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The characterization of powder flow properties is often required for reliable design and proper operation of
industrial processes. The effect of the state of compaction and bed voidage on bulk solids flowability is probably
the most critical area of understanding. The goal of the present study is to compare traditional characterization
techniques with methodologies provided by the FT4 Powder Rheometer (Freeman Technology). The data from
six different methods, covering low to high stress levels, were compared to examine the hypothetical relation-
ships between them. These techniques were also evaluated with regard to their ability to discriminate between
different powders. Tomake a comparison of the testingmethods, a range of sevenmaterialswas selected to cover
the entire range of fine powders, i.e., from nanoparticles to group B powders.
The results showed that the characterization techniques clearly have different working ranges depending on the
level of cohesiveness of the powder. The powder rheometer was found to allow quick and reproducible measure-
ments of the powder response to various environments. The different blade testing methods provided data that
were in good agreement with traditional characterization techniques. However, the powder rheometer measure-
mentswere difficult to interpret because they depend onmany physical properties and environmental parameters.
They were particularly useful to compare similar materials but did not allow good discrimination between very
differentmaterials. Amore detailed understanding of the physical phenomena involved in blade testing techniques
is still needed.
Finally, this study showed that powders and bulk materials cannot be viewed as invariant entities. Their flow
properties cannot be predicted by only one indicator. The connection of several characterization methods is
required to ensure a complete understanding of the powder flow properties over a wide range of conditions.
This approach allows better insight into the powder/process relationship.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

It is estimated that approximately 60% of all productsmanufactured in
the chemical industries in Europe are powders and an additional 20% of
products use bulk solids in the processes [1]. Recently, there has been a
general increase of interest in fine powders and nanoparticles because
of their high surface area-to-volume ratio andother special characteristics
that make them very attractive in the industries of advanced materials,
foods, cosmetics, pharmaceuticals, plastics, paints, detergents, catalysts,
coating, powder metallurgy, etc. [2–4]. Nevertheless, the ability of fine
powders to flow and fluidize is complicated by the presence of interparti-
cle forces (Van derWaals, electrostatic or capillary forces) which become
preponderant compared with gravitational and/or hydrodynamic forces
[2,5,6]. It should be noted that the term “nanoparticles” is generally
used to refer to primary particles having a diameter smaller than
100 nm [7]. According to Geldart's classification [8], the group C powders

correspond to particles less than 20 μm to about 80 μmdepending on the
density difference between the particle and the fluid.

Theprocessing ofmanygranularmaterials generally involves different
unit operations such as aeration, fluidization, pneumatic conveying,
blending, grinding, compaction and storage in bins or hoppers. The reli-
able flow of powders is an important issue since it can affect the final
product quality and the efficiency of the processes. Poor flow leads to
wastage, machinery maintenance problems and downtime, with associ-
ated costs [9]. As a consequence, the characterization of flow properties
of powders is often required for reliable design and consistent operation
of processes. One of themaindifficulties is that the link between thephys-
ics of local grain interactions and their global mechanical behavior is still
poorly understood, and thus empirical approaches prevail [10]. Several
measuring techniques for the evaluation of the flow properties of bulk
solids have been traditionally used: shear testers, uniaxial compression
test, flow through a funnel, angle of repose, avalanching, consolidation
test, determination of tapped density (Carr index, Hausner Ratio), fluidi-
zation test, bed collapse test, etc. [1,11]. Some of these methods yield
quantitative results that can be used for equipment design (silos, hoppers,
bins, fluidized beds, etc.). Other test results are used for quality control,
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comparison and ranking of different bulk solids. In the case of fine
particles, tests are often applied to assess the degree of cohesiveness of
different powders. These characterization techniques have numerous
limitations including reproducibility, predictability, sensitivity and are
often time-consuming and user-dependant. Hence, scattered results can
be obtained, especially in the case of fine powders. The correlation of
results between different empirical tests is lacking or insufficient.
However, there is an increased interest in establishing some method
comparisons (e.g. [12–17]).

The behavior of powders generally depends on three general
features [18]:

• the intrinsic physical properties such as particle size, density, shape,
roughness and porosity;

• the bulk powder properties such as size distribution, bulk density,
distribution of forces as well as cohesive and frictional interactions;

• the external conditions or processing environment such as tempera-
ture and humidity as well as bed voidage and state of compaction.

Thus, it appears that powders and bulk materials cannot be viewed
as invariant entities [19]. Since flowability is not an inherent property
of the material, a single characteristic or index will not enable a com-
plete understanding of the powder flowbehavior [20]. In industrial pro-
cesses, powders are submitted to a wide range of conditions that may
affect their flow properties, from the highly dispersed state in fluidized
beds to the highly consolidated state in roller compactors, as shown in
Fig. 1 [19]. Individually, the available test methods do not represent all
the conditions that powders undergo in their manufacture and applica-
tion. As a consequence, a range of characterization methods is required
to ensure a complete understanding of the behavior of a given powder
in different unit operations of an industrial process. This approach,
which consists in combining results from different tests, allows a better
insight into the powder/process relationship. It leads to amore accurate
prediction of the powder flow behavior as well as an improved under-
standing and efficiency of the processes.

The effect that bed voidage has on powder flow properties is proba-
bly the most critical area of understanding. Typically, a consolidated
powder needs around 100 timesmore energy tomake it flow than is re-
quiredwhen the same powder is aerated [21]. The bed voidagemay also
impact on the ability tomake reproduciblemeasurements. Conditioning
is essential to eliminate any packing history such as pre-consolidation or
excess air and thus obtain repeatable data. Recently, Freeman Technol-
ogy has developed a powder rheometer which includes various dynam-
ic characterization methods. It allows measurement of the powder
response to various environments, thus simulating the range of process-
ing conditions more closely. From the measurement of the energy re-
quired to displace a sample of settled powder with a specifically

designed blade, a series of indexes related to theflowproperties of pow-
ders can be derived. In order to ensure repeatable and comparable data,
a conditioning procedure allows the generation of a stable consolidation
state that can be reproduced easily. In addition, the possibility to fully
automate the testing procedure alsominimizes the operator dependen-
cy and the time consumption.

The goal of the present study is to compare traditional testing
techniqueswithmethodologies provided by the FT4 Powder Rheometer
(Freeman Technology). The data from different experimental
techniques were evaluated to establish the relationship between the
characterization tests. To make a comparison of these methods, a
range of five materials was selected to cover the entire range of fine
powders, i.e., from nanoparticles to group B powders. In addition, two
binary mixtures were used in order to assess the ability of tests to
discriminate between different mixing qualities. The main variable
was chosen to be the stress level since the bed voidage is one of the
most important factors affecting flowability. The flow properties of the
powders were assessed using six different methods that can be classi-
fied into three groups, corresponding to different stress levels (Fig. 1):

• packed bed conditions: these tests are used to predict the flow (or no
flow) of bulk solids from a storage vessel with a given outlet size. The
flow properties aremeasured over a range of controlled stresses, from
the stress generated by a few centimeters depth of powder to that
generated by several meters depth of powder. It should be noted
that the lowest stress may overlap with the tests below (free surface
conditions). In this paper, traditional shear cell measurements
were compared to a consolidation test provided by the FT4 Powder
Rheometer;

• free surface conditions: these tests are representative of the filling of
bulk solids into a small packing container. The flow properties are
measured at low but uncontrolled and unknown stresses. Test stress-
es will be different between materials due to differences in their bulk
density. Here, Hausner Ratio measurements were compared to a
dynamic blade testing (FT4 Powder Rheometer);

• aerated conditions: these tests are representative of the fluidization
behavior of bulk solids. Typically, the fluidization properties are eval-
uated by measuring the pressure drop across the bed. However, the
degree to which it can be controlled, via the fluidization velocity, is
limiteddepending on thematerialsfluidization properties. As a conse-
quence, the level of control available reduces as a function of the ease
of which the tested material becomes fluidized. In this paper, tradi-
tional fluidization measurements were compared to an aeration test
carried out with the FT4 Powder Rheometer.

Tests belonging to the same group were evaluated with regard to
their ability to discriminate between different powders.

Fig. 1. Powder flow behavior over a range of stress levels.
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