dependency of W on the input 
parameters was investigated. Some of these parameters 
will be discussed first. Thereafter, the comparison with 
experiment will be made. 

The parameter sensitivity has been investigated as 
follows: W has been calculated for a chosen standard 
situation and in each following case a variable was 
changed. Of the 13 available parameters the five most 
important ones will be discussed below, namely: D,, 
r,, H, 6~ and &.,. For each parameter four different 
values were chosen which together with the standard 
situation resulted in five curves in a W-Q= diagram. 
The values used are tabulated in Table 1; the curves 
are shown in Figs. 9(a) to (e). 

In general, the discharge with zero aeration is not 
affected by the height of the hopper rl, the location 
of the aeration section (r, and r3), the filling height H 
in the bin, the particle size d,, the particle density 4, 
and the radial stress at the .bin/hopper junction. The 
influence of the particle size d, and the particle density 
(or E) can be explained by looking at the equation for 
the permeability eqn. (6). The discharge can be increased 
by increasing the orifice diameter D,, showing indeed 
a proportionality to p,D:’ as in the Beverloo equation 
(cf. eqn. (1) and Fig. 9(a)). Increasing the hopper angle 
0, (and thus increasing the bin diameter) or the wall 
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Fig. 10. Comparison theory and experiment with in situ measured bulk densities for 25/A (a) and 50/A (b). 

friction angle & leads to a decrease in discharge. 
Furthermore, an increase in SE also decreases the 
discharge rate due to the negative pressure gradient 
created at the outlet. Because this pressure gradient 
is influenced by the location of the aeration section, 
this changes the influence of &, e.g. a lower aeration 
section leads to a larger gradient and thus to a lower 
discharge rate for the same 8~. This is of course not 
in accordance with reality, because for QT= 0 the 
position of the aeration section should not be relevant. 

The next part of the aerated discharge curve, i.e. 
QT # 0, is affected by all parameters, except the radial 
stress at rl. This parameter does not show any influence 
until very large values are chosen. Naturally, an increase 
in orifice diameter enlarges the mass flow, but Beverloo 
(eqn. (1)) is not valid anymore as the pressure difference 
ApO is added to the equation of motion and this term 
is a function of d, and pb. With respect to the aeration 
section it can be said that enlarging this section can 
lead to a decrease as well as an increase in discharge. 
Enlarging by lowering the lower boundary r, leads to 

an increase and enlarging by increasing the upper 
boundary r, decreases the discharge (cf. Fig. 9(b)). This 
is caused by the fact that the conditions near the orifice 
are important and thus more injection of gas near the 
orifice will increase the flow. The maximum discharge 
is also influenced by r,, as observed both in the ex- 
periments (see above) and in, e.g., Fig. 9(b). Unex- 
pectedly, the aerated discharge can be increased by 
increasing the filling height H in the bin (cf. Fig. 9(c)). 
This can be explained by the fact that more powder 
in the bin will increase the fraction of the added gas 
going downwards, and thus increase the positive pressure 
gradient and the discharge rate. In the experiment the 
sensitivity is indeed much larger than expected from 
a friction-dominated flow regime. An increase in friction 
angles diminishes the flow, as expected (cf. Fig. 9(d)). 
Finally, a larger 8~ decreases the discharge rate, because 
the effective gas flow is reduced, see eqn. (30) and 
Fig. 9(e). 

For comparison of model predictions with experi- 
mental results two different W-Q, diagrams have been 
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plotted. The first type uses the measured bulk densities 
at the outlet and the bin/hopper junction. This has 
been done for measurements 25/A and 50/A in Figs. 
10(a) and (b). For the other cases the necessary bulk 
densities at the orifice are unknown, and therefore a 
second way of comparison is chosen. Two model curves 
were calculated for different outlet bulk densities to 
compare with the experimental curve. This has been 
done for measurements 25/AB and 5O/AEI in Figs. 11(a) 
and (b). For all curves, the predicted maximum discharge 
rate is also shown and it should be noted that this 
maximum is independent of the dilation SE. 

For measurement 25/A the deviation with prediction 
varies from -25% at Q==O, via +400% at 
QT = 0.23 X lop4 m3 s-l, to &-20% for large gas flows 
(cf. Fig. 10(a)). Th e uncertainty in the measured bulk 
density is about 50-100 kg mP3 (see Fig. 7(a)). This 
influences the deviations significantly, because the the- 
oretical predictions are very sensitive to the bulk density 
at the outlet (cf. Fig. 9(e)). Thus, the determination 
of these densities has to be very accurate. For the 50/ 
A case the curves almost overlap, except for QT= 0 
(see Fig. 10(b)). Th e relative errors run from -90% 
for QT=O to less than 5% for large gas flows. The 
cause of the large deviation for small gas flows is the 
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steepness of the curve for the local density at the outlet 
at low gas flows. Here, too, precise bulk densities are 
needed, but it is clear that the introduction of the 
dilation improves the predictions of the model dra- 
matically. 

In Fig. 11 the model curves drawn have a constant 
dilation or outlet density for the whole aeration range. 
For these dencities the values of prni and pmb (see Table 
2) were chosen as an upper and lower limit, respectively. 
The comparisons show that for the 25/AB and 5O/AB 
cases the bulk density as a function of the gas flow 
must behave similarly to 25/A and 50/A. An outlet 
density of around 600 kg mm3 at QT = 0, which rapidly 
increases with QT to 790 kg rnp3, strongly improves 
the model predictions. 

The question now arises as to how to predict these 
bulk densities. It does not seem possible to relate the 
local densities to the solid stresses, because this would 
predict a very small dilation independent of the gas 
flow, and because at the bin/hopper junction the solids 
stress is positive, but the bulk density roughly equals 
~,,,r, matching a zero stress. From the results of the 
density measurements at the bin/hopper junction it 
seems that the powder could be fluidised during flow. 
This would implement a stress equal to zero everywhere 
in the bunker. Considering the equation of motion, this 
means that the terms u,lr and da,ldr are zero and an 
equation analogous to Bernouilli’s equation is obtained. 
This has been the basis for the ‘kinetic’ approaches 
(cf. refs. [lo] and [13]). One could imagine that for 
zero aeration the powder will dilate as much as possible, 
i.e. up to the minimum bubbling point, where the so- 
called continuity wave velocity (e.g. derived from the 
Richardson-Zaki relationship) overhauls the elastic 
wave velocity, as has been derived by, for example, 
Foscolo and Gibilaro [16]. When aeration gas is added 
the density quickly increases to prne maximizing the 
discharge rate and minimizing its potential energy. Then, 
indeed as observed, the bulk density varies with gas 
velocity, and a minimum density can be calculated from 
the maximum expansion at fluidisation, i.e. the minimum 
bubbling point. For the FCC powder this indeed yields 
a value of around 600 kg rnp3 (see Table 2). 

Conclusions 

The introduction of gas through a porous cone section 
strongly increases the discharge rate of FCC powder 
by up to a factor of 40 for the 25 mm orifice. 

Lowering the aeration section increases the particle 
discharge rate for small gas flows, but reduces the 
discharge rate for large gas flows. 

When the bunker is aerated the filling height has a 
larger influence on the particle discharge rate than is 

expected from friction-dominated (e.g. Mohr-Coulomb 
type) flow, because of breakthrough of aeration gas to 
the top of the bed. 

The bulk density at the bin/hopper junction is the 
same for all flow conditions and equals the bulk density 
at minimum fluidisation pmr. However, the bulk density 
at the outlet is a function of the amount of added gas. 
With increasing gas flow, this density at the outlet 
reaches a maximum roughly equal to prnfi The largest 
expansion observed coincides with the maximum bed 
expansion in a fluidisation test. 

For zero aeration gas a large dilation (15-35%) was 
observed. With these data the model predictions im- 
proved from 600% overestimation error to 25-90% 
underestimation for pure gravity discharge, and from 
100% to O-20% error for aerated discharge. The in- 
troduction of the dilation strongly improves the model 
predictions: a much lower mass flow in case of zero 
aeration and a maximum for high gas flows. A short- 
coming of the model is then that the location of the 
aeration section influences the discharge rate for QT = 0. 
In reality this aeration section is not used at all, and 
thus should not have any influence. 

The model needs the bulk density at the outlet in 
order to have a predictive value. This dilation cannot 
be predicted from the powder compressibility, but seems 
to be linked to the maximum dilation measured in a 
fluidisation test. More accurate in-situ bulk density 
measurements for different materials are necessary to 
confirm this approach. 

List of symbols 

A 
A 
A, 
A a, max 

Bi 
ci 

D 
D, 
DO 
4 
E 
F 

I!l 
I 

IO 
K 

KP 
k 

P 
Q 

area, m2 
constant defined in eqn. (17), Pa m4 
parameter defined in eqn. (ll), Pa m-l 
parameter defined in eqn. (24), Pa m-’ 
constant defined in eqn. (17), Pa m 
constant defined in eqn. (17), Pa m-l 
constant defined in eqn. (18), - 
constant defined in eqn. (3), - 
hopper outlet diameter, m 
mean particle diameter, m 
constant defined in eqn. (3), - 
constant defined in eqn. (3), - 
gravitational acceleration, m s-* 
filling height in bin, m 
attenuated radiation rate, s-’ 
unattenuated radiation rate, s-l 
ratio between principal stresses, - 
coefficient of permeability, m* s kg-’ 
constant in eqn. (l), - 
fluid pressure, Pa 
effective gas flow, m3 s-’ 
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QT 
r 

r. 
rl 
r2 

r3 

ri 

rm 

uca 

Klf 

u mb 

u 

V 
V 

W 
x 

Y 
22 

23 

Gn 

Greek 
a 
cd 

Lo 
E 
e 

IJ 

Pb 

PP 

total gas flow, m3 
radial coordinate, 
radial distance of 
radial distance of 

s -1 

m 
apex ,to outlet, m 
apex to hopper end, m 

radial distance apex to upper boundary aeration 
section, m 
radial distance apex to lower boundary aeration 
section, m 
radial distance apex to lower position at which 
dpldr is zero, m 
radial distance at which the stress has a min- 
imum, m 
inlet gas velocity defined by eqn. (5), m s-l 
minimum fluidisation gas velocity, m s-l 
minimum bubbling gas velocity, m s- ’ 
relative gas velocity, m s-l 
solids volume flow defined in eqn. (3), m3 s-’ 
particle velocity, m s-’ 
particle discharge rate, kg s-’ 
r/To, - 
rJro, - 
r2Jro, - 
r3Jro, - 
rmJro, - 

letters 
half hopper angle, - 
mass absorption coefficient, m2 kg-’ 
internal friction angle, - 
pressure difference over orifice, Pa 
bed voidage, - 
angular coordinate, - 
dynamic viscosity, Pa s 
bulk solids density, kg me3 
particle density, kg m-3 

Pmf bulk solids density at minimum fluidisation, kg 
mA3 
unconfined yield stress, Pa 
solids stress in r-direction, Pa 
solids stress in O-direction, Pa 
solids stress in $-direction, Pa 
angular coordinate, - 
shear stress, Pa 
wall friction angle, - 
azimuthal coordinate, - 
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