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Abstract

In this paper, we try to improve our comprehension of one of the most important challenge in the particulate solids industry: the assessment
of the homogeneity of powder mixtures. A two-electrode electrical capacitance method is used to measure the permittivity of mixtures while
flowing in a 1-D set up. An emphasis is placed on the possibility of following homogeneity evolution through permittivity measurement,
without the necessity to calculate the volumetric proportions of each component from an effective medium formulation. The methodology is
applied to examine segregation in a funnel, as well as the efficiency of a laboratory drum mixer.
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1. Introduction

With the increased variety of formulated products of the
particle form that appears every day on the market and
that are issued for a wide range from industry (pharma-
ceutical, agro-food, cement, plastics, ...), particulate pro-
cesses in general, and mixing processes in particular, are
pushed to a never-ending battle against their own perfor-
mances. This is due to the fact that the end-used properties of
the products that are manufactured nowadays are more and
more complex, especially because these must cover more
and more functions. Because product engineering had be-
come a major engineering science producing its own tools
both at the research and the educational levels, a prod-
uct ought to become an “intelligent delivery system”, a
“small process” able to optimise its own action when it is
used.

However, it is of common knowledge that mixers, as much
other equipment dealing with particles, are all designed and
operated from the purest empiricism. Indeed, there exists an
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important mismatch between the refinement attained at the
formulation step and the development of processes able to
manufacture the designed and desired product. If we take
biodisponibility of a pharmaceutical tablet as an example,
the trust that we have in formulation must be contrasted with
the following “traditional chemical engineering” interroga-
tion: “How to make sure that the process will deliver pills,
all having the same biodisponibility?”. In practice, this dif-
ficulty in controlling the product has led the companies and
some regulatory institutions, such as the FDA, to emphasise
on “freezing the process” by avoiding any change. In many
process industries, the main keyword concerning powder or
granular material mixers is undoubtedly “reproducibility”,
with the meaning that once an equipment is qualified and
validated to perform a certain function, operating conditions
are fixed and the cost of any variation in the process pa-
rameters may become prohibitive [1]. For example, in the
pharmaceutical field, even a slight change in the mixing pro-
cess would lead to clinical trials for ensuring that the drug’s
therapeutic effect has not been affected. In addition, current
sampling procedures are widely contested [2—4], especially
because of the limited number of samples — typically thirty
— that can be assumed in the context of production with



respect to the overall number of possible samples — about
one million.

In other words, the technological improvement of the
products does not guarantee the same progress at the man-
ufacturing level at all, mostly because of a lack of instru-
mentation and control of the processes, more deeply linked
to the lack of understanding and reliability of particle char-
acterisation in general. If we except the mineral industry,
the industrial applications of particle control systems are
still scarce, the only well-known example being particle
size distribution measurement through LASER diffraction.
However, the situation is not so dramatic if we look at the
progress made in the field of particulate instrumentation
research in the last decade, with a constant special insight
provided by the international conference series “Control of
Particulate Processes” [5].

Optical techniques were developed — both in situ and on
line — over a broad range of applications and various types of
light sources. Main examples are solids concentration mea-
surements in particle fluidisation [6,7], as well as gas—solid
flow [8], or sample composition in dry blending operations,
this latter beginning from the pioneering work of Harwood
et al. [9] up to more recent advances in this scientific field
[10-12]. The main interest of these techniques lays in the
fact that optical probes are easily available on the market,
so that qualitative monitoring of mixers is possible at an in-
dustrial scale. However, these probes only provide local in-
formation of the mixture (typically 1/40 of a tablet), so that
in essence, they still “sample” the powder flow in a way that
may be intrusive and not always representative of the overall
stream.

Electrical capacitance tomography (ECT), as well as elec-
trical resistance tomography (ERT) for liquid—solid systems,
experienced a flourishing development these recent years
for a wide variety of applications [13-18]. Their major
advantage is that they provide, in a non-intrusive way, a
cross-sectional view of a stream that may contain at the
same time a liquid, a solid and a gas. In that sense, they
are able to give a radial image, which in turn, and through
the help of other multiple electrode sensors in the axial di-
rection, can be reconstructed in three dimensions. However,
this huge amount of information must be contrasted with the
low resolution at which it is given. This has probably limited
the application of this technique to powder mixtures that re-
quire an analysis at a very fine scale. X-ray, y-ray, as well
as magnetic resonance imaging (MRI), must also be cited
in the category of the tomographic techniques. They were
mostly used to investigate fluidisation processes, but still
seem difficult to employ at the level of a factory [19-21].
LASER-induced fluorescence (LIF) technique must finally
be cited, especially because some pharmaceutical ingredi-
ents can naturally provide a signal when excited by the ad-
equate beam [22].

In this work, we develop an electrical capacitance sensor
that consists of only two electrodes placed around a glass
tube. This set up is considered not in the view of imaging

the media (such as in classical ECT methods), but with the
objective of obtaining a global dielectric information and
follow its variation while powder is flowing into the tube,
with the aim to measure the composition of binary or ternary
mixtures in the axial direction of the powder flow stream.
It is waited that this method will provide, through specific
iterative algorithms, a quantitative and structural information
about a binary mixture flowing out of a mixer (either batch
or continuous) in relation with its own processing.

2. Theoretical and conceptual developments

2.1. Powder blend homogeneity: macro and micro
considerations

Homogeneity is a key concept for many chemical engi-
neering applications, especially those in which a transforma-
tion occur (precipitation, chemical reaction, grinding, ...),
because of the coupling between kinetics aspects and con-
tact time of the “reagents” due to the flow conditions. In
the field of powder mixing, in most cases, no transforma-
tion takes place and the quality of the product is the fact
of the particulate flow dynamics itself. Also, the main dif-
ference with fluid mixing lays in the fact that a perfect mix
cannot be performed at a molecular scale, and is still diffi-
cult to assess at the scale of a particle. This is due to a wide
variety of particle—particle interactions, resulting in a con-
flict between mobility of single particles, which is essential
to achieve a good mix, and resistance to segregation, which
is a fact of the mixture’s structure. In that sense, cohesive
particulate media (typically below 50 wm) can be viewed as
“macrofluids”, while free-flowing systems (typically supe-
rior to 500 wm) can be viewed as “microfluids”. Between
these two extreme behaviours — that sometimes may occur
in a single product (case of aerable powders) — particle and
particle packets trajectories and motion are both influenced
by gravity and surface forces.

As felt above, the concept of powder blend homogene-
ity cannot be dissociated from the scale at which a mixture
is observed. For continuous mixers, homogeneity must be
defined at the level of the blend flowing out of the vessel,
and falling down to a conveyor or any other transportation
equipment. In the case of a batch mixer, the mixture struc-
ture can be particularly complex to define, but in practice
and when the mixer is emptied, the content of the vessel
is discharged through a “pipe” to a container or a tableting
machine. Hence, in both cases and if we take into account
the entire cross-section of the pipe, the mixture flow can be
assimilated as a 1-D particle stream.

Thus, let us consider a powder mixture flow as a mono-
dimensional layer divided into N consecutive “elementary”
samples. In a first approach, the size of these can be ar-
bitrary fixed, not too small to prevent from statistical er-
rors (inversely proportional to the square root of the par-
ticle number) and not too large for ensuring the validity
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Fig. 1. Two mixtures (a and b) of identical macromixing state can exhibit different micromixing structures that may result in products of different quality

and effects.

of the following analysis. From a global point of view,
the distribution of the compositions is a first indicator of
the mixture’s homogeneity, a perfect blend (at the scale of
scrutiny of the sample’s size) corresponding to a peak cen-
tred on the mean value. Hence, the following standard de-
viation (Eq. (1)) can be considered as a good macromixing
index (the coefficient of variation can also be employed).

Zfil(xi - M)z
o= N ey

This latter formula, which is commonly used in the in-
dustrial practice, also holds for the case of an estimation of
the mixture quality using random sampling. However, the
main problem in this global analysis lays in the well-known
(since the famous Danckwert’s example in chemical reac-
tors [23]) fact that two different structures can correspond to
the same intensity of segregation criteria. Fig. 1 illustrates
this idea, which has a very practical sense in the context of
pharmaceutical blending.

In effect, let us assume that the two processes depicted
here concern pharmaceutical tablets produced in packages
containing six consecutive unit doses. These are of identi-
cal macromixing state, as standard deviations are equal. But
in one case (namely Fig. 1a), a patient will take a slightly
under-dosed treatment, and another one a slightly overdosed
treatment, while in the second possibility (Fig. 1b), an equi-
librium of the dose will be reached after the second take.
Indeed, structure defaults can provoke negative therapeutic
effects that cannot be diagnosed with a macroscopic index
of segregation intensity.

As introduced by Danckwerts in the mid-fifties [24,25],
and more recently reviewed by Gyenis [26], the mixing
structure can be accounted for by the use of the autocorrela-
tion function R(r) (Eq. (2)). The distance rg, corresponding
to the equation R(r) = 0, at which two sample compositions
can be considered to be uncorrelated, is a main character-
istic of the structure of the mixture and has an important

practical consequence: tablets should probably be produced
at this — segregation — scale to statistically ensure that these
have the right (desired) composition. However, the figure
given here is still global, as we do not know anything about
the location and the distribution of the segregated zones in
the mixer, and also on zones of acceptable defaults. As a
consequence, the size of the tablets that corresponds to the
segregation scale may be not so adequate as it is said to be.

SN — ) (i — )
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An illustrating example for this idea is provided in Fig. 2,
in which a series of consecutive elementary samples con-
taining an active ingredient has been artificially generated.
One may easily find that the mean content is = 5%, while
the global standard deviation is o = 1.34%. If we refer to
a pharmaceutical standard, this is not a good mixing, being
the corresponding coefficient of variation equal to 26%. As
it can also be seen from the data, an important deviation
from the mean occurs for sample nos. 11 and 12, which
have the particularity of being corrected at a small scale
(sample nos. 13 and 14). From the point of view of mon-
itoring of the mixing process, it is certainly interesting to
search for this local default that makes the overall mixture
probably inadequate, despite of the fact that other regions
seem to be much better mixed.

If we look at the variations of the corresponding auto-
correlation function (Fig. 3), the characteristic “distance” rq
covers between 1 and 2 elementary samples, which means
that these must be grouped two by two or three by three (for
more security) to avoid any correlation. Doing so, six or ten
tablets can be defined depending on the way the elementary
ones were grouped together (see also Fig. 2). However, this
procedure did not really change the situation, as it gave rise
to an overdosed (no. 4) and an under-dosed tablet (no. 5) and
four perfectly dosed tablets (nos. 1-3 and 6). This is due to
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Fig. 2. Numerical example showing that a non-randomised structural default (heterogeneous zone between sample nos. 11-14) cannot be cleared by
increasing sample size either by a factor 2 (top case) or 3 (bottom case).

the fact that this structural default induces segregation at a
relatively short scale, and cannot be adequately detected by
the criteria ry. The reason for this failure is fundamentally
linked to the global (but structural) character of this crite-
rion that characterises homogeneity at the scale of all the
N samples. In other words, this analysis would give a bet-
ter result if the “problematic” elementary samples were not

placed coast to coast in the mixture, but dispatched along
the whole data set.

2.2. Methodology for detecting structural defaults

mixture, with the aim of disregarding samples of inadequate
composition rather than grouping them. For this reason, we
derived another type of analysis, which we claim to be more
sensible to structural defaults and also easier to adapt to
on-line measurement of continuous processes in which the
series of data is, in principle, infinite. Let us first define a
“window” that consists of n consecutive elementary sam-
ples (of course n < N) placed at the beginning of the data
series. For this packet of samples, a mean (i1, and a stan-

dard deviation o, can be defined by the following Eqs. (3)
and (4).
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Fig. 3. Autocorrelogram corresponding to the present example, and indicating that a characteristic interval of two samples should be considered for

ensuring homogeneity.
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Let us further displace this window from one sample to
the right (of, say, Fig. 2), defining thus another mean u; ,
and another standard deviation o ,. If the composition of
the newly considered sample (number n + 1) is close to xi,
then both 2, and o3, will be close to w1, and oy ,, re-
spectively. In the contrary, if a small structural default ex-
ists, it will be detected by this analysis because the variation
of the corresponding mean and standard deviation will be
important, even if it concerns segregation at a small scale.
Generalisation of Eqs. (3) and (4) for packets beginning with
sample number k is obviously given by Egs. (5) and (6).

1 n+k—1
Hon =~ ) X )
i=k
ntk—=1. . 2
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For the above example, one can observe that the seventh
packet first considers the small segregated region, while it is
not touched after the fourteenth if the size of the window is
equal to five samples. This results in a clearly marked peak
on a graph representing the variation of these local variances
with time, while the means are affected at a much lower
level (see Fig. 4).

The reason for this lays in the fact that even a small
deviation in composition has a consequence on the standard
deviation value, so that the local standard deviations are as
great as many samples in the packet demonstrate a deviation
from the mean. In our case, it can be seen that the number
np, of packets that are affected by the perturbation is equal to
8 out of 16, which also helps in magnifying the default. For
instance, it is felt that a smoothed local standard deviation

curve is the consequence of a good mixture achieved at a
small scale, while a “rough” one corresponds to the existence
of heterogeneous regions in the blend.

From the graph, it is also possible to calculate the number
of samples ng that form part of the default, and should prob-
ably be taken away from the production line. In effect, it is
easy to demonstrate Eq. (7). In the present example, as np
= 8 and n = 5, one will verify that the heterogeneous zone
effectively covers four consecutive elementary samples.

)

ng=np—n-+1

3. Experimental set up development and methodologies

Like in any micromixing state consideration, the experi-
mental illustration of the concept needs the development of
a sensor. Because even slight structural defaults must be de-
tected, it can be felt that this technique may cover the fol-
lowing properties:

(1) Be adapted on-line: The three dimensional knowledge
of the repartition of the components in a vessel (as in
a batch mixer) is generally of a few interest for the
practitioner, especially because an important disruption
of the mixture occurs when emptying the mixer.

Be non-intrusive: This is the better way to avoid any
“cutting” error due to the insertion of a probe in the
powder flow.

Be exhaustive: As all defaults are to be screened, no
partial sampling procedures that would induce a statis-
tical bias can be developed. For instance, the derivation
of a certain part of the powder flow for analysis cannot
be considered here.

(4) Have a good spatial and temporal resolution.

(@)

3)

On the other hand, as only the global content in the sam-
ple is to be derived, imaging and tomographic techniques
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Fig. 4. Evolution of the local means and standard deviations with the number of packet considered (packet width equal to five elementary samples),

magnifying the existence and the location of the heterogeneous zone.
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that also provide spatial distributions are perhaps too pow-
erful tools to be employed with respect to the information
effectively needed. From the above-mentioned techniques, it
can be understood that the best method profile should com-
bine the advantages of fibre-optics (flexibility, global infor-
mation) and ECT (non-intrusive, no sampling) sensors.

3.1. Electrical capacitance set up

Classical ECT set ups are composed by a ring of elec-
trodes (typically 12, see [27,28]), which is generally placed
around the external part of the pipe itself. The correlation
between the dielectric measurements provided by the elec-
trodes allows for a tomographic mapping of the pipe in
the radial direction. In the present case and as commented
above, the radial distribution of the components is of a few
interest (at least in a first approximation) as we are only
concerned with the overall composition in the measuring
volume. For this reason, we developed a capacitance sensor
with the aim of measuring the variations of the global ca-
pacity of a mixture during its own flow. It thus consists of
only two copper electrodes covering practically the whole

ﬁ e

section of a glass tube of external diameter 12 mm (see Fig.
5). A PVC screen allows isolating the electrodes from the
aluminium full cylinder (of dimensions 40 mm x 30 mm)
that covers the overall measuring cell. This latter also pre-
vents from external disturbances, as well as the coaxial
cables, making the liaison with the capacitance meter.

The sensor is connected to a capacitance meter consisting
of the electronic circuit depicted in Fig. 6, and further to a
computer through an analogic/numeric converter. Measure-
ments are taken at a frequency of 5000 scans per second
and the sensibility of the circuit is high enough (close to
0.1 pF) to detect the capacity variations of some picofarads
provoked by changes in the composition of the measured
volume. Preliminary results also show that capacity and di-
electric permittivity could be linked to each other through a
linear relation over the whole measuring range in which we
work. It must be stated that such a statement is only true if the
measured space between electrodes is fully filled with mate-
rial. Otherwise, the measurements would show very strong
non-linear character.

The calibration of the sensors is performed with a liquid
(namely n-butyl acetate) of known dielectric permittivity,
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Fig. 6. Sketch of the electronic circuit for capacitance measurements.



and is repeated every week. Three sensors of exactly the
same characteristics were constructed and can be linked to
the capacitance meter at the same time. As capacitance is
strongly influenced by temperature and humidity, a cool-
ing air equipment is also placed near the sensors, ensuring
then a temperature comprised between 15 and 16°C. In
the same time, humidity of the laboratory is controlled to
be sure it is rigorously the same for each experimentation.
Each sensor proceeds to measurements on samples whose
volume is approximately 2.3 cm? and the electrode area is
approximately 0.38 cm?>.

3.2. The effective medium theory

The effective medium theory consists in considering
the real medium, which is quite complex, as a fictitious
model medium (the effective medium) of identical prop-
erties. Bruggeman [29] had proposed a relation linking
the dielectric permittivity of the medium to the volumetric
proportions of each component of the medium, including
the air through the porosity of the powder mixture. This
formula has been rearranged under a symmetrical form by
Landauer (see Eq. (8), where ¢; is the permittivity of pow-
der i at a dense state, &n, is the permittivity of the mixture
and P; the volumetric proportion of powder i) and cited by
Guillot [30] as one of the most powerful model.
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3.3. Particulate system considered and characterisation

Because the objective of the study is to calculate the pro-
portion of a definite component in a binary or in a ternary
mixture from the data, the particulate products to be cho-
sen may first demonstrate a certain permittivity contrast at
a “dense state”. It must be stated that in the case of a par-
ticulate material, this does not correspond to the dielectric
constant of a massive block of the material for which elec-
tric contacts between grains do not exist. For instance, the
“dense state” corresponds to a hypothetical block of material
having the same quality of dielectric contact as a granular
material for which porosity is occupied by vacuum.

The method used in determining the dense dielectric per-
mittivity of a definite material consists in defining a fluid in
which the material cannot dissolve and further to measure
the effective permittivity of various particulate media/fluid
mixtures corresponding to various porosity. The intercep-
tion point of the curves representing the variation of the per-
mittivity of the material with porosity (through the effective
medium equation, see section 3.2) gives the “dense state”
permittivity.

It is clear that this method does not work in the case of a
particulate medium/fluid mixture that saturates the sensor.
In this way, we developed a second method that consists
in filling the sensor with powder, measuring the blend

Table 1
Some characteristics of the products used

Products True density Dense state relative dso (pum)
permittivity

Salt 221 543 565

Silicon carbide 3.15 44 .44 565

permittivity, weighting the powder in order to isolate the
porosity and, thanks to the effective medium equation (see
Eq. (8)), to deduce the dense permittivity of the powder.
This method is less precise than the previous one, but we
proceeded to several measurements and we averaged them,
thus obtaining better results.

In this study, commercial sugar, silicon carbide and pow-
der that enter in the composition of cement (A—C) were fi-
nally chosen for their high permittivity difference. Sugar and
SiC were both sieved between 500 um and 630 pm in order
to avoid segregation by particle size. Another advantage is
that silicon carbide particles can be separated from sugar in
the blends by water dissolution of the latter, filtration of SiC
and finally drying. Table 1 gives the physical properties of
these powders. Note that true densities were measured by a
classical pycnometric method.

3.4. Experimental rig and mixers

The mixture to be analysed is placed inside vertical walls
in a vibrating channel operating at low amplitude to avoid
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Fig. 7. Sketch of the experimental rig showing the intial mixture (1), the
vibrating channel (2), the upper funnel (3), the sensors (4), the static mixer
(5), the lower funnel (6), the belt conveyor (7) and the capacimeter (8).
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Fig. 8. View of the discharge profiles through a funnel.

particle segregation during transport, as well as ensuring
mass flow of the blend. The particles are then falling at the
centre of a funnel (without accumulation) that is connected
to the glass tube surrounded by a first capacitive sensor (de-
noted sensor H). At the end of the tube, a Sulzer® static
mixer consisting of six mixing elements is placed. These
mainly allow for a radial motion of the particles and few
axial mixing occurs in normal flow regime (see [31]). The
mixture further flows by gravity to another funnel placed in
the upper part of another glass tube that supports the last two
sensors separated by a known distance (see Fig. 7). Assum-
ing mass flow in this last section, the correlation between
the responses of these sensors (denoted M and B) allows for
the calculation of the flow rate and the frequency to consider
avoiding any sample crossing.

For instance, the glass tube must always be full of solids
with a constant flow. To ensure this, the end of each tube
was squeezed and the bottom of these tubes were placed at
a short distance from a conveyor belt operating at constant
speed (5mmin~!), thus gently deposing the mixture as a
layer onto the belt. This set up also allows a validation of the
method by comparing the sample compositions in the belt
to the compositions given by the closest sensor. With this
special set up, all particle flow rates become quickly equal
from the vibrating channel to the conveyor belt (in fact, the
amplitude of the vibrations can be adjusted for this task).

4. Results and discussion
4.1. Following the discharge profile through a funnel

In this experiment, we studied the effect of a funnel on
the discharge profile of two different and successive layers

(sugar at the bottom and SiC at the top). This preparation
flowed through the glass tube equipped by the first sensor
and then through a lower funnel equipped by the two other
sensors at its outlet. The discharge profiles are represented
in Fig. 8.

The profile in the upper funnel clearly shows the step of
permittivity applied to the system, whereas the profile after
the lower funnel is clearly spread. This shows us that the

Fig. 9. Photograph of the Erweka Rotocube® mixer.
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Fig. 10. View of the initial discharge profiles before and after the static mixer.

SiC is mixed with sugar at the beginning of the experiment
because it flows preferentially in the middle of the funnel,
whereas components situated near the walls are flowing at
the end.

We can also conclude that this experimental device gen-
erates a high segregation by density difference that give rise
to a preferential flow in the centre of the funnel. It thus
greatly perturbs the measures and the mixing process. In or-
der to prevent from segregation, it is therefore particularly
important not to fill the funnels, so that a solution could be
to convey powders directly to the centre of it.

4.2. Kinetics of mixing in a laboratory drum mixer: the
Rotocube®

In this section, we apply the above methodology for the
case of the Rotocube® mixer (see Fig. 9), and in particular,
we examine the influence of the number of revolutions at a
fixed rotational speed (30 rpm) on the mixture quality.

The first experiment was realised without any action of the
Rotocube® and we just divided the initial preparation into
three successive layers placed in a vibrating conveyor: the
lower one was constituted by half of sugar, the middle one
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Fig. 11. Standard deviation of dielectric permittivity before and after the static mixer versus the number of revolutions in the Rotocube®.



by all the SiC and the upper one by the rest of sugar. All the
preparations constituted of 20% by mass of SiC and 80% by
mass of sugar. Fig. 10 clearly shows that this experimental
device prevents from segregation inference, even if there is
still left some, probably due to the conveyor’s vibrations. It
must be commented that the nominal value in SiC content is
not reached because of the small thickness of the SiC layer
and of a slight phenomenon of mixing between SiC and
sugar when passing from the first layer to the second one.
Experiments were then realised with several number of
revolutions of the mixer. The entire mixture flowed through
the device and the standard deviation of the whole mixture
(3600 samples) could be derived for each experiment. Fig. 11
shows the evolution of the standard deviation of the permit-
tivity versus the number of revolutions. We can immediately
see that the two plots are quite close, which shows that the
static mixer mixes in a radial way, an effect that cannot be
detected by the sensors we used. Concerning the shape of the
plots, it is clearly shown that the mixing quality is improved
by the Rotocube® since the first revolution. Then, quality is
slowly bettered up to four revolutions and begins slowly to
decrease after four revolutions. This can be due to a change
in the mixing mechanism in the Rotocube® (passage from a
shearing mechanism to a diffusion one), which may change
the mixing structure. Note that the presence of oscillations,
which are softened by the static mixer, may be due to seg-
regation in the Rotocube®, but also in the vibrating system.

5. Conclusions

Hopefully, dielectric constants of current materials are
covering a wide range of values, which also means that such
a method can be applied in various industrial applications.

This study has shown the possibility to measure segrega-
tion problems when discharging mixtures through a funnel.
It has also shown the effect of the number of drum revolu-
tions at a fixed speed on the quality of a mixture, as well as
the effect of a static mixer. The axial structure of the mix-
tures through autocorrelation functions could also be stud-
ied from these data, but this has not been reported here for
clarity of the paper. In addition, it must be remembered that
we just studied the evolution of the dielectric permittivity,
and that in most cases, we will have to follow the volumet-
ric compositions of each component in order to characterise
the homogeneity of the medium. The capacitive method is
indeed full of promise for particulate systems, and it would
be interesting to explore it much into details, particularly
for determining the proportions of each component of the
mixture.

Appendix A. Nomenclature

dso median diameter at 50%
n consecutive elementary samples defining a window
(of course n < N)

no number of samples that form part of the default
and should probably be taken away from the
production line

np number of packets that are affected by the
perturbation

N number of considered consecutive elementary
samples into which the powder mixture flow
is divided

N, number of components in the powder mixture,
including the air trough the porosity of the medium

p; volumetric proportion of the component i in the
powder mixture

r spatial (or temporal) variable corresponding to
the distance (or time elapsed) between two samples

o distance (or time elapsed) between two samples

corresponding to the equation R(r) = 0

R(r) autocorrelation function

Xj weight composition in a key component in the
elementary sample i

Symbols
i mean observed for the N consecutive samples
o standard deviation for the N consecutive samples

Wkn  mean for a packet of n samples beginning at
sample number k

okn  standard deviation for a packet of n samples
beginning at sample k

& dense dielectric permittivity of the component
i in the powder mixture

&m dielectric permittivity of the powder mixture
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