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This is an experimental study of the discharge of seeds in a silo in a mass flow regime. It demonstrates how the
flow parameters involved in Beverloo's equation (C and k) can be correlated with some of the shape parameters
belonging to the seed grains. Results show that the concept of empty annulus introduced through the parameter
k is dependent on the size and on the specific surface area. Besides, the circularity of the grains, alone, is not
enough to predict the value of k in a grain discharging process.
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1. Introduction

The physical understanding in the discharge of silos is still a topic of
intensive research, given its connection with important industrial oper-
ations like the storage and manipulation of granular matter used in the
production of food, pharmaceuticals, agrochemicals and construction
materials.

Among other features, a safe design of a silo needs determining
the pressures exerted on the walls during the filling, storage and
discharging time. Even more, before deciding the features of a new
discharging set up (or the change of an already existing one), it is neces-
sary to characterize of the granular material to be stored.

Many physical properties of the grains are involved in this character-
ization and some of the most important ones to be measured are the
bulk density, the size and the shape of the particles, the repose angle
and the humidity content. Besides, the study of the flow inside silos
and hoppers is crucial for the determination of adequate dimensions
to avoid the presence of fluctuations and the eventual jamming during
the discharge [1,2].

Although the long list of experimental and numerical works dedicat-
ed to the topic of the present paper [3–14], there are still open questions
to answer, and basic studies have to be conducted in order to under-
stand many features of the outflow properties of granular matter in
silos.

As clearly explained by Mellmann et al. [13], few works has been
published on the influence of the particle form on the discharge rate
in silos. In that paper, the authors show how the particle's form, their
flow properties and the outlet geometry can affect themass flow during
the discharge from a silo. They found that, for a bulk material, when the
particle form factor and the standard deviation of the form factor distri-
bution function increase, the Froude number is reduced and so does the
discharging mass flow rate.

Despite its old formulation, thewell-knownBeverloo's equation [15]
is still a key correlation to predictflowdischarge in silos. It has frequent-
ly been modified to account for effects do not included in the original
model as, for example, the hopper angle, the outlet orifice geometry
and the particle size distribution [3,5–7,16].

For example, the parameter k in Beverloo's equation has been
related to the particle shape and it has little dependence on the size
of the grains, although modifications have been made to take into ac-
count the presence of binary mixtures. For instance, the replacement
of k by a function of the particle size distribution has been tried by
Humby and collaborators [17,18] in order to modify Beverloo's
correlation.

On the other hand, the parameter C in that correlation has been as-
sociatedwith the internal friction of the particles and the hopper geom-
etry. Nevertheless, many works find its value limited to a narrow range
[19], or vary this parameter in order to account for hopper angle effects
or hopper geometry [20,21].

By usingBeverloo's equation in 2D silos, a recent studydemonstrates
that flow increaseswith the hopper anglewhile C decreases [22]. On the
other hand, the parameter k shows a variation with the hopper angle,
while experiments find independence of the results on it.

In simulations performed by Toson andKhinast [23], it is proven that
the form factor k varies with particle shape and can be scaled, as a good
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approximation, by using the squared root of the aspect ratio of the par-
ticles. On the other hand, they find that in all their simulations the pa-
rameter C is quite constant.

Looking at all the work presented so far, one of the challenges is still
to correlate the values of the Beverloo's constants with the shape of the
particles involved in the discharge. In thisway, one could predict the be-
havior of the flowwhen a change in the geometry of the grains is need-
ed in an industrial process [13].

The presentwork studies experimentally the discharge properties of
three different seeds, commonly found in food production, aiming to
correlate their different shape features with the parameters entering
in the flow equations.

In the next section, we present a brief theoretical background to un-
derstand our physical basis in analyzing and measuring the variables of
interest. The third section shows the experimental set up and procedure
used in the discharge experiments at the laboratory scale. Then, a sec-
tion dedicated to our results is presented, followed by a proper discus-
sion. The last section is devoted to the main conclusions.

2. Theoretical background and definitions

2.1. Beverloo's equation

It would be difficult, may be unnecessary, to conduct a thorough
analysis of all the work done around the Beverloo's correlation and
its diverse modifications. Here, we just address some main concepts
for our future analysis. Interested readers can refer to the literature
presented in [6,7,11,15,24], among many others.

The discharge rate of particles, with a given diameter d, inside a flat-
bottomed cylindrical silo with outlet orifice diameter D, is expressed as
[15]:

Wflat ¼ Cρag
1
2 D−kdð Þ52 ð1Þ

where g is the gravity acceleration and ρa is the bulk density of the pack-
ing of grains after filling the silo. The constant k is called the Beverloo's
constant and it is expected to depend on the size and shape of the par-
ticles. The constant C is found empirically in the range of 0.55 b C b 0.65
and it is usually related to the hopper geometry.

Some previous works rise the possibility of modifying Eq. (1) by
introducing a dependence of the term kd on the particle size distribu-
tion [7,18], especially for binary mixtures. Given that the bulk density
is modified by the presence of particles with different shapes and
sizes, the actual effect of the grain features on k could be difficult to
isolate.

In the present work we will consider Eq. (1) as the fundamental
correlation between the flow rate and the silo-particle system. Here,
the values for the constants C and k are determined through this
equation and they are related to the different particles used in each
experiment.

Bulk density is considered constant for a given type of grains and,
consequently, this assumption affects the values of C determined
through ourmeasurements given that, strictly speaking, the bulk densi-
ty is supposed to vary at different points of the discharging mass.

2.2. Shape factors and specific surface area

There are numerous shape factors that are able for the characteriza-
tion of a grain [25,26]. Most of themdealswith the comparison of a non-
regular shaped grainwith a regular shaped one, commonly a sphere or a
disk, depending on the geometrical quantities to be measured.

Here, we define some shape factors thatwill help to correlate our re-
sults for the discharge of the silo. All these factors are related to the de-
termination of the main three dimensions of the seed grains, i.e., their
characteristic thickness, T, width,Wth, and length, L. They are also relat-
ed to the determination of the surface area and volume. Based on the
knowledge of these parameters, the equivalent volume diameter, dv,
for a grain with approximate volume V is:

dv ¼ 6V
π

� �1=3

ð2Þ

Three different seeds are chosen in our experiments: wheat, soy and
corn. To calculate the respective volumes for each seed type, we assume
that soy and wheat grains can be considered as perfect revolution ellip-
soids, where the principal semi-axes are obtained fromWth and L. Final-
ly, corn volume is calculated by multiplying the average projected
surface area by the average of T.

The shape factors used in the presentwork are the circularity, CI, and
the sphericity, Ψ. Their calculation follows standard definitions used in
other works and are, respectively, the following ones [25,26]:

CI ¼ 4πAp

P2 ð3Þ

Ψ ¼ Sp
SC

ð4Þ

The circularity expresses the closeness of the shape of the particle
projection to that of a perfect circle. Among other possible definitions,
it can be set as the square of the rate between the perimeter of a circle
with projected area equal to that of the particle, Ap ˗provided the contri-
bution of gravity will generally ensure that this is themaximal area˗ and
the perimeter, P, of the projected area. Circularity has the advantage of
incorporating a measure of the roughness or surface undulations of
the particle [25,27]. The sphericity concept used here comes from the
ratio between the area of the particle, Sp, and the area of the smallest cir-
cle circumscribing the particle, Sc. This shape factor is a measure of the
similarity of a particle to a perfect sphere.

In the absence of a direct image analyzer for themeasurement of the
specific surface area, SSA, we follow a theoretical approximation that
can provide a good idea of this quantity for the present purposes. The
procedure outline is detailed in the original work of Hunger and
Brouwers [28], thus,we only present here some of themain calculations
to follow the idea behind the method.

The specific surface area of a single particle (assuming that all parti-
cles are ideal spheres) is expressed as:

a ¼ 6m
dρV

ð5Þ

wherem is themass of the particle, d its diameter, ρ its density, and V its
volume. Thus, for each different set of particle size, the total specific sur-
face area, SSA, of a granular material with known particle size distribu-
tion can be computed as the weighted sum of terms like the one in
Eq. (5) [28]. In our case, we assume mono-sized grains. In this way,
SSA is calculated as:

SSA ¼ 6M
dρVT

ξ ð6Þ

where M is the total mass of the sample, VT its volume and ξ is a shape
factor that has to be included in order to correct for the non-spherical
shape of particles. According to [28], this shape factor is equal to s/ε,
i.e., the ratio between the surface area of one grain, s, and the surface
area, ε, for an equivalent volume sphere. One can compute s by assum-
ing regular geometrical shapes as close as possible to the real shapes of
the grains. On the other hand, considering a sphere with the same vol-
ume as that of a grain, the corresponding diameter, dv, is resolved
through Eq. (2) and used to compute ε. Finally, SSA is given by Eq. (6).



Table 1
Values for the mean diameter D of the hoppers and angles for hopper walls.

Flat (cm) Conical (cm) Angle for conical hopper, α (°)

4.39 4.89 56.0
4.83 5.41 56.5
5.33 5.95 57.0
5.94 6.42 57.5
6.39 6.95 58.0
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3. Experimental set up and procedure

3.1. The silo

The silo used for the discharge of the seeds consists of a cylinder
made with a zinc sheet, with a diameter DS 33 cm and a height, HS, of
100 cm. The hoppers fitted at the bottom of the silo are either conical
or flat-bottomed. The diameter of the orifice at the outlet is varied by
means of an interchangeable set of hoppers. A sketch of the silo and
the interchangeable hoppers is shown in Fig. 1. The discharging mass
is continuously weighted by an electronic balance with a maximum ca-
pacity of 30 kg and an accuracy of 10 g.The balance is linked to a PC by a
RS 232 interface. In this way, we record dynamically the weight as a
function of time, with a maximum temporal resolution of 0.2 s. The
mean diameter, D, of each of the outlets used in the experiments is
shown in Table 1. The orifice diameters aremeasured using a digital cal-
iper and averaging over five measurements taken on different equidis-
tant directions at the orifice. All the interchangeable conical hoppers
have the same height h = 21 cm, but a different angle α, thus varying
the diameter of the outlet.

Let remember that the seeds used arewheat, soy and corn. The silo is
filled with one kind of seed at a time and the mass flow vs. time is reg-
istered for a given outlet D and hopper type.

In each realization, the same amount of material is loaded using the
same procedure. Both, the height and the diameter of the silo are large
enough to prevent wall effects and to ensure that the flow rate is inde-
pendent of the height.

Once the silo is filled, the outlet is opened, starting the discharge and
the corresponding data recording. For each hopper geometry and size,
five repetitions are done to average results.
Fig. 1. Sketch of the silo with its interchangeable hoppers. Geometrical features are
indicated with the corresponding letters.
3.2. The grains

As said before, three kinds of grains, frequently involved in food pro-
duction, are used. Their characterization is performed by firstmeasuring
their typical length, width and thickness through digital image treat-
ment over a representative number of grains. This technique is also
complemented with direct measurements with the aid of a caliper.
The average values obtained for L, Wth and T, and the regular shapes as-
sumed to represent each type of seed are used to calculate the diameter
dv of the particles.

On the other hand, the quantities needed to calculate CI and Ψ
through Eqs. (3) and (4) are obtained by standard image processing
and their average values are also shown in Table 2.

The determination of the bulk density, ρa, is performed through the
weighing of a container with known volume into which one type of
seed grains is poured from a short constant height and at a constant
flow rate. The apparent or bulk density is determined as the ratio be-
tween the weighed mass and the volume. The obtained values are in
Table 2.

Finally, the specific surface area for a representative set of grains of
each type of seed is calculated following the procedure explained
above, with the help of Eqs. (5) and (6). These results are also displayed
in Table 2.

From the results of the shape factors and in coincidence with expec-
tation, CI andΨ increase from left to right in the table. All types of grains
show a high value for circularity, even wheat, which also demonstrates
to be far from a spherical shape. The values are in agreement with a di-
rect ocular inspection of the grains.

The bulk densities for the three grains are quite comparable as it
is typical for these kinds of seeds. Concerning the specific surface
area, the results confirm the expectation that the more elongated
particles have the largest surface area, while those for corn and soy
are comparable.
4. Results and discussion

4.1. Flow and fluctuation measurements

Once a grain type is chosen, the cumulativemass discharge as a func-
tion of time is recorded for each of the outlet sizes shown in Table 1. As
commonly done, the rate flow is calculated from the slope of the curves
and averaged over the five equivalent realizations. Just as an example,
Fig. 2 shows a typical plot for the case of mass discharge of corn through
Table 2
Values for equivalent diameter, shape factors, density and surface area, for the three seed
grains. Errors are indicated.

Wheat Corn Soy

Equivalent volumen diameter, dv (cm) 0.40 ± 0.01 0.89 ± 0.01 0.69 ± 0.01
Circularity, CI 0.72 ± 0.02 0.85 ± 0.02 0.92 ± 0.02
Sphericity, Ψ 0.42 ± 0.02 0.71 ± 0.02 0.90 ± 0.02
Bulk density, ρa (g/cm3) 0.80 ± 0.01 0.80 ± 0.01 0.74 ± 0.01
Specific surface area, SSA(1/mm) 1.68 ± 0.02 0.87 ± 0.02 0.88 ± 0.02



Fig. 2. Example of a typical plot of the mass discharge from the silo as a function of time.
Corn seeds are used with a conical hopper with D = 5.95 cm. The linear fit is indicated.
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a conical hopperwith outlet diameter 5.95 cm. The line indicates the lin-
ear fit from which flow rate is calculated.

Although the average behavior in all the discharges is perfectly line-
ar, fluctuations are observed in the slope of the line, i.e., flow rate oscil-
lations are typical in these experiments [10]. During each experimental
run, one can obtain themass discharge rate by differentiating the cumu-
lativemass with time. An example is presented in Fig. 3, where a plot of
the fluctuations is displayed for the discharge of soy in a flat-bottomed
hopper with outlet diameter 4.39 cm. The horizontal line is the average
flow rate, approximately 292 g/s for this case. These fluctuations have
been reported in formerworks [9–11], both experimentally and by sim-
ulations. They are associated with the formation and collapse of arches
[11] and their amplitude is expected to be higher for irregular particles
than for rounded particles, since the likelihood of arching is higher be-
cause of friction and irregular shape [10]. This feature is also present
in our experiments, where fluctuations for wheat are a little stronger
than those for soy or even corn.
Fig. 3. The mass fluctuations during the course of a typical discharge. The horizontal line
indicates the mean flow rate, approximately 292 g/s in this case.
We analyze the Fourier transform of the time series of the fluctuat-
ingmass rate to findwhether a periodic component is present. The Fou-
rier analysis of the fluctuation patterns allows obtaining the typical
frequency related to the formation and destruction of arches [10,11].
An extensive explanation of the procedure and a physical interpretation
of this behavior are aimed in [10].

In Figs. 4 and 5we present the resulting frequencies from the Fourier
analysis over all our present data, for the two hopper geometries, and as
a function of the relative outlet diameter. This relative diameter is calcu-
lated by dividing the hopper outlet size, D, by the corresponding dv
values in order to plot all the results together. For flat-bottomed hop-
pers, it is clear from Fig. 4 that the frequency grows for larger outlets
up to a certain relative size after which saturation is found. This effect
is due to the decrease in the probability for the formation of arches
that try to stop the flow.

In the case of conical hoppers, Fig. 5 demonstrates that saturation is
attained before, especially for corn and soy particles. Observation of silo
discharges in our experiments proofs that a mass regime is attained in
most conical hoppers. Thus, low and constant arch formation likelihood
at the outlet is expected [11] and, consequently, no changes are found in
thefluctuation frequencies [10,11]. On theother hand, forflat-bottomed
hoppers, a funnel flow regime is observed up to the bigger outlets. Thus,
the structure and succeeding of arch formation change, showing a vary-
ing frequency pattern as a function of size, with lower frequencies com-
pared to the cases of conical hoppers (see the different scales in both
figures). Comparing the behavior among different seed types, wheat
presents a larger relative size for saturation. This is related to the larger
probability for the survival of the arches given to the geometry of the
grains. This greater ease to form arches in the case of particleswhose ge-
ometry is close to that of an ellipsoid has also been described by other
authors [29].
4.2. Calculation of C and k

By using Eq. (1), it is straightforward to obtain parameters C and k
through a linear fitting ofW2/5 vs. D. Indeed, it has been proved that ap-
propriate values for those parametersmake the Beverloo's equation still
a good and simpler tool for silo designing [7,18,10,30]. Besides, to take
into account the hopper angle, one has to multiplying Eq. (1) by a
Fig. 4. Frequencies coming from the Fourier analysis over the mass fluctuations
corresponding to flat-bottomed hopper discharges. The different frequencies are plotted
against the ratio between outlet diameter, D, and equivalent particle diameter, dv.



Fig. 5. Frequencies coming from the Fourier analysis over the mass fluctuations
corresponding to conical hopper discharges. The different frequencies are plotted
against the ratio between outlet diameter, D, and equivalent particle diameter, dv.

Fig. 7. Plot of the mean flow rates as a function of the outlet diameter for conical hoppers.
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function of that angle. The later analysis of theflowdatawould also give
as a result the values for C and k that best fit the whole results but, this
procedure ends up by being the same one than before, not contributing
nothing relevant to our subsequent correlation with the shape of the
grains.

Figs. 6 and 7 show the experimental values for the flow rates as a
function of the outlet D for flat and conical hoppers, respectively. The
linear fits indicated on the plots give rise to the parameter values
displayed in Table 3. It should be noted that in order to calculate k
from the linear fits, the equivalent diameter dv is considered.

The values obtained for all the seeds and hoppers are inside the ex-
pected ranges found in the literature. Parameter C is quite constant for
both, the type of hopper geometry and the type of seed. We should re-
member that a constant value of 0.58 is frequently used inmost applica-
tions of the Beverloo's eq. [3,7,22]. Our present value is a little bit higher
but almost constant inside the error limits. It is important to remark that
Fig. 6. Plot of the mean flow rates as a function of the outlet diameter for flat-bottomed
hoppers.
two features of thedischarge rate are included in theparameter C: even-
tual angle dependence and internal friction of particles. On the one
hand, in our present experiments, most of the discharging regime is
mass flow or near mass flow, thus, a dependence on the inclination of
the hopper walls is not expected [11]. On the other hand, the internal
friction coefficients for the type of seeds used here could be related to
the differences from the typical reported value of 0.58.

It is important to comment that the values obtained for k are inside
the range reported in the literature [7–11,15–17,23]. It shows to be
greater for flat hoppers and for the case of wheat grains. We get back
to the discussion of this behavior further below.
4.3. Correlations between flow and particle shape

In what follows, we plot the values of the different shape factors and
the values for k to see possible correlations between them. For a more
conclusive discussion, we add to the present results previous ones cor-
responding to quartz particles studied in a formerwork [10]. Those par-
ticles belong to two different size ranges whose typical dv values are
8.04 and 6.09 mm.

The correlation between k and dv is presented in Fig. 8. The “Q” let-
ters indicate the points corresponding to large and small quartz parti-
cles. The lines are fits drawn to guide the eye. A linear trend is
observedwhere the parameter k decreases as the particle size increases.
This behavior is in agreement with the fact that SSA also decreases, as
shown in the inset of the figure. In general, the specific surface area of
a grain increases due to twomain reasons: the actual decrease of its vol-
ume (particle size decreases) and the increase of its angularity, where CI
and Ψ play an important role as control parameters. In the case of soy,
although its size is in between the quartz grains, it presents a quite
Table 3
Values for parameters C, k and for the elongation.

Seed-hopper C k L/Wth

Corn-flat 0.62 (±0.01) 1.32 (±0.01) 1.3 (±0.05)
Soy-flat 0.62 (±0.01) 1.48 (±0.01) 1.1 (±0.05)
Wheat-flat 0.65 (±0.01) 1.90 (±0.01) 2.3 (±0.05)
Corn-conical 0.62 (±0.01) 1.13 (±0.01) 1.3 (±0.05)
Soy-conical 0.64 (±0.01) 1.38 (±0.01) 1.1 (±0.05)
Wheat-conical 0.64 (±0.01) 1.61 (±0.01) 2.3 (±0.05)



Fig. 8.Correlation between the values of parameter k and the equivalent volumediameter,
dv. Inset: specific surface area dependence on dv. Lines are fits to see the trends. “Q” letters
correspond to values for quartz particles.

Fig. 9. Correlation between specific surface area and: (a) the circularity of the particles;
(b) the sphericity of the particles. The lines are to guide the eye. The letters help
distinguishing each type of grain.
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lower SSA due to its high circularity and sphericity. Data in Fig. 9 help to
see this point. Both parts of this figure show the decaying behavior of
SSA as the particles are closer to spherical objects. The lines indicate ex-
ponential fits performed to guide the eye. Circularity shows to be closer
to an exponential decay. In this way, the apparent singular behavior of
soy in Fig. 8 can be understood.

It is interesting to comment that the values obtained for k are greater
for elongated particles (see Table 3). On the other hand, when scaling
the outlet size D by the grain diameter dv in Figs. 6 and 7, the values of
the flow rate for wheat, for example, move to the right of the figure,
given that dv for these grains is the smallest. Thus, one can infer that
the mass flow rate, in terms of the relative outlet diameter D/dv, for
the most elongated particles has the lowest value for the same D/dv.
Consequently, a greater value of k corresponds to a less mass flow
rate. This is in correspondence with the trend reported by Mellmann
et al. where the Froude number against elongation is studied [13].

Closely connected to the above explanation for Fig. 9, the behavior
observed in Fig. 10 is a consequence of the fact that an increment in
the specific surface is expected when the diameter of the grains de-
creases and, as a result (Fig. 8), an increment in k occurs. A contribution
to the physical interpretation of these results is provided by Fig. 11,
where the correlation between k and the circularity is presented in
part (a), while in part (b) the corresponding correlation between k
and the sphericity is shown. In both cases, a parabolic fit is drawn to
guide the eye. As soon as a particle increases its circularity or its spheric-
ity, the so called “empty annulus” represented by k is smaller. In other
words, the effective outlet aperture approaches to the difference be-
tween the outlet size and the particle diameter. Besides, it is important
to remember that k decreases when the particle size is smaller (Fig. 8)
[18]. Nevertheless, the fact that soy has a greater size but higher circu-
larity and sphericity, makes that k presents a non-monotonous trend
with both shape factors. In other words, the behavior of k is the result
of the competition of two effects: its growth with SSA and its decrease
with the size of the grain. As soon as both effects are present in a silo dis-
charge, the correlation of k with the circularity and/or the sphericity is
not straightforward. This explains the presence of the minimum values
in Fig. 11. As in Fig. 9, we observe that the values for Ψ are more
scattered. This could be due to the necessary assumptions made on
the 3D shape of the seeds and the quartz particles, which affect the cal-
culation of sphericity more than that of circularity.
5. Conclusions

The experiments performed here for silo discharging with different
type of seeds allow correlating Beverloo's equation parameters with
those related to the geometry of the grains. From the results and discus-
sion presented so far,we candrawsome interesting conclusions that are
important for a silo design.

The fact that parameter C in Beverloo's equation is not too sensitive
to the hopper geometry or to the type of seed is a practical and useful
feature for designing silos in the agro food industry, where many pro-
duction steps use the same type of silo for different type of seeds. In
this way, when mass flow is involved, a constant value for C can be as-
sumed and the geometrical aspects given by the specific surface area
and shape factors can be included in the parameter k, whenever appre-
ciable differences do not exist in the seeds used. This is an advantage be-
cause the determination of C with the help of a few experimental runs
turns the Beverloo's equation into a one parameter equation, as pro-
posed by other authors [11].

All along the geometrical analysis of the particles, we note that the
shape assumed for the seeds (ellipsoids, spheres, parallelepipeds) is
crucial when setting the correlation with k. A too simplified shape



Fig. 10. Behavior of k for both types of hoppers as the specific surface area changes. The
lines are to see the trends.

Fig. 11. Correlation between k and (a) the circularity, (b) the sphericity, for both types of
hoppers. The lines represent parabolic fits.
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assumption could drive to a not so obvious correlation between the pa-
rameters involved. Noting this, our results demonstrate that k can be
successfully correlated with the size, circularity and specific area of
the grains. When the size of the grains increases, k decreases. On the
other hand, as the specific surface area increases, k also increases. This
gives rise to a particular non-monotonous behavior when k is plotted
against circularity. Thus, size and surface area have to be taken into ac-
count when predictions for the behavior of silo discharge are handled
through the “empty annulus” concept introduced in Beverloo's equation
through the parameter k. As a consequence, the circularity (or spheric-
ity) of the grains, alone, is not enough to predict the value of k in a grain
discharging process.

Nomenclature
Ap projected area (mm2)
C empirical constant in Beverloo's equation (dimensionless)
CI circularity (dimensionless)
d particle diameter (mm)
dv equivalent volume diameter (mm)
D outlet diameter of the hopper (cm)
DS silo's diameter (cm)
g gravity acceleration (cm/s2)
h hopper's height (cm)
HS silo's height (cm)
k Beverloo's constant (dimensionless)
L particle's length (mm)
m particle's mass (g)
M sample mass (g)
P perimeter (mm)
s particle surface area (mm2)
Sp particle's area (mm2)
Sc circumscribed circle area (mm2)
SSA specific surface area (1/mm)
T particle's thickness (mm)
V particle's volume (mm3)
VT sample's volume (mm3)
W discharge rate (g/s)
Wflat discharge rate in a flat hopper (g/s)
Wth particle's width (mm)

Greek

α hopper's angle from the horizontal (°)
ε equivalent volume sphere surface area (mm3)
ρ density (g/mm3)
ρa bulk density (g/mm3)
ξ shape factor (dimensionless)
Ψ sphericity (dimensionless)
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