
Response to comments of IFPRI liaison committee

“Modelling powder flow through screw feeders”

Prabhu Nott, Indian Institute of Science

Comments and suggestions communicated by the IFPRI liaison members are para-
phrased below in blue italicized text. My response to the comments follow.

Liaison 1

• He is doing good science.

• I like all the things he’s planning on looking into for his renewal (cohesion,
hopper feeder interface, scaling rule, updated experiment system).

• However what is missing is the application of all the science to understanding
the weight variability of the feeder. In his proposal he mentioned that the
scaling relation can be used to understand average feed rate and fluctuations.
If he can go into more detail on how that will be accomplished that would be
very helpful on the proposal.

Liaison 2

• Variability is difficult to solve, and I think he has begun to address it.

Liaison 3

• No apparent issues. Strong renewal proposal that addresses variability head on.
“Bonus” is the development of a general rheology for cohesive powder flow.

If is clear from the comments that the only point of concern (for one of the liaison
members) is the issue of weight variability. Below, I first provide background on
what are the potential causes for variability (§1), followed by the conceptual and
experimental methods (§2 and §3) we will employ to understand variability.

1 Causes of feed rate variability

At the broadest level, if the feeder is functioning according to design, i.e., at constant
rotation rate of the screw, etc., the feed rate variability (which leads to weight
variability of the product) could be due to two factors: (i) fluctuations in the state
of the material within the screw feeder that leads to fluctuation in the feed rate,
and (ii) fluctuations in the rate of material fed to the screw feeder from the inlet
hopper.

We first consider the first of the above factors. For non-cohesive materials such
as glass beads, we have shown that the material flows smoothly from the hopper
into the feeder, and there are no fluctuations in the state of the material wihin the
screw – at each axial position, the fill level and the stress are independent of time.
The only observable fluctuations are at the exit of the feeder, where the material
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avalanches out – the angle of the free surface fluctuates periodically in time, thereby
causing periodic fluctuations in the rate at which powder exits the feeder. For
slightly cohesive powders such as microcrystalline cellulose, the fluctuations of the
free surface angle and therefore the feed rate are erratic, rather than periodic. These
results were shown in my presentation in the 2022 AGM and appear in Fig. 2(b) of
the renewal proposal. Movies of the flow in the two cases may be viewed by clicking
this link.

It is thus clear that for powders that are non-cohesive or slightly cohesive, the feeder
is fully filled, and flow variability is entirely due to fluctuations in the free surface
slope at the exit. We have found that the variability may be greatly reduced if
the exit slot is moved to the top, which is achieved by placing an end cap with an
opening at the top. A comparison of the feed rate fluctuations for exit slot at the
bottom and top is shown in Fig. 1. The same behaviour is seen for the more cohesive
powders too, but with the difference that the torque required to effect the same
feed rate is higher. We have so far not encountered a case where the powder flows
smoothly into the feeder, but gets ‘plugged’ within the feeder due to densification
or any other reason. Indeed, we find that the screw efficiently transports material
flowing into the feeder to the exit. It is very possible that having a constriction at
the end of the feeder can result in arching, thereby causing fluctuations. However,
this is a matter of design of the exit, rather than a problem with flow in the feeder.

t/τ

Figure 1: Fluctuations in the feed rate vz as a function of time t of non-cohesive glass beads
when the exit slot is placed at the top and bottom of the cross section of the feeder. Here, ω is
the angular speed of the screw, τ ≡ 2π/ω is the period of revolution, and Rb is the radius of the
barrel.

We now come to powders that are more cohesive, for which feed rate variability
arises from the second factor mentioned at the beginning of this section, namely
fluctuations in the rate of material fed to the screw feeder from the inlet hopper.
We have found this to be the reason for feed rate variability for anhydrous lactose –
the powder forms large arches at the hopper-feeder interface, which break up inter-
mittently. Once a mass of material falls into the feeder, it is transmitted to the exit,
though there could be a ‘smoothing out’ of fluctuations along the feeder, discussed
in more detail in §2. So our experiments so far indicate that flow variability of very
cohesive powders is primarily due to intermittent flow at the hopper-feeder inter-
face. Understanding the flow of cohesive powders at the hopper-feeder interface is
one of the thrusts of the renewal proposal. The tools that we will use to study this
problem are discussed at some length in the two following sections.
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2 Analysis of fluctuations in powders

Fluctuations in flowing fluids, such as in turbulent flow at high Reynolds number,
are well understood as there is a firm theoretical basis – the Navier-Stokes equations
are known to represent the flow exceedingly well. As a result, fluctuations can be
computed by direct numerical simulation/solution (DNS) of the equations. The
existing solvers for DNS are so well developed that modern aircraft and structures
(such as tall buildings, submarine rigs, etc.) are largely designed by DNS, requiring
very few wind tunnel tests. There are also highly developed statistical theories of
turbulence, based on intuitive arguments, that predict the probability distribution
of fluctuations in certain flows to a good degree of accuracy.

Continuum models for granular flow are comparatively less developed, because the
media are much more complex and also because they have been under development
only for the past ∼ 30 years. While there has been substantial improvement in
models in recent years – the non-local model we have developed [1] being an example
– they are not in a position to predict rapid fluctuations, certainly not catastrophic
events such as arching and breakup of cohesive powders. Indeed, the extension of
the models to cohesive powders is a major challenge, and it is one of the key thrusts
of our renewal proposal. As a corollary, the description of fluctuations is even more
rudimentary, though some physical processes that cause them have been identified,
such as arching and ‘jamming’.

Nevertheless, there are conceptual tools we can use to quantify fluctuations, under-
stand them to some extent, and thereby devise strategies to minimize them. It is
now well known that in dissipative, far-from-equilibrium systems such as granular
media that probability distribution of fluctuations follow a power scaling for large
fluctuation amplitudes, i.e. p(ξ) ∼ ξ−n, where p is the probability density of the
fluctuating variable ξ. Similarly, the the power spectrum of fluctuations too decays
as a power of the frequency of fluctuations f . Figure 2 shows examples of exper-
imental measurements of the probability distribution of velocity fluctuations and
the power spectrum of stress fluctuations for sheared non-cohesive granular media.
The power law decay indicates that the probability of large fluctuations and the
frequency of their occurrence decays slowly; in other words, large fluctuations are
quite prevalent in granular media. There are only a few studies of fluctuations in
cohesive powders, and our intention is to conduct experiments and DEM simula-
tions to fill the gap. We will start by studying the avalanche statistics in a rotating
drum, shown on Fig. 3(a) of the renewal proposal. The probability distribution
of avalanche size and its power spectrum is expected to be closely related to the
statistics of unclogging in a hopper, as the two process have the same mechanical
origin. Our key question is: what role powder cohesion plays in determining the
statistics of fluctuations? Further details of the proposed experiments are given in
the following section.
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On illuminating the channel from the front, the reflected
light from the beads close to the front glass plate were
visible as bright spots [Fig. 1(b)]. Video images of the
flowing beads were taken with a CCD camera (mounted
on a translating stage) at 25 frames=s, for at least six
minutes at each location in the channel, and transferred
simultaneously to a computer. Visual inspection of the
video movies clearly revealed long-term contact between
particles, with rubbing and rolling interactions predomi-
nating. Each video frame was analyzed, using standard
image analysis techniques, to determine the centroids of
the bright spots [Fig. 1(b)]. The velocity components cx
and cy of the particles were determined from the displace-
ment of the centroids between adjacent frames. To ensure
that spots in adjacent frames were from the same particle,
the velocity of a particle was determined only if its dis-
placement was less than dp=2, limiting the maximum
measurable velocity to roughly 10 mm=s. All measure-

ments were made far enough from the entry and exit so
that the flow was fully developed; i.e., the velocity field did
not vary in the direction of flow.

We note that the influence of the front glass plate on the
motion of the particles complicates the interpretation of
our observations. This is generally true of all imaging
studies of bounded granular flows [3,13,14], with the ex-
ception of a few [4,15,16] that have used MRI for pene-
trative noninvasive imaging. Our finding that the statistical
properties of the particle velocity in the core and the shear
layer (defined below) are virtually identical, though the
influence of the side wall is much greater in the shear layer,
is perhaps an indication that our results also apply to
regions far from the glass plate. However, measurement
of the statistics in regions far from the boundaries by
noninvasive imaging is necessary to resolve this issue.

The profiles of mean properties were determined by
notionally dividing the channel into vertical bins of width
dp and averaging the relevant particle properties in each
bin over the entire duration of the video movie. Figure 1(c)
shows a typical result for the mean velocity ux and the root-
mean-square (rms) velocity fluctuation v. The mean veloc-
ity increases sharply within the shear layer, from a small
but finite slip at the wall to the maximum value u0, and
remains constant at u0 in the substantial core. This feature
of shear banding is in agreement with previous work on

10
−1

10
0

10
110

−4

10
−3

10
−2

10
−1

10
0

31.7s
31.7c
64.0s
64.0c

0 5 10
10

−4

10
−2

10
0

ξx

ƒ x
(ξ

x
)

( a )

10
−1

10
0

10
110

−4

10
−3

10
−2

10
−1

10
0 31.7s

31.7c
64.0s
64.0c

−10 −5 0 5 10

10
−2

10
0

ξy

ƒ y
(ξ

y
)

( b)

FIG. 3 (color online). Comparison of the probability distribu-
tion function in the shear layer with that in the core. The layout
and symbols are as in Fig. 2. The suffixes ‘‘s’’ and ‘‘c’’ in the
legend indicate data for the shear layer and the core, respectively.
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FIG. 2 (color online). Probability distribution function for
(a) vertical and (b) horizontal particle velocity in the fluidlike
shear layer. The data are for four channel widths with rough
walls (see text), the legend giving the ratio W=dp. The unfilled
symbols in the main panels represent data for negative velocity
fluctuations, reflected onto the positive side for accommodation
in the log-log plot; the filled symbols represent data for positive
velocity fluctuations. The inset in each panel shows the distri-
bution in linear-log axes, the dotted line representing the
Gaussian distribution of the same variance. The straight lines
in the main panels are power-law fits for large velocity magni-
tude.
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A. This model predicts that the distribution of forces on
individual grains in a static array subject to gravity should
vary as rf ≠ f21

0 s fyf0d2 exps2fyf0d in 3D. This model
is of considerable interest because it provides new insight
into the propagation and fluctuation of stresses in granular
materials. The present experiments involve dynamical
vector forces rather than static ones, so the q model should
be considered here as a useful guide.
The present work takes a quantitative step towards un-

derstanding spatiotemporal fluctuations for a dense slowly
evolving granular system. By varying the grain size and
the height of the layer, we can test for spatial averaging
of the fluctuations. By measuring time series at relatively
high sampling rates, we can look for the dynamics of the
fluctuations.
Our apparatus is shown in the inset of Fig. 2; an an-

nular gap contains the granular material (approximately
monodisperse glass spheres with diameters 1.0 # d #
5 mm). A rotating upper ring of width w ≠ 2.5 cm and
mean diameter D ≠ 35.6 cm provides continuous shear-
ing. The mass,M ≠ 8.1 kg, of the ring and attached struc-
ture is supported by the granular material. M is always
greater than the mass of the granular material, which is
between 0.44 and 1.8 kg. The shearing ring rotates on
a shaft and precision bearing which allows free vertical
displacement. We vary the height of the layer between
1.0 # h # 4.1 cm. To guarantee that the particles are ac-
tually sheared, we glue a layer of particles to the shearing
ring. The smooth curved sidewalls and smooth flat base
of the annulus remain at rest. We measure the absolute
normal stress at the bottom of the layer with a capacitive
pressure stress transducer incorporated into an ac bridge,
similar to that used by Baxter et al. [14]. The calibrated
transducer is flush with the inside of the base, and centered

FIG. 2. Representative spectra for d ≠ 2 mm. The rotations
rates, Ÿu (normalized by 2p) of the shearing ring are noted in
the upper corner. At high v, the spectra vary as v22, and
more weakly with v at low v. Inset: schematic of vertical
cross section of the apparatus.

radially in the annulus. It has an active area of circular
cross section (area ≠ 0.8 cm2), and a frequency response
which is flat up to about 2 kHz. A dc motor and drive
assembly provide torque to rotate the shearing ring. We
also measure u, the angular displacement of the ring, by
means of a three-turn resistive potentiometer that has a
rubber wheel on its axis making frictional contact with the
shearing ring. We measure as a function of time (a) the ca-
pacitance of the stress transducer, (b) the resistance of the
pot, and (c) the current from the fixed-voltage drive motor.
Both the power provided by the motor and Ÿu show only
small temporal variations compared to fluctuations in the
normal stress at the bottom of the layer. Hence, to a rea-
sonable approximation, the measurements are carried out
at constant torque. In all runs, we first determine the ac
bridge setting corresponding to an empty cell without the
shear ring or spheres in place. We fill the cell by pouring
in an approximately monodisperse sample of glass spheres,
which we level. We then place the shearing ring on top
of the sample and measure the resulting stress, sdc, which
provides a typical value about which major stress varia-
tions may occur during the shearing process. Although
we cannot see more than the top row of spheres during an
experiment, the typical behavior for this type of flow con-
sists of a shear layer near the ring such that grains near the
top are in motion and slide over lower grains which remain
at rest.
One of the most notable features of these data is that

extremely large scale fluctuations occur, as in Fig. 1,
which shows data for sstdysdc. Note that sstd can have
fluctuation events which are an order of magnitude greater
than sdc. The implications are significant: specifically,
localized time-dependent stresses can be very large—far
larger than the mean, which is indicated by the horizontal
line.
Figure 2 shows typical power spectra, Psvd, obtained

from sstd (in dimensioned stress units). For a given Ÿu,
the spectra vary as 1yv2 at large v. At low v, the
spectra become flatter, with a typical variation Psvd ~
v2a with a . 0.6. The time series and spectra are
somewhat similar to molecular dynamics calculations by
Savage [15]. An interesting question is the dependence
of the spectra on the shearing rate, Ÿu. To the extent
that the shearing occurs slowly compared to the collective
relaxation rate of the system, we would expect, at least
on average, rate invariance if time is scaled by Ÿu. (An
analogy is an old-fashioned record whose content, if not its
aesthetic properties, do not depend on the playing speed for
not-too-fast rates.) For a rate-independent process, ŸuPsvd
should depend only on vy Ÿu. Figure 3, which shows two
examples of data for 1.5 and 4 mm particles in scaled
form, indicates very clear rate scaling of the spectra over
several orders of magnitude in Ÿu. This rate independence
is an interesting and novel feature, since it applies to
the fluctuating component of the stress rather than to the
mean properties which are modeled by continuum theories.
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Figure 2: Probability distribution of the vertical velocity fluctuation (normalized by the standard
deviation) ξx for glass beads of mean diameter d flowing through a vertical channel; reproduced
from [2]. The filled and unfilled symbols represent data for positive and negative fluctuations,
respectively, for different channel width W/d. The inset shows the distribution in linear-log axes,
the dotted line representing a Gaussian distribution of the same standard deviation. (b) Power
spectrum of fluctuations of the normal stress N for glass beads in a ring shear cell; reproduced
from [3].

3 Our proposed investigation of fluctuations and agglomeration of co-
hesive powders

The horizontal rotating drum partially filled with powder is a convenient experi-
mental device to understand the statistics of fluctuations, as the apparatus can be
made transparent to image the flow. As the drum is rotated slowly (click here to
view movie), the inclination of the free surface increases and avalanches are contin-
uously triggered, thereby allowing us to gather sufficient data to derive statistical
distributions. For a non-cohesive powder, the free surface remains close to the kine-
matic angle of repose and fluctuations are small. The flow becomes increasingly
discontinuous as the cohesive force between grains increases and, as mentioned in
§2, the probability distribution of avalanche size and their power spectrum tend to
follow a power law. The power law index n is expected to depend strongly on the
cohesive force. The probability distribution of avalanches can of course be altered,
such as by placing inserts in the drum or by vibrating the setup. The point of
determining the ‘native’ distribution is to determine the level intervention required
to get a the desired distribution.

As outlined in the renewal proposal, our aim is to use this apparatus to go beyond
the statistics of fluctuations. This experiment can also be used to extract the
distribution of agglomerate size, and how it affects the flow. As shown in Fig. 3(b)
of the renewal proposal, agglomeration of particles tends to increase the ‘flowability’
of the powder.

Moreover, one can study how the fluctuations of the height h(x, t) (see Fig.3) of
the free surface are correlated in time and space. For a non-cohesive powder, the
time correlation 〈h(x, t)h(x, t + τ)〉, where the angle brackets indicate an average
over time t, is expected to decay rapidly (exponentially) with lapse time τ ; similarly
the spatial correlation 〈h(x, t)h(x + δ, t)〉 will decay rapidly with displacement δ.
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Figure 3: Spatial and temporal fluctuations of the height h(x, t) of the free surface in a rotating
horizontal drum partially filled with a powder.

How these correlations are altered by particle cohesion will throw light on how
the material deforms as a continuum. For fluids, there are statistical mechanical
theories that relate correlations to transport properties: the velocity autocorrelation
yields the diffusivity, the stress autocorrelations yields the viscosity, etc. (see, e.g.
Ref. [4]). Our intention is to extend these theories to powders to arrive at the flow
rule for cohesive powders, as described in §2.1 of the renewal proposal, thereby
extending our non-local constitutive model (Equation 2 in the renewal proposal) to
cohesive powders.

4 Summary

The work conducted in the past year has already addressed one factor that causes
variability in the feed rate, namely the periodic or erratic avalanching at the feeder
exit. We have show that the fluctuations can be greatly mitigated by proper design
of the exit, such as by placing the exit slot at the top.

The more difficult factor that causes variability is random arching at the hopper-
feeder interface, which occurs for quite cohesive powders. We have outlined a con-
ceptual framework for how the statistical distribution of fluctuations will be un-
derstood and quantified. Such a study will lead to an understanding of how their
effects can be mitigated.

Finally, we have a plan for using the correlation of fluctuations and the statistics
of particle agglomeration to determine the flow rule for cohesive powders, which in
turn will extend of the non-local rheological model to cohesive powders.
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