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Abstract

The complete characterization of powder flow properties with shear cells is a long and time-
consuming process that requires specially trained operators or costly automated instruments. For
these reasons, in industrial practice, the use of simpler and less extensive measurement by uniaxial
compaction testers is often preferred. However, previous studies in the literature indicate that the
results of the two techniques are not dirvectly comparable due to the different stress state conditions

achieved in the two testers.

In this study, an experimental campaign to measure the flow function of five different powders
with a ring shear tester (RST) and a uniaxial compaction tester (UCT) was performed. Different
Sflowability results that arose for the more cohesive powders are explained by the wall friction
effect in the UCT. Re-evaluation of the results accounting for the wall friction gave substantial
agreement between the two experimental techniques for a calcium carbonate powder and only at
low consolidation levels for the other four food powders. Phenomena other than wall friction seem to
appear within these powders tested at high consolidation levels. The comparison between the results
of the two techniques suggests that straightforward extrapolation of the UCT flow functions to a low
consolidation condition can lead to an underestimation of powder cohesion.

Keywords: powder flowability, uniaxial compaction tester, ring shear tester, wall friction, cohesive powders

1. Introduction

The flow properties of bulk solids are key proper-
ties in the design and control for storage and han-
dling operations in several industrial applications.
Powder flowability is usually expressed in terms of
flow functions which represent the unconfined yield
strength, £, of the material as a function of the major
principal stress at steady state, o 1. The ratio between
the two is referred to as the flow factor ffc = o1/
and is used as a flowability index according to the
classification by Jenike (1961). This classification was
extended by Tomas and Schubert (1979) and clas-
sifies the powder’s behaviour as follows: /<1 hard-
ened, 1<f£:<2 very cohesive, 2<ff.<4 cohesive, 4<ff.
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<10 easy flowing, ffc>10 free-flowing. After the pio-
neering work of Jenike (1961), a variety of different
experimental techniques were developed over four
decades to experimentally characterize the powder
flow functions, as reported in recent comprehensive
surveys by Schwedes (2003) and by Schulze (2008).
All these testers are divided into two main categories:
direct and indirect testers. In the first category, the
shear region is directionally forced onto the powder
sample, while in the second, this region is thought to
develop independently of the tester geometry. Shear
cells, from the first translational model developed by
Jenike (1961) to the more recent rotational model
developed by Schulze (1994), are so-called direct
testers. In these testers, in fact, a shear force induces
the formation of a shear region in the powder speci-
men consolidated by a normal force. Shear cells are
widely used both for fundamental research and for
industrial testing, e.g. in silo design. For this latter
application, in particular, shear test methods different
from shear cells are used, such as uniaxial compac-
tion testers. In these testers, the bulk solids are com-
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break the sample, acting in the same direction of the
compaction force, is measured. These are so-called
indirect testers because shear regions are thought
to develop along directions other than normal to the
force. Several studies (Williams et al., 1971; Gerrit-
sen, 1986; Maltby and Enstad, 1993) report that the
main limitation of this technique is that a minimum
consolidation stress on the powder sample is neces-
sary to avoid its failure under gravity alone just after
removing the mould. This minimum consolidation
stress value is larger than the value that can be at-
tained in shear cell tests and might be considerably
larger than the stress acting within small process
hoppers. In practice, this means that the powder
compaction under its own weight is completely negli-
gible, but cohesion forces may still cause flowability
problems. Nevertheless, the uniaxial compression
test is often preferred in industrial practice due to its
simplicity and to the shorter time necessary to char-
acterize the powder flowability, either in terms of a
single unconfined yield strength for a single consoli-
dation force, or in terms of a complete flow function.
A recent example of this shear testing practice is
given by Zhong et al. (2000), whose application to the
classification of powder flowability was tested by Bell
et al. (2007). Unfortunately, the comparison between
the powder strength values measured by the two
techniques is not straightforward. In fact, experimen-
tal results obtained with a biaxial tester by Schwedes
and Schulze (1990) suggest that the powder speci-
men follows different stress histories in a shear tester
and in a uniaxial tester during the consolidation step.
In the first case, the powder sample finally attains
steady state deformation, which means deformation
without bulk density variation. In the second, it was
not possible to achieve this condition due to the later-
al confinement of the sample by the mould walls. As a
result, the final consolidation states achievable by the
two techniques could be different. A major difference
between uniaxial compression tests and annular/lin-
ear shear tests is the role of friction exerted by the
mould wall on the powder sample. This wall friction
supports part of the external vertical force applied on
the powder specimen for consolidation. By applying
a simple balance of forces on a differential slice ele-
ment of the powder under compression in the mould
(in the style of Janssen as reported by Nedderman,
1992), we obtained the well-known equation for the
effective normal stress ¢ in cylinders containing

KONA Powder and Particle Journal No.26 (2008)

powders subject to their weight and to some external
vertical load on the upper surface:

4uwKz D 4uy K.
O = Opexp (—%)4—5}?’1( [l—exp <— IJD Z)} 0}

where oo is the surcharge stress due to the ex-
ternal vertical force on the top surface, pw is the wall
friction coefficient, K is the ratio between the radial
and the vertical principal stresses, z is the vertical
coordinate oriented downwards, D is the mould di-
ameter, p» is the powder bulk density and g is the ac-
celeration due to gravity. Uniaxial compression tests
are usually performed at high consolidation stresses,
and the second term of equation (1) due to the pow-
der weight can be neglected. Therefore, the resulting
normal stress decreases exponentially over the pow-
der sample depth.

Some effort to overcome the wall friction effect
was pursued by Williams et al. (1971), who repeated
the experiment by preparing powder samples ob-
tained with the subsequent compaction of an in-
creasing number of thin layers. They derived the
unconfined yield strength from the measured values
of sample yield strength extrapolated to an infinite
number of layers. Maltby and Enstad (1993) tried to
eliminate the wall friction problem by wrapping the
powder sample in a flexible membrane and applying a
lubricating oil between the membrane and the mould
wall. Both the flow functions obtained by uniaxial
compression tests by Williams et al. (1971) and by
Maltby and Enstad (1993) are very close to those de-
rived from Jenike shear cell experiments, suggesting
that wall friction is perhaps the main cause of differ-
ences between rotational/translational shear testers
and uniaxial compression test results. Unfortunately,
the procedures proposed to avoid the wall friction
effect with their complications risk annulment of the
intrinsic simplicity of the uniaxial compression tests
and are therefore not pursued in industrial practice.

The scope of this work is to compare uniaxial com-
pression tests and shear cell tests for a number of
food powders of different cohesion classes and for a
reference calcium carbonate powder. In particular,
going by experimental evidence reported in the lit-
erature, it is expected that uniaxial testing will pro-
vide apparent powder flowability that is higher than
that evaluated with shear testing. An attempt will be
made to account for the main causes of these discrep-
ancies in order to reconcile the powder flowabilities
obtained with the different techniques.
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2\\1 Apparatus

Three different testers for measuring the flow
properties of bulk solids were used in this study: a
uniaxial compaction tester and a Schulze ring shear
tester (1994) to measure the powder flow functions,
and a Peschl rotational shear tester (1989) to mea-
sure the angle of wall friction.

The uniaxial compaction tester (UCT) consists of
a PVC cylindrical mould axially split into two halves.
The cylinder (92.5 mm ID and 120 mm high) is se-
cured by a chain-clamp to a thin disc fixed on to the
horizontal base and a second disc is placed as the
lid on the top surface of the powder sample in the
mould. A piston moving downwards by means of an
electrically driven motor applies a normal force to the
lid over the specimen. This force is measured by a
load cell.

The Schulze ring shear tester (RST) used in this
study is the manually operated commercial version.
Two different annular cells were used: the standard
M cell with an internal volume of about 940 cm®, and
the smaller SV10 cell with an internal volume of about
96 cm®. Normal loads were applied to the hanger
hooked onto the lid of the cell. The shear force acting
during the experiments was derived from the torque
measured by the load cells connected to the cover
through the tie rods. The powder sample volume was
measured by a linear displacement transducer con-
nected to the cell lid.

The rotational shear tester of Peschl was used to
measure the wall yield loci of the powders. To this
end, a wall sample was fixed to the cell base by three
radial screws. A ring was centred on the wall sample
and filled with the powder specimen. External loads
were applied directly to the cylinder attached to the
lid over the specimen top surface. The shear force
was derived from the torque measured by a load cell
connected to the lid through a rod.

2.2 Materials
Five different powders were tested. A calcium

Table 1 Material properties

carbonate powder was used as a reference material.
The other four powders, provided by PURAC Bio-
chem, were used in this study to span the full range
of flowability classes. For confidentiality reasons,
we will refer to these as powders A, B, C and D. The
volumetric particle size distribution of each powder
was measured by a Malvern Mastersizer 2000 laser
diffraction analyser on powder samples dispersed in
a non-solvent liquid. The results in terms of median
particle size dso, Sauter mean size ds2 and size range
corresponding to 80% of the distribution are reported
in Table 1. Scanning electron micrographs of materi-
als shown in Fig. 1 reveal that the calcium carbonate
powder and powders A and B consist of irregular
flaky particles while powders C and D show a more
rounded shape. The aerated bulk density and tapped
bulk density and therefore their ratio referred to as
the Hausner ratio were measured by a Hosokawa tes-
ter. The angle of repose ¢ was also determined by
a Hosokawa tester. All these results are reported in
Table 1.

Under strict application of the Mohr-Coulomb anal-
ysis, the values of K appearing in Equation (1) can be
calculated according to Rankine equation:

1 —sin@,

= Tising (&)
where ¢ . is the effective angle of friction measured
with the RST. Values of K calculated with equation
(5) are reported in Table 1. These values fall in the
range between 0.1 and 0.27. Instead, direct measure-
ments of K reported by Kwade et al. (1994) show that
K values are generally between 0.4 and 0.6 also for
cohesive powders. Therefore, to avoid errors arising
from an underestimation of K, its value was set to 0.4
for all the powders tested. The wall friction angle ¢ w
was derived from the wall yield loci measured with a
Peschl shear tester on a wall sample of the same ma-
terial which the UCT mould is made of.

2.3 Procedures

2.3.1 Uniaxial compression test procedure
Once the cylindrical mould is filled with the pow-

Material dso  80%range  ds aeratedrspb tapped ﬂb CI ¢br e Dw K Jenike (1961) flowability
m pm pm kg m kg m® % deg deg deg eq (9 UCT corrected
CaCOs 7 2-40 4 336 421 20.2 45 54 22 0.10 Cohesive
A 25 1-246 4 434 910 52.3 48 49 25 0.14 Cohesive
B 3 1-32 2 242 595 59.4 48 55 31 0.099 Very cohesive
C 267 149-467 221 610 667 8.6 37 47 26 0.16 Cohesive
D 198 82-386 117 688 706 2.6 32 35 12 0.27 Free flowing
180 KONA Powder and Particle Journal No.26 (2008)
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Fig. 1 SEM micrographs of the materials used.

der specimen and the top lid is placed on its surface,
the consolidation step is performed by moving the
piston downwards and applying the desired normal
load, N.. Then the piston moves upwards, releasing
the consolidation force. The mould is opened and
removed carefully in order not to disturb the consoli-
dated specimen. The compression step is carried out

KONA Powder and Particle Journal No.26 (2008)

by moving the piston downwards onto the powder
sample with increasing normal force until the speci-
men fails. From this test, a single f- g1 point of the
flow function can be derived as follows:
— Nc

~ Avcr

&)
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where Aucr is the cross-sectional area of the cylindri-
cal mould and Mt is the normal force measured at fail-
ure. By repeating the whole procedure with different
consolidation normal loads, a complete flow function
is obtained.

A second procedure was used to account for wall
friction. In particular, o1 was evaluated according to
Equation (1), assuming z to be equal to the measured
powder sample height after consolidation. The under-
lying hypothesis is that in the UCT, the compaction
strength changes within the sample and, in particular,
that the smaller consolidation, which determines the
failure load, is attained at the sample bottom. In the
same way, the unconfined yield strength £ was also
calculated by accounting for the contribution caused
by the powder sample weight, M, as follows:
_ Nr+M

fe=—1c ®

2.3.2 Ring shear test procedure

The standard measurement procedure was fol-
lowed to measure a yield locus with a Schulze RST.
According to this procedure, once the shear cell
with the powder specimen has been prepared and
the maximum normal load chosen, N, is applied to

the cell lid. The pre-shearing step starts and is car-
ried out up to attainment of a steady state value of
the shear stress, 7. Then the shearing phase takes
place under a normal load, N1, lower than N, to reach
a peak value of shear stress corresponding to the
incipient flow of the material. The sequence of the
two steps is repeated with the same N. for each pre-
shearing phase, but with decreasing normal loads for
each shearing phase (i.e. Ni>Nz>+-->Nh). A qualitative
sketch of a typical shear stress chart achievable dur-
ing a shear test is reported in Fig. 2. In this work at
least five failure points were measured for the con-
struction of each yield locus and each complete test
was repeated twice.

The normal stress o acting on the shear plane in a
failure test is calculated as follows:

©)

where N is the external normal load applied, Arst
is the cell cross-sectional area and Az is the powder
height over the shear plane. The average shear stress
7 acting on the shear plane is derived from the mea-
sured torque. The o-t points obtained at failure are
reported in a plot to derive the powder static yield
locus corresponding to the consolidation applied in
the test as sketched in Fig. 3. In addition to these
points, the average of the steady state o-71 values

N
0=-—+puglz
AgsT

T preshear shear preshear shear preshear shear
. I // | / ’ | f -'/ / g
/ ‘ ‘ \ : \ I A
f f f f [ / .
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Fig. 2 Typical torque and normal load chart during a shear cell experiment.
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Fig. 3 Yield locus construction from shear experiment data.
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locates the major principle stress o1 corresponding
to the consolidation applied. The unconfined yield
strength of the powder f is given by the major prin-
ciple stress of the Mohr circle through the origin and
tangent to the yield locus. The angle ¢i between the
static yield locus and the ¢ axis is the static angle
of internal friction. The dashed line passing through
the origin and tangent to the larger Mohr circle is
the effective yield locus. Its angle of inclination with
respect to the ¢ axis is the effective angle of friction,
@e. By performing other complete shear tests at dif-
ferent N. values, a complete flow function of the pow-
der can be plotted.

2.3.3 Wall friction measurement procedure

The wall friction coefficient between the powder
and the mould material was evaluated with the Peschl
shear tester. The detailed procedure is as follows:
after the ring placed on the wall sample has been
filled with the powder, a normal load N: is applied to
the cell lid and the shearing takes place until a steady
state value of 7 is measured; this step is repeated
consecutively three times to be sure that critical con-
solidation of the powder has been reached under the
applied load; this sequence is then repeated with the
same sample by applying increasing normal loads
(i.e. Ni<Na2<:--<Nn). Normal and shear stresses are
calculated as in the Schulze RST, taking the different
cell geometry into account. The o- 7 points are plot-
ted to obtain the wall yield locus. The angle between

the wall yield locus and the ¢ axis is the angle of
wall friction ¢w The wall friction coefficient, uw, is
the tangent of this angle.

3. Results

The flow functions measured for all the materi-
als are reported in Figs. 4-8. In these figures, solid
black circles and hollow circles with thick contours
refer to experiments carried out on the M cell of the
RST, whereas hollow circles refer to experiments car-
ried out on the SV10 cell of the RST and squares refer
to experiments carried out on the UCT. As previously
mentioned, all experiments were repeated twice and
showed a good reproducibility of data, and therefore
deviations from expected trends, as discussed in the
following, can be attributed to inherent experimental
conditions. A general inspection of the figures re-
veals that the five materials investigated cover a wide
range of flow behaviours evaluated according to the
Jenike classification. From the distribution of flow
data in the Jenike classification regions and the analy-
sis of Table 1, it appears clear that a good correla-
tion exists between the flow behaviour of the powder
measured with RST and the powder compressibility
index in Table 1. This is in agreement with what was
reported by Santomaso et al. (2003). The only excep-
tion to this agreement was found for powder C. This
singularity might probably be attributed to the very
irregular and complex shape of these particles shown
in Fig. 1.

The flow function for calcium carbonate (Fig. 4)
obtained with the RST lays within the cohesive region

36
F =1 ver )
hardened Me cohes}l}'ve . 1. cohesive
30 ¢
24 b '
: =4
& :
Mﬁg 18:_ easy
=~ : flowing
12 | -
f e fi=10
6 E o "’-’,,
: ' _ _/,-.,'——' free flowing
0 'k‘ l-ﬂ‘r"\. I B B B
0 15 30 45 60 75 90 105

o,, kPa

Fig. 4 Flow functions for calcium carbonate powder. @ RST M cell; O, RST SV10 cell; l, UCT; A, UCT corrected.
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and t@‘ﬁ% rg&&he very cohesive region at low consoli-
ogﬁt%ogléﬁoth the M cell and the SV10 cell were used
ith the RST to cover a wider range of consolidation
stresses. The UCT flow function is more linear and
is located between the easy-flowing and free-flowing

region.

The flow function for powder A (Fig. 5) obtained
with the M cell of the RST crosses different regions
of flow behaviour from very cohesive to easy flowing,
showing an apparent better flowability as the major
principal stress o1 increases. Significant time fluctua-
tions typical of slip-stick behaviour were observed in
shear stress charts of the experiments correspond-
ing to 01> 5 KkPa. Since this phenomenon could lead
to an incorrect estimation of the yield locus and
consequently of the unconfined yield strength of the
powder, this set of experiments was repeated with
the smaller SV10 cell of the RST in which the slip-
stick flow was not expected for the different elastic
properties of the system due to the reduced height
of the powder sample. As a result, the points derived
from M cell tests, represented by hollow circles with
thick contours, were discarded and, in the regression
of the RST flow function (solid line), were substituted
with the points obtained with the SV10 cell of the
RST, which are reported as hollow circles. The RST
flow function derived with this procedure shows a
certain convexity and covers three different flowabil-
ity regions. The flow function obtained with the UCT
instead shows a linear increase of fc with increasing
o1 and lies entirely in the easy-flowing region.

The flow function obtained for material B with the
M cell RST (Fig. 6) follows a trend similar to that of
powder A and extends over three different flowability

regions (very cohesive, cohesive and easy flowing).
Also in this case, the experiments for o1 > 5 kPa were
repeated with the SV10 cell of the RST to better in-
vestigate the unexpected significant decrease of f: val-
ues, which was not necessarily associated to slip-stick
flow. The RST flow function curve resulting from the
regression on filled circles and hollow circles with
thin contours shows a high powder cohesion. Also in
this case, the flow function derived from the UCT is a
straight line and it falls in the region of cohesive pow-
ders. The corresponding f: values are smaller than
those measured with the RST for o1 < 20 kPa.

The flow function measurement for powder C
with the M cell of the RST (Fig. 7) yielded a linear
increase of f with increasing o1. All the flow function
points belong to the cohesive region. Slip-stick flow
was not observed for the whole range of investigated
stress states, but additional experiments with the
SV10 cell of RST were performed at high 1. Corre-
sponding results confirmed the trend observed with
the M cell. The flow function obtained with UCT is
lower than the RST, suggesting an easy-flowing be-
haviour.

Powder D’s flow function obtained with the M cell
of RST (Fig. 8) is a straight line in the free-flowing
region. Slip-stick behaviour was observed for o1 > 10
kPa, but the repeated tests with the SV10 cell RST
gave identical f: values. It was really difficult to per-
form the uniaxial compaction tests since the low co-
hesion of powder D allowed the preparation of stable
powder specimens only at very high consolidation
stresses. The resulting flow function coincides with
that obtained with the RST.

I ’ very
10 | hardened _ cohesive cohesive
8 e
g | o
4 6 /,'
s I -=7 easy
4 - flowing
: =10
2r
i free flowing
0' 1 1 A P IR N R
0 5 10 15 20 25 30 35

o,, kPa

Fig. 5 Flow functions for powder A. @ O RST M cell; O, RST SV10 cell; l, UCT; A, UCT corrected.
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4. Discussion

Significant differences between the flow function
results obtained with the RST and the UCT were
observed for the more cohesive powders, calcium
carbonate, A, B and C. In order to assess whether
these discrepancies could be explained by different
effective powder compaction values in the two experi-
ments, the UCT results were recalculated taking into
account the wall friction and the powder gravitational
contribution to the stresses acting in the consolida-
tion step. In support of the hypothesis that the lower
consolidation value, which determines the failure
load, is attained at the sample bottom, there is the vi-

KONA Powder and Particle Journal No.26 (2008)

20 25 30 35
kPa

10 cell; I, ideal UCT egs. (1) and (2); &, UCT corrected.

sual observation that at sample failure, the fracture in
the material started at the bottom and then propagat-
ed upwards. Resulting flow functions accounting for
wall friction and calculated according to Equations
(1) and (5) are reported as triangles in Figs. 4-8.
The re-evaluated UCT flow function is close to the
RST flow function for the calcium carbonate powder,
suggesting the soundness of the approach followed
for UCT flow function correction. Also for powders A,
B and C, the re-evaluated UCT flow functions lie very
close to those obtained by RST experiments, but only
at low consolidation values. For these materials, the
corrected UCT flow functions are steeper and more
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Fig. 8 Flow functions for powder D. @ O RST M cell; O, RST SV10 cell; M, ideal UCT egs. (1) and (2); &, UCT corrected.

linear than the RST flow functions and, therefore, at
the higher consolidation values, the RST flow func-
tions provide lower values of the unconfined yield
strength. For these powders, other phenomena have
to be hypothesized to explain the observed differ-
ences at high consolidation levels.

It might be argued that the main reason for obtain-
ing different results between UCT and RST experi-
ments can be attributed to the different stress histo-
ries in the sample preparation during the compaction
steps for the two testers. In fact, in the RST there is
no limit on the maximum shear strain and it is always
possible to reach a critical state of deformation in
which the powder volume attains a steady value. In
the RST procedure, this condition is required to con-
clude the pre-shearing phase in order to reach a bulk
density for a certain compaction load which does not
depend on the compaction history. In contrast, the
compaction procedure in the UCT does not ensure
that the internal deformation of the sample allows
the bulk density proper of the critical state to be
reached. As a result, it might be expected that under
the same major principal stress during compaction,
the unconfined yield strength measured with the
UCT is somewhat lower than that derived from RST
experiments. Nevertheless, as it was recalled in the
introduction, experiments carried out by Williams et
al. (1971) and by Maltby and Enstad (1993), in which
the wall friction was minimized, produced a substan-
tial overlapping of the flow functions obtained with
uniaxial testers and the Jenike shear tester. This find-
ing suggests that in these experiments, the internal
shearing which occurs in the UCT sample during the

186

compaction step was sufficient to determine a pow-
der consolidation similar to that obtained with shear
testing procedures.

As concerns the present experimental campaign,
we have not minimized the wall friction effect in the
UCT experiment, but we have accounted for it in the
proposed correction of the UCT flow function. There-
fore, the circumstance that for powders A, B and C
at high consolidation levels, the corrected UCT flow
function provides an unconfined yield strength larger
than the RST flow function cannot be explained by
the occurrence of any significant role of the different
stress histories of powder samples in the two experi-
ments. Another possibility is that the high shear
induced in the RST might produce some change in
the powder structure close to the shear plane such as
particle fragmentation or orientation. This interpreta-
tion seems to be confirmed by the fact that calcium
carbonate, a powder made of rigid particles and not
subject to orientation phenomena during shear, does
not show significant differences between the RST
and the corrected UCT flow function at high consoli-
dation levels. Further preliminary tests on the mi-
croscopic structure of the powder on the shear plane
did not shed light on this point, and a more complex
investigation, which exceeds the scope of this work,
would be required.

As concerns the results obtained with powder D,
it was observed that the original UCT and RST flow
functions were almost identical at all the investigated
consolidation levels and the UCT corrected flow
function leads to greater unconfined yield strength
values. An explanation of this difference with respect

KONA Powder and Particle Journal No.26 (2008)
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gv? Wserved in the consolidation step and was confirmed

by the small values of the compressibility index. The
consequence might be a reduced powder motion
within the cell that might impair the hypothesis of full
mobilization of the powder at the container wall dur-
ing consolidation. This condition is at the base of the
Mohr Coulomb approach used to obtain Equation (1)
and, if not respected, might lead to an overestimation
of the wall friction stress and its effects.

5. Conclusions

A comparison between the ring shear tester and
the uniaxial compaction tester techniques for the
measurement of powder flow functions was per-
formed for five different powders. Deriving normal
stresses simply from the applied external forces, the
UCT flow functions gave unconfined yield strengths
lower than those measured by the RST for the more
cohesive powders, calcium carbonate, A, B and C.
In particular, each of these powders resulted in be-
longing to different flowability regions according to
the two techniques. A good agreement between the
UCT and RST results was found only for the free-
flowing powder D. Recalculation of the stress state of
the powder sample in the UCT experiments, taking
into account the mould wall friction and the powder
weight, gave a flow function in close agreement with
that obtained with the RST for the calcium carbonate
powder, suggesting the soundness of the approach.
For powders A, B and C, the agreement was satisfac-
tory only at low consolidation values. This correction
procedure requires knowledge of the K ratio and of
the angle of wall friction measurable with shear cells
or other testers. As a result, the use of an UCT alone
could not be sufficient to measure reliable flow func-
tions unless particular care was taken to eliminate
the wall friction effect or at least a rough estimate
of the K and wall friction angle of that material was
available. Table 1 suggests that the repose angle for
these powders might be a sufficiently good estimate
of the effective internal friction to apply equation (2)
for estimating K. With cohesive materials, however,
which give high angles of internal friction and there-
fore K values according to equation (2) lower than
0.4, K values equal to 0.4 may provide a fair estimate.
For the materials tested, the wall friction angle is ap-
proximately half that of the effective internal friction.

It must be recognised, however, that some discrep-
ancies between the RST and the UCT flow functions
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could not be solved simply taking account of wall fric-
tion. In fact at the highest consolidation stresses, the
corrected UCT flow functions for cohesive powders
(A and B) provide a significantly higher unconfined
yield strength of powders. Further investigation is
necessary for a better comprehension of this discrep-
ancy.

The proposed correction procedure turns out to
be effective to obtain more reliable powder flow func-
tions from simple UCT measurements especially for
industrial quality control purposes. Standard shear
testers still appear the most reliable and conserva-
tive flowability characterization method if the results
are to be used for the design of handling or storage
equipment such as silos.

List of symbols
Agsr shear cell cross-sectional area [m?]
Avucr UCT mould cross-sectional area [m?]
¢ cohesion [kPa]
CI compressibility index [-]
D mould diameter [m]
d32 Sauter mean size [pm]
dso median size [pm]
fo unconfined yield strength [kPa]
ff flow factor [-]
g acceleration due to gravity [m s?]
K ratio between radial and vertical stresses [-]
M powder sample weight [N]
N external normal force [N]
Ne consolidation normal force [N]
Nt normal force at failure [N]
time [s]
z vertical coordinate [m]
Greek symbols
Az powder height over the shear plane [m]
Hw wall friction coefficient [-]
Qe effective angle of friction [deg]
Vi static angle of friction [deg]
Or angle of repose [deg]
Ow angle of wall friction [deg]
pb powder bulk density kg m?]
o normal stress [kPa]
00 surcharge normal stress [kPa]
o1 major principal stress [kPa]
T shear stress [kPa]
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