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In this work we present experimental results of the gravity-driven discharge of poppy seeds from
3D-printed silos. The velocity fields of the flowing poppy seeds are measured using Magnetic Reso-
nance Imaging (MRI) velocimetry techniques. Crucially, this approach allows the velocity field to be
determined throughout the flow domain, unlike visual techniques such as Particle Image Velocimetry
(PIV) and related methods where only the flow at or near the wall is accessible. We perform the
experiment three times; with 3D-printed silos of cone half angles 30° and 50° respectively, and then
repeat the 30° silo experiment, but with a layer of poppy seeds glued to the silo wall to create a
“rough wall” condition. In our experiments, we observe and quantify velocity fields for three well
known granular flow regimes; mass flow, funnel flow, and rat-holing. The results of the experi-
ments are compared to equivalent output of numerical simulations. In this mathematical model, the
well-known p(I) friction law is used to define an effective granular viscosity, and the flow is solved
using a standard Navier-Stokes type solver. While the results are generally encouraging, it is noted
that some aspects of the model are lacking and should be improved; in particular, the rat-holing
effect observed in one of the MRI experiments was not predicted by the model, nor was the exact
volumetric flow rate from any of the silos. Suggestions for model improvement are discussed.
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I. BACKGROUND AND
INTRODUCTION

Granular matter is well known to behave in
complex and often unexpected ways. Particles
in a granular assembly may act in a solid-like,
liquid-like, or gas-like manner, with the tran-
sition between these phases often difficult to
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define and quantify [1]. A commonly studied «
granular system is gravity-driven silo discharge. «
In addition to being a system of great practical o
importance, silo flow can also display a vari- e
ety of interesting flow dynamics. Depending on ¢
the design of the silo (i.e. the silo half angle, s
the friction between particles, the friction be- o
tween the silo walls and particles, and the size
and shape of the particles), the flow may be ei-
ther mass-flow, funnel flow, or display rat-holing,
[2, 3]. In mass flow, all particles in the silo are,
in motion with no stagnant zones; in funnel- ,
flow there are regions within the silo where par-
ticles flow, but there are also stagnant regions,,
(and an interface between flowing/stagnant re-
gions); when a silo displays rat-holing, flow only,
occurs in a central core approximately the size,,
of the silo opening, with large stagnant regions,
surrounding this core. Rat-holing can be con-
sidered an extreme case of funnel flow, but the,
flow is often observed to be intermittent and
transient, whereas in a general funnel flow the, ,
dynamics are much more steady. Due to the, ,
variety of flow regimes, the silo provides an ex-,
cellent test of numerical models of granular dy-
namics.

115
116

Apart from testing numerical codes, quantify-
ing velocity fields in the silo is of great industrialis
importance, for example, in the study of parti-io
cle mixing and segregation as particle blends arei
discharged from a silo. While there have beenia
many Discrete Element Modelling (DEM) [4—122
6] and continuum models [7-14] developed toizs
study the silo, experimental measurements andis
validations are still required. 125

The vast majority of experimental character-2
isation of the velocity vector field in a discharg-'?
ing silo has been using visual imaging methods!?®
in transparent silos (both conical and planar).’®
Techniques such as Particle Image Velocime-*
try (PIV) and Particle Tracking Velocimetry'
(PTV) have been successfully applied to mea-'*
sure the grain velocity at the silo walls [15-20].1%
On the contrary however, experimental mea-is
surements of velocity fields away from silo wallsiss
(i.e. in the bulk of the flow) are particularlyis
difficult to obtain. Previous attempts to ex-isx
perimentally quantify 3D velocity fields in silosis

have included X-ray CT [21, 22], timing tracer
discharge [23], Scanning gamma ray tomogra-
phy [24, 25], and single profile proton absorp-
tiometry [26], however, all of these methods give
limited velocity profile information, and usually
provide averaged data, data at discrete points,
or data along a line only, rather than on a plane.

Magnetic Resonance Imaging (MRI) is an al-
ternative technique that can study flow in op-
tically opaque systems. MRI has been applied
to non-silo granular systems [27-34] to quantify
parameters such as velocity fields and packing.
Kawaguchi [35] observed the flow type, either
mass or funnel flow, in silos using tagged MR
imaging. In this approach, bands of particles
are tagged at one point in time and then the
positions of these tagged particles imaged af-
ter a defined delay (in this case 100 ms). The
deformation of the tagged layers was observed
visually. In theory this technique could be ex-
tended to estimate the velocity in a silo using
further image processing techniques, but this
would give only an indirect measure of the ve-
locity fields. MRI has also been used to ob-
tain the only reported direct, quantitative mea-
surement of the silo velocity data on a plane
away from the silo walls that we have found [36],
though the range of silo flow conditions studied
was limited. The first objective of the current
article is to extend the work of Gentzler and
Tardos [36] to obtain velocity field data for a
wider range of silo flow situations. Firstly, we
report on both the vertical and horizontal com-
ponent of the velocity at the outlet. Secondly,
we also measure particles of a large diameter
(~ 1 mm) such that the effect of the surround-
ing air on the particle dynamics near the orifice
is not significant [37]. Thirdly, we consider the
effect of changing the hopper geometry. Finally,
we consider the effect of rough-walls on the par-
ticle dynamics. These last two aspects of the
experiment mean that flow is studied across the
three major flow regimes observed in silos.

A second objective is to assess the applica-
bility of the so-called u(I) friction law [38] for
reproducing the velocity fields which we experi-
mentally measure. Previously, the p(I) friction
law has been used to define an effective gran-
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ular viscosity for use in incompressible contin-
uum flow models. Such an approach has been
successfully applied to the granular column col-
lapse and to some silo flows. [7, 8, 13, 39].
However, the velocity fields produced by the
model have not been rigorously tested against
experimental data. In particular, we examine
the model applicability to reproduce the three
silo flow modes, mass flow, funnel flow, and rat-
holing, which we observe in our experimental
results.

II. MATERIALS AND METHODS
1. Particle properties

In this study, poppy seeds were chosen as the
granular material of interest due to their par-
ticle size, their price and availability, and the
fact that they contain abundant free oil which
allows a strong signal to be detected by the
MRI equipment. The poppy seeds were non-
spherical, and were kidney shaped, as seen in
Figure 1. The poppy long diameter was ap-
proximately 1.25 mm, while the short diameter
was approximately 0.85 mm. A standard sieve
experiment was performed and ~ 93% of the
particles were found to be between 710 um and
1180 wm, with a Sauter mean diameter [40], d,
of 951 um.

2. Silo system design

The silo feeding system was designed to the
specifications of the bore of the MRI apparatus
in such a way that the poppy seeds were fully
contained and never came in direct contact with
the MRI apparatus itself. A system of perspex
pipes of decreasing diameter was used to feed
the poppy seeds into the test silo (the region
to be imaged by the MRI) and then out of the
bottom of the system. These pipes were con-is
nected using a series of push-fittings with smallis
tolerances. Figure 2 A. displays the full systemuss
of pipes and the test silo, while B. is a closeiss
up of the silo itself. The silo was designed inis

HV  spotmag det | pressure WD
20.00 kV 3.0 130 x ETD 2.85e-5 Torr|10.3 mm

HV  spot mag det pressure WD 500 ym
20.00 kV 3.0 120 x ETD 2.57e-5 Torr 10.3 mm 10% frozen

FIG. 1. Scanning Electron Microscope images of
a sample of poppy seeds. It is apparent from the
image that the seeds are non-spherical with a kidney
shape. The surface of the seeds is also seen to be
textured. A scale is included at the bottom of each
image. A. An image of multiple poppy seeds. B.
A close up of a single poppy seed.

a CAD program, 3D printed from ABS plastic,
and the opening at the bottom of the silo, Dy,
was drilled to a diameter of 6.5 mm (note that
this is & 6.5 times greater than the Sauter mean
diameter, d, of the particles to avoid jamming
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[18, 41]). The inner diameter of the silo, W,

was 23.5 mm. Since Dy > 6.5d, W > 2.5D,,

and the bed height is always deeper than the

silo opening diameter, the flow rate from the,,
silo can be expected to be independent of the

silo geometry. [42] The silo half angle, ¢, was

changed between each experiment; the first silo™”
had a 30° half angle, the second 50°, and the”
third was another 30° half angled silo but with™
rough walls. The rough walled silo was printed””
in two halves, then poppy seeds were glued onto””
the inner silo walls in a single layer, and ﬁn:aully,214
the two halves were glued together to form a”
full silo. We note that the diameter of the final™"
pipe, labeled pipe 3 in Figure 2, was wider than
the silo opening. This design was to avoid the”
well-known standpipe flow rate effect [43] which”
does not occur unless the pipe below the silo is™
full [43]. Since the silo opening diameter was
smaller than the exit pipe this was not the case
and the standpipe effect was avoided. .

9

0

217

8

9

224

A- B- 226

¢ 239

<+--->

Do 243

245

FIG. 2. A sketch of the piping and silo in the ex-246
perimental set-up (not to scale). A. Ther
system is loaded from above. the seeds flow throughyss
the largest pipe #1. into the more narrow pipe #2.,,
through the test silo section, and out through pipe
#3. B. A close up of the test silo section.
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3. Experimental method

A Bruker Avance I Nuclear Magnetic Reso-
nance spectrometer with a 9.4 T wide bore mag-
net located at Victoria University of Welling-
ton, New Zealand was used for the experiments.
A 30 mm diameter radio-frequency coil was
used for excitation and detection. A three-axis
shielded Micro2.5 gradient set capable of pro-
ducing a maximum gradient strength of 1.51 T’
m~! was used for imaging and flow encoding.
The pipes and silo were connected together and
carefully inserted into the MRI. The silo and
upper two pipes were filled from above through
a funnel. A bucket was placed under the sys-
tem to collect the discharged particles. As the
particles were discharged the system was peri-
odically refilled from above such that the upper
pipe (pipe #1) was never more than half empty.
Note that the flow rate from the silo was con-
stant and independent of fill height as is implicit
in the Beverloo flow rate equation [44, 45].

The vertical (i.e. in the axial direction) and
horizontal (i.e. in the radial direction) compo-
nents of velocity of the poppy seeds were mea-
sured using a phase encoded velocity imaging
sequence [46]. The image was obtained using
a spin echo acquisition with a slice selective re-
focussing pulse. To enable accurate measure-
ments of the wide range of velocities present in
the system, experiments were repeated with 8
flow encoding gradients. The velocity was cal-
culated from a linear fit to as many of these
data points as possible. For the fastest flowing
regions, typically only three experiments with
the weakest flow encoding gradients were used,
while in the slow moving regions all 8 exper-
iments were used. The gradient encoding du-
ration § was set to 0.7 ms, the observation
time was 2.5 ms, and the maximum gradient
strength was set to 0.07 T'm~! in the vertical
direction and 0.14 T m~! in the horizontal di-
rection. These settings gave a maximum field
of flow of approximately 2 m s~! with a min-

imum detectable velocity of 1 x 1073 m s,
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where the minimum detectable velocity corre-a
sponds to a signal-to-noise ratio for the phases
of 2. Images were acquired at a spatial reso-»s
lution of 0.45 mm in the horizontal direction
and 1.18 mm in the vertical direction with a,y
slice thickness of 1 mm. The total acquisition
time for the images was approximately 50 min-
utes. Flow-encoded NMR images can acquire a**®
phase arising from the imaging gradients them-
selves. It is common practice to correct this
phase by acquiring measurements on a static
sample. Here images of a static bed were also®®
acquired. The phase change for these was neg-
ligible, thus no correction was required. 01

Three MRI experiments were performed, one
with a silo of 30° half angle, one with a silo_,
of 50° half angle, and finally with another silo_
of 30° half angle, but with rough walls (with,,
particles glued on the silo walls).

299

305

4.  Numerical model
306

One goal of this work is to model the sﬂo
using a continuum model of granular flow. Re—
cently, the u(I) law for the friction of granular ”
materials has been used to define an effectlve »
viscosity in granular flow simulations. This vis- "
cosity was successfully implemented into an 1n— e
compressible Navier-Stokes solver (Gerris Flow
Solver [47]) to model dense granular flow in a o
variety of situations [7, 8, 13, 39]. For our sit-_ e
uation, an axisymmetric domain was used so
that our 3D silo could be modelled in 2D. The
governing equations of incompressible flow were, B
solved in Gerris; e

V.-u=0,

320

(1)321

ou 322
(at +u- Vu) =—-Vp+ V. (2nD) + pg2).,,
In the above continuity and momentum equa—z:
tions, u is the velocity vector, p the flowing,,
(bulk) density, p the local isotropic pressure,.,
n the effective (or apparent) granular viscosity,,,,
and D the rate of strain tensor. The effective

viscosity is defined as -

_ u(p 331
Nerf = "p, (3),,

but in practice a regularised effective viscosity
was used to avoid infinite values when the fluid
is experiencing small shear;

1 = min (”gM) R

Here, Dy = 4/ %DijDij is the second invariant

9u;
8.Tj

and p(7I) is the granular friction law;

of the strain rate tensor, where D;; =

Ou;
ox;’

H2 — 1

To/T+1 ®)

with pq, pe, and Iy parameters. The variable
1 is the granular inertial number and is defined
as

u(I) = pa +

,_ Dapy
VP

where d is the particle diameter and p, is the
solid particle density.

In our axisymmetric numerical model we ap-
ply no-slip conditions on both of the veloc-
ity components at the silo walls, a symmetry
condition along the axis of symmetry, homoge-
neous Neumann velocity boundary conditions
(for each velocity component) at the top and
bottom of the silo, and we set p = 0 at the top
and bottom of the silo. Note that other bound-
ary conditions could be used at the silo wall (for
example, to allow slip at the silo wall [48, 49]),
but the effect of more complex boundary condi-
tions is left for future work. For the 30° silo with
rough walls, the simulation domain was reduced
by a particle diameter in size to account for the
reduced dimensions due to the layer of parti-
cles glued to the silo walls, but the silo opening
was kept at 6.5 mm. No other change to the
boundary conditions was made.

Parameters used in our simulation are listed
in table I. The first friction parameter, u;, was
chosen based on measurements of the angle of
repose of the poppy seeds which was found to be
approximately 31°, hence, u; = tan31 = 0.6.
The upper limit on the friction angle, defined
by parameter tan~!(us), was expected to be

(6)



333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

around 60° since our MRI experimental resultsss
for the velocity in the 30° silo (to be presentedss
in Figure 3) showed small slow /stagnant regionssro
at the transition from the conical to cylindri-sn
cal section. We also noted that larger valuess»
of Iy kept the incompressible p(I) model in thess
well-posed regime for a wider range of inertialss
numbers than for low values of I [50]. For thisss
reason, various values of tan~!(ug) =~ 60° andss
Iy between 0.05 and 1 were tested. It was founds:
that the parameters po = 1.7 and Iy = 0.5 gavess
a good match to experimental data (to be dis-ss
cussed), gave a wide range of well-posed inertialsso
number values, and, importantly, were physi-sa
cally realistic. 382
383

TABLE I: Parameters used in the numerical s

model. 385

Name Symbol| Unit | Valuey,

Bulk density P kg/m>| 600 |,
Particle density Pp kg/m®| 1000 |
Particle diameter d mm_| 0.951 |
Friction coefficient #1 1 - 0.6 | .
Friction coefficient #2 12 - 1.7 )
Reference inertial number | I - 0.5 ,
393

394

395

III. RESULTS 306

397

1. MRI Ezxperimental Results 398

399

The results of the phase encoded velocity400
imaging sequence experiment were converted”
into a Matlab data file and plotted as a contour"
map. In Figure 3 the logarithm of the verti-""
cal component of velocity is plotted for each of
the three silos, where u = (u,v) is the velocity**
vector with u, v the horizontal and vertical ve-
locity components respectively. The logarithmaos
of the magnitude of the horizontal componentaos
of velocity (u) is shown in Figure 4. The lightersor
(yellow) regions are zones of rapid flow, whiless
the darker (purple/blue) regions indicate slowas
or stagnant flow. Horizontal velocity measure-so
ments were not available for the 30° silo withan
rough walls because the magnitude of the hori-s.
zontal component of velocity was very small andais

was of the same order as the noise in the exper-
iment.

The most immediate observation from Figure
3 is that for each silo we have a different flow
regime. In the 30° silo we observe mass flow.
The particles in the silo at every location are
in motion, with a possible small exception at
the transition from the cone to the cylindrical
section. In the 50° silo we observe funnel flow.
There is a region of flow in the center of the
silo and this region of flowing material widens
as we move further up into the silo. There is a
clear stagnant region of flow that surrounds the
flowing particles. This stagnant region shrinks
as we transition higher into the silo. In the
30° silo with rough walls (i.e. with a layer of
poppy seeds glued to the wall) we observe the
rat-holing effect. There is a fast core (roughly
the diameter of the silo opening) of flowing par-
ticles surrounded by a region of stagnant mate-
rial. The size of this stagnant zone does not per-
ceptibly change as we transition higher into the
silo. It is also apparent that the velocity field in
the flowing zone remains continuous as we move
higher in the silo, past the transition from the
conical to cylindrical section (i.e. we do not ob-
serve velocity discontinuities or shocks). This is
in contrast to predictions from Mohr-Coulomb
plasticity based models [2, 51].

In order to assess the appropriateness of
the incompressible assumption in our numeri-
cal model, we quantify the volumetric flow rate
as a function of height above the silo opening.
For each MRI experiment we use the vertical
component of velocity (v) to calculate the vol-
umetric flow rate;

r(z)=R(z)
Q) =2 |
r(z)=0

where 7(z) is the radial coordinate from the axis
of the silo, and R(z) is the radius of the silo at
height z above the opening. The resulting flow
rates for each experiment are plotted in Figure
5.

It is apparent from the figure that the vol-
umetric flow rate is approximately constant
throughout the silo in the 30° silo, but this is
not so for the 50° and 30° silo with roughened

(7)

vrdr,
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Vertical velocity.

30° silo 50° silo

30° silo,
rough wall

11.75 mm

. Yy ol

FIG. 3. The log of the magnitude of the vertical component of velocity (v) is plotted for each of the three
silos. Mass flow is observed in the 30° silo, funnel flow in the 50°, and rat-holing in the 30° silo with rough

walls (with particles glued to the silo wall). Yellow
indicate slow to stagnant zones.

Horizontal velocity.
30° silo

regions indicate rapid flow, while purple/blue areas

50° silo

11.75 mm

FIG. 4. The log of the magnitude of the horizontal component of velocity (u) for the 30° and 50° silos.

walls. In these two non-constant flow rate cases,ao
the volumetric flow rate Q(2) is seen to be ~ 2xax
higher near the opening than it is in the bulk ofs
the silo. This variation in flow rate could arises
either from a measurement error or a dilations
of the flow at the outlet. The signal intensityss

at the outlet in all three images is less than half
that in the bulk, which would be consistent with
a dilation of the flow at the outlet. However,
in these measurements there is also significant
attenuation of the signal due to the motion of
the particles, so the images are not quantitative
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FIG. 5. The volumetric flow rate, Q(z), for each of the three silo experiments as a function of height above

the silo opening.

in solid fraction. Therefore it is important toas
consider the errors that arise in measurementas
of velocity. MRI measurements of the velocityaso
are prone to error in regions of high velocity,aso
but this error will tend to cause an underesti-ss:
mation of the velocity as faster moving particlesss:
are more heavily attenuated than slower movingsss
particles. The flow rate is seen to increase t0-uss
wards the outlet, hence, it is unlikely that a ve-sss
locity measurement error could explain the ob-uss
served flow rate variation. Therefore, it is con-sz
cluded that, for the funnel flow and rat-holingass
silos, there is significant dilation of the flow nearas
the opening, and the assumption of incompress-4so
ibility is likely to be erroneous, at least nearss
the silo opening. In a similar system, a wedgess:
shaped hopper, a significant reduction in bulkass
density has been observed [52]. As a point ofis
context, in the numerical model the incompress-ass
ibility condition is enforced (up to a tolerance)ass
and it was found that the change in the volumet-s

ric flow rate was less than 1% throughout the
silo. Here we assume that the use of an incom-
pressible flow model has only a small effect on
the predicted velocity fields, since in the bulk
of the silo the flow rate is relatively constant,
changing only near the silo opening. However,
the dilation near the opening will change the
predicted flow rate values. Given this result
and model assumption, when comparing exper-
imental and numerical results with an incom-
pressible flow assumption, the velocity should
be adjusted to account for the change in volu-
metric flow rate. In practice this is achieved by
normalising the velocity by the volumetric flow
rate at each local height above the silo open-
ing. Furthermore, we quantified the mass flow
rate, mh, from each of the silos by measuring the
mass ejected from the system in a given time.
For the 30° silo we found rhgg = 2.11 £ 0.07
g/s, for the 50° silo, 150 = 1.74 £ 0.09 g/s,
and for the 30° silo with particles on the wall,
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mb, = 2.2+ 0.1 g/s. The reduction of thes:
mass flow rate between the 30° and 50° silossis
is compared with corrections made to the Bev-su
erloo flow rate to account for hopper half angles:s
[63]. Assuming that the Beverloo parametersss
and bulk density is equal between the two siloss:
of differing half angles, the ratio of the two flowsis

J;Egg:%, where the func-sw

520
A/ 12_‘3# The theoretical ratio M
sSin” « 521

rates is given as M =

tion f(a) =
is calculated as 0.86, while the experimental ra-sz
tio in our system, 2¢ is found to be 0.8240.05,5

in good agreement with the theoretical value. s

525

526

2.  Numerical Model Results: 30° silo 527

528

To directly compare the p(I) numerical re-**
sults to the MRI experimental results a results®
file was imported from Gerris into Matlab which®*
contained vertical and horizontal components of**
velocity. This data was interpolated onto five®®
horizontal lines which correspond to the loca-***
tions of measurements taken in the MRI exper-
iments. Thus, the horizontal and vertical com-
ponents of velocity predicted in the model could®*
be directly compared to the experimental data.

As previously mentioned, the volumetric flowsss
rate in the silo experiments was not a constantss
near the opening of the silo. Therefore, bothss:
the experimentally measured and numericallyss
predicted velocity data were normalised by thesswo
volumetric flow rate before being compared. Atsa
each height above the silo opening, z, the locals:
volumetric flow rate is calculated using Equa-ss
tion 7. The velocity components are then mul-se
tiplied by the particle diameter squared and di-sss
vided by the local volumetric flow rate to obtainsss
the normalised velocity, 1, where 1 = ud?/Q. s«

The comparison of the vertical velocity pro-sss
file taken at five heights above the opening forss
the 30° silo with smooth walls (i.e. no parti-sso
cles attached to the wall) is shown in Figure 6,5
while the horizontal velocity profile is shown inss
Figure 7. The distance from the silo openingsss
to the silo transition (the point where the coness
becomes a cylinder) is &~ 14.7 mm, hence fourss
of the comparison lines are in the convergingsss

conical section of the silo, while one is in the
cylindrical section.

It is apparent that the match between the ex-
perimentally derived and numerically predicted
normalised velocity is good, particularly for the
vertical velocity. The normalised velocity pre-
dicted by the model has approximately the same
maximum and also approximately the same cur-
vature and shape as the MRI experimental mea-
surements. However, the absolute velocity pre-
dicted by the model does not match the exper-
iment due to the discrepancy in the volumet-
ric flow rate between the two. There is more
noise in the horizontal measurements, and the
prediction of normalised horizontal velocity is
slightly worse near the silo opening, but overall
the agreement is satisfying.

As a further test, in Figure 8 we plot the nor-
malised vertical component of velocity along the
axial centerline of the silo and compare the ex-
periment to the model. It is apparent that the
model prediction is in very good agreement with
the experimental results.

3. Numerical Model Results: 50° silo

In Section IIT 2, the comparison of numeri-
cal and experimental velocity fields for the 30°
silo with smooth walls, there were no stagnant
regions in the flow domain. The transition
from flowing to stationary is difficult to capture
with simple incompressible Navier-Stokes based
models. Figures 9 and 10 show the normalised
vertical and horizontal velocity measurements
and predictions in the 50° silo. In this silo the
distance from the silo opening to the transition
point is &~ 7.1 mm, hence in this case two of
our velocity contours are in the conical section,
while the remaining three are in the cylindrical
section.

Remarkably, the match between experimen-
tal and numerical model results is quite good.
Despite the observed transition from a flowing
to a stagnant state in the silo domain, the gran-
ular viscosity model is able to capture the (nor-
malised) maximum velocity, the curvature and
shape of the velocity contours, and the approx-
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FIG. 6. The vertical velocity MRI measurements (solid circles) compared with those predicted by the
numerical model (lines) for the 30° silo.
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FIG. 7. The horizontal velocity MRI measurements (solid circles) compared with those predicted by the
numerical model (lines) for the 30° silo. at the same locations as in the vertical velocity figure.
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FIG. 8. A comparison of the normalised vertical velocity measured along the axial centerline of the silo
compared with that predicted by the model for the 30° silo.
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FIG. 9. The vertical velocity MRI measurements (solid circles) compared with those predicted by the

numerical model (lines) for the 50° silo.

imate location of the solid/flowing boundary. s
Figure 11 compares the model to experimen-s7s
tal normalised vertical velocity along the axials
centerline of the 50° silo. In this case the ex-sm
perimentally measured velocity contains moresm
noise than in the 30° case, but it is apparentss
that the model and experiment are of similarss
and follow a somewhat similar decrease. How-ss
ever, the comparison is not quite as good as insss
the 30° case. 584
585

586

4. Numerical Model Results: 30° silo with rough
walls
587

The most challenging flow regime to replicate™

is the rat-holing behaviour observed in the 30°

silo with roughened walls. In this case the ob-ss
served magnitudes of horizontal velocity wereseo
too small to quantify since they were impercep-so
tible from the experimental noise. Hence, thess

comparison of experimental to numerical pre-
dictions was only possible for the vertical ve-
locity component. Figure 12 displays the nor-
malised vertical velocity profile at five heights
above the silo opening, while Fig. 13 is the
normalised vertical velocity measured and pre-
dicted along the axial centerline of the silo.

It is apparent that the p(7) model predictions
completely fail to replicate the measured veloc-
ity, particularly far from the silo opening. In
the case of rat-holing flow, the p(I) model is
unable to capture the observed dynamics.

5. Numerical Model: Sensitivity analysis and
flow rates

In order to further compare the experimental
and numerical velocity predictions we compare
predicted flow rates between the numerical and
experimental results, and perform a sensitivity
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FIG. 10. The horizontal velocity MRI measurements (solid circles) compared with those predicted by the
numerical model (lines) for the 50° silo. at the same locations as in the vertical velocity figure.

analysis on the numerical model parameters. o3

8

To quantify the “goodness of fit” of the nu-"
merical predictions of velocity to the experi-"
mentally measured ones we perform linear least-""
squares regression on the normalised vertical ve-""
locity data: Upym = UUeqp (i.e. we force the re-"°
gression to pass through the origin). In the case”
of a perfect fit between the numerical and ex-*
perimental data, the slope of the line, b, would™
be unity. The normalised vertical velocity data
at five heights above the silo opening (the same™
heights as used in Figures 6, 9) are combined™
and the regression is performed on the entirety*
of this data at once. To test the sensitivity™
of the model predictions to model parameters™
this process was repeated 65 times for differ-"*
ent values of Iy and po. This analysis was per-""
formed for both the 30° and 50° silos, resulting®
in 130 numerical simulations. In each simula-"*
tion the value of y; was kept constant at 0.6,”"

6

0

1

623

while the ranges of the other two parameters
were 0.05 < Iy < 1, and 0.9 < po < 2.1. In Fig-
ure 14 the slopes resulting from the linear least-
squares regression analysis are contoured for the
30° (left) and 50° (right) silo flows respectively.
The solid red dot in the contour plots indicates
the values of the parameters used in the cur-
rent work to produce Figures 6 - 13. The fine
red line in the left plot is the contour of slope
= 1 which represents a perfect fit of the numer-
ical prediction of normalised vertical velocity to
its experimental measurement. In general, the
30° silo numerical simulation was better fit for
lower I and larger puo — iy values, while the 50°
simulation had the opposite behaviour. The 30°
simulation was always better fit to the experi-
mental data than the 50° one, with reported
slopes in the range 0.86 to 1.03 (by compari-
son, the 50° silo slopes were in the range 0.65
to 0.89). For the parameters used in the main
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FIG. 11. A comparison of the normalised vertical velocity measured along the axial centerline of the silo
compared with that predicted by the model for the 50° silo.

text (see Table I) the least squares slopes weresss
0.94 for the 30° silo, and 0.84 for the 50° one.sss
Overall, the choice of the parameters Iy = 0.56s7
and pe = 1.7 used in this work is shown to beess
a good balance between accuracy for both thess
30° and 50° silos.

660

Table II presents, for each of the three SﬂOS,:Z:
the experimentally derived mass and volumetric
flow rates, the numerically predicted volumet-
ric flow rate, and an approximate solids Volurne665
fraction in the bulk of the silo. The solids Vol—666
ume fraction in the bulk was approximated by667
taking the ratio of the experimental mass and
volumetric flow rates (in the bulk of the silo),
then dividing by the particle density (=~ 1000
kg/m?). The predicted flowing solids fraction
in the bulk of the 30° and 50° silos is remark-*®
ably similar (0.46 and 0.47 respectively). How-
ever, the 30° silo with particles glued to the wallszo
shows a significantly lower solids volume frac-en
tion of 0.36. As previously noted, the numer-e»

ical model was of incompressible type, hence
was not able to accurately predict the correct
flow rate. In the table the predicted volumetric
flow rate in the 30° silo simulation was a factor
of ~ 4.5 smaller than the experimentally ob-
served one. The volumetric flow rate predicted
in the 50° silo simulation was a lot closer to
the experimentally observed rate, but we cau-
tion against interpreting this as a validation of
the model. During the sensitivity analysis the
predicted flow rate varied by a factor of ten over
the ranges of the parameters tested, which in-
dicates that it is sensitive to model parameter
choice.

IV. DISCUSSION AND CONCLUSIONS

In this work we have presented results of ex-
perimental and numerical investigation of silo
flow in three flow regimes; mass flow, funnel
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FIG. 12. The vertical velocity MRI measurements (solid circles) compared with those predicted by the
numerical model (lines) for the 30° silo with roughened walls.

TABLE II: The experimentally derived and numerically predicted flow rates in the tested silos.

1 (9/5) [Qeap (bulk, cm?/s)|Quum (cm?/s) [ ~Geap = (1/Qeap) /pp
30° 211£0.07]  454+£0.05 0.97 0.47 £0.02
50° 1.74 £ 0.09 38£0.1 42 0.46 £ 0.04
30° (with particles)| 2.2 £0.1 6.1£03 0.81 0.36 £ 0.04

flow, and rat-holing. Using MRI velocimetry wess:
measured both the horizontal and vertical com-ess
ponents of velocity throughout the three testss
silos, including the transition from the converg-so
ing conical to the cylindrical section. We foundea
that the 30° silo produced a mass flow, the 50
silo produced a funnel flow, and the 30° silo withses
rough walls produced a rat-holing flow. We alsose
presented results of a numerical model whichees
used the u(I) friction law to define an effec-ses
tive granular viscosity for dense granular flow.se
This viscosity was used to simulate the silo flowsess
by means of incompressible computational fluidess

dynamics. 700

It was observed that the apparent volumetric
flow rate in the MRI experiments was constant
in the 30° silo, but was a function of height
above the silo opening for the other two; the
flow rate was large near the silo opening but
then rapidly fell to a near constant higher in
the silo. The flow rate near the opening was
roughly 2x that of the bulk, indicating that
there is significant dilation of the flow near the
silo exit opening in the 50° and 30° with rough
wall cases. This is in contrast to the numerical
model which enforced incompressibility of the
flow. Recent studies have quantified the effect
of solids fraction value at the silo opening on the
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FIG. 13. A comparison of the normalised vertical velocity measured along the axial centerline of the silo
compared with that predicted by the model for the 30° silo with roughened walls.

flow rate from the silo [54], and reported thatra
solids fraction in the near opening region couldr:
be as low as half that in the bulk of the silo. Wers
conclude that to fully capture the experimentalras
measurement of the flow rate (and hence, thems
exact values of velocity) numerical models wills
likely need to include dilation effects, particu-rr
larly for funnel and rat-holing flows. The ef-us
fect of dilation for the mass flow silo appearedrzo
negligible, but may be important to accuratelyzso
predict the volumetric flow rate from the silo. =

732
To allow comparison between our experimen-,,,

tal and numerical results, the velocity compo-,,,
nents of each were normalised by the local value

of volumetric flow rate (i.e. the flow rate atis
height z above the silo opening). The resultingss
velocity fields derived from the 30° silo simu-7s
lation showed excellent agreement with the ex-7s
perimental data. Plots of the vertical and hor-7s
izontal velocity at a series of heights above thewo

opening showed that both the shape and (nor-
malised) maximum of the velocity contours were
well matched, as was the vertical velocity com-
ponent measured along the center-line of the
silo. The comparison in the 50° silo (which
operated in the funnel flow regime in the MRI
experiment) were surprisingly impressive, with
very good agreement between experimental and
numerical results. This suggests that for appro-
priate values of fitting parameters the p(I) fric-
tion law can be used to define an effective gran-
ular viscosity for granular dynamics, even in the
case where there are transitions from static to
flowing regions in the domain of study.

However, for the 30° silo with roughened
walls (which displayed rat-holing in the MRI
experiment), the simulation results were poorly
matched to the experimental data. The grain
dynamics in this silo are very complicated and
hard to capture with numerical models. Rat-



741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

Least squares slope
(Experimental vs Numerical).
30°silo

M2 - 1

0.5

0.2 0.4 0.6 0.8 1
10

17

Slope
1.05

50°silo

=

0.75

FIG. 14. Sensitivity analysis of the numerical model to parameters Ip and ps— 1. The contour plots display
the value of the slope found by performing a least-squares linear regression between the experimental and
numerical normalised vertical velocity data. The left graph is the analysis for the 30° silo and the right
for the 50° one. The red dot in the plots indicated the value of the parameters used in the current work,
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holing flow in a silo is often avoided by smooth-7es
ing the silo walls (thus, changing the stress dis-7es
tribution in the silo) and/or increasing the sizerss
of the silo opening. It is a challenge for simplers
incompressible continuum visco-plastic modelsrss
of granular flow to capture these “finite particlerso
size” effects. Further work is needed, includ-o
ing adding the effect of compressibility, to fullym
capture the observed dynamics in this situation.r

It is clear that the p(I) model performs ad—tj
mirably in a silo in the mass and funnel flow
regimes for the parameter values chosen, but
further model development is needed to fully
capture the observed phenomena in rat—holing778
flow, and to accurately predict the flow rate
from the silo. Adding in a degree of compress- _
ibility into the model and/or accounting for78
granular non-locality and finite size effects may_
improve flow rate predictions in the silo and_,
may help to capture more accurately flowing to_,
stagnant phase transitions and potentially the785
rat-holing phenomenon [55]. Testing these hy-
potheses is currently being pursued by the au-

0

1

thors. Additionally, the p(I) friction law was
discovered using experimental data from rela-
tively low friction spherical particles [56, 57]. It
is unclear if the p(I) model is the correct fric-
tion law to use for natural particles such as the
poppy seeds used in this work. Furthermore,
particle shape has been shown to be an impor-
tant factor in the behaviour of general granular
systems [58, 59], and silo systems specifically
[60, 61]. Using SEM imaging we found that
our poppy seeds were kidney bean shaped, and
not spherical. Such an effect could be impor-
tant to include in a numerical model of granular
flow, although the factor does not seem critical,
since we obtained very good agreement between
experimental and numerical results for the 30°
and 50° silos. The p(I) parameters in the nu-
merical model were our “best guess”. The first
friction coefficient, p;, was taken as the angle
of repose of the poppy seeds, however, pus and
Iy were chosen to be physically realistic and to
try to reduce the ill-posed regions for the p(I)
model [50]. To check the dependence of model
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results on the Iy and po parameters a sensitiv-ses
ity analysis was performed. It was found thatssw
the accuracy of the model was retained over asuo
wide range of parameter values, and that oursn
choice of Iy and us was a good balance of ac-s:.
curacy for both the 30° and 50° silos. To re-ss
duce model degrees of freedom these parameterssis
should be measured for the specific set of par-ss
ticles [62]. In addition to experimentally quan-ss
tifying model parameters, the development ofe
realistic numerical boundary conditions shouldsis
be a focus. Developing these boundary condi-

tions is a significant future research challenge,s
but recent work has made excellent progress to-s
wards this goal [48, 49]. The observation in thesx
30° silo that the flow regime changes from masse.
to rat-holing when the boundary condition ises
changed exemplifies the necessity of accurates.
boundary conditions and may indicate some-gs
thing more complex than a simple slip condi-ss
tion is needed. Finally, in recent times it hassr

18

been shown that defining an effective granular
viscosity using the p(I) friction model with an
incompressible flow assumption can be mathe-
matically ill-posed depending on the choice of
parameters [63]. Adding the effect of compress-
ibility seems to alleviate this issue [50, 64]. Al-
though we did not note any issues in our model
for our choice of parameters, this fact serves as
an additional motivation to transition to a com-
pressible flow model of granular drainage from
a silo.
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