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Published online: 15 August 2017 . When granular materials flow, the constituent particles segregate by size and align by shape. The

. impacts of these changes in fabric on the flow itself are not well understood, and thus novel non-

invasive means are needed to observe the interior of the material. Here, we propose a new experimental
technique using dynamic X-ray radiography to make such measurements possible. The technique is
based on Fourier transformation to extract spatiotemporal fields of internal particle size and shape
orientation distributions during flow, in addition to complementary measurements of velocity fields
through image correlation. We show X-ray radiography captures the bulk flow properties, in contrast
to optical methods which typically measure flow within boundary layers, as these are adjacent to any
walls. Our results reveal the rich dynamic alignment of particles with respect to streamlines in the bulk
during silo discharge, the understanding of which is critical to preventing destructive instabilities and
undesirable clogging. The ideas developed in this paper are directly applicable to many other open
questions in granular and soft matter systems, such as the evolution of size and shape distributions in
foams and biological materials.

After a building sinks into sand, one knows that the sand has moved, but not exactly where or how. Here, we
introduce a new technique to reveal internal processes within such scenarios, common to many other flows
within granular media. Granular flows encompass a wide variety of natural processes, from snow avalanches,
landslides, debris and pyroclastic flows'™. Industrially, they are involved in the mixing of minerals in rotating
drums and the discharge of particles through hoppers and silos®®. These are critical in the energy, food and
pharmaceutical industries, especially where the flows present transient instabilities’'! that exert dynamic forces
on the supporting structure!?. Triggered by observations from nature and industry, research in granular flows
has yielded countless examples of surprising phenomena, such as the Brazil nut effect', pattern formation'4, and
the jamming transition'>~'”. These effects, however, have been difficult to study experimentally due to the recur-
ring issue of granular materials being naturally opaque. This fact has motivated the development of a number of
non-invasive experimental techniques to track their internal kinematics.

Previous experimental techniques for tracking internal deformations in granular materials include X-ray
computed tomography (X-ray CT)!¥-%, Positron Emission Particle Tracking (PEPT)**-2¢, Magnetic Resonance
Imaging (MRI)?’-%, ultrasonic imaging®’, and Refractive Index-Matched Scanning (RIMS)*!-*. Each of these
techniques has associated drawbacks such as safety, cost, spatial resolution, temporal resolution, or invasiveness.
Among those, X-ray CT is probably the most frequently used technique. This involves complete radiographic
scanning around a sample, followed by an incremental loading step, creating delay periods. X-ray CT is therefore
limited to the realm of quasi-static deformations, even though in general granular media exhibit rate-dependency.
Consequently, the potential applications of X-ray CT for problems involving continuous flows are rather limited.
On the other hand, RIMS has been applied to problems involving dynamic conditions, but this technique requires
the use of a viscous interstitial fluid with refractive index matched to the particles under investigation, which
significantly affects the nature of the granular flow¢-%.

Faced with these limitations it is more customary to study only part of the velocity field by acquiring images
solely through transparent walls or along free surfaces. Those images can then be studied using common image
analysis tools applied to granular media, including Particle Image Velocimetry (PIV)?* 3340 (also known as
Digital Image Correlation), and Fourier related transforms’. However, the motion of granular media near walls
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Figure 1. Schematic representation of the experimental setup with the two X-ray arrangements investigated
here (A, shown in blue and B, shown in red). Between the source and the detector a flat-bottomed rectangular
silo is placed, of size L x W x H, with an outlet at the base of size D x W.

tends to vary substantially from that in regions away from walls due to the formation of boundary layers*" 2.

Therefore, it is difficult to infer the internal granular motion from measurements of the exterior of the system.

One way to minimise the effects of boundary layers along walls on the measured kinematics is the use of X-ray
radiography, the building block of X-ray CT. For example, X-ray radiography has long been used to inspect den-
sity variations in a variety of geoscientific problems, including inferences about the existence of discontinuities
in sandstones and clays in stationary samples*** and measuring density in granular materials*~*". In addition
to stationary samples, X-ray radiography was used to follow lead shot tracer particles in a soil deformed under
plane strain conditions*. In granular media X-ray radiography was used to discover density changes within shear
bands and shocks during bin and hopper flows*->! and near retaining walls®>. However, the application of this
method to determine the evolution of fabric fields (such as particle size and shape orientation) in time and space
has not been explored. In addition, while PIV techniques have been applied to X-ray radiography for velocity
measurements in fluids using tracers™=° or density fluctuations’, similar techniques have seldom been used for
granular flows®,

The purpose of this paper is to propose a new technology for X-ray radiography of flowing granular media.
The key idea is to integrate previous image analysis methods with X-ray radiography. This results in an outstand-
ing ability to measure the comprehensive evolution of internal fabric and kinematics within flowing granular
media that are translation invariant along the X-ray path, with unprecedented resolution and demonstrable accu-
racy. Specifically, the new technology minimises the effect of boundary layers along walls as it measures directly
velocity and fabric fields within the bulk that are substantially different than those along walls, within boundary
layers*">*2. As a canonical example we analyse the flow kinematics and fabric during silo-bin discharge with a rec-
tangular cross section and elongated channel opening, as shown in Fig. 1. Experiments are conducted with both
spherical grains (glass beads) and shape-anisotropic grains (red lentils and jasmine rice). Remarkably, the shape
anisotropy will be shown to have a significant effect on the flowability of the system by promoting the ordering of
elongated grains as they approach the bin’s orifice. The average orientation of the shaped particles is found to be
subparallel to the streamlines and the angle between the measured flow-lines and the mean particle orientation is
in agreement with recently reported measurements using X-ray tomography in discontinuous flows>» .

Methods

In order to reveal how fabric (particle size and shape orientation) changes during granular flows, we develop in
the following a technique based on Fourier transformation. To evaluate how the measured fabric relates to the
bulk flow field, it is also useful to develop a PIV method applicable to dynamic X-ray radiography. The advantages
of the new fabric measurement technique and the complementary velocimetry method are illustrated by mon-
itoring the discharge of a rectangular silo, but these ideas can be adopted generally to shed light on other flow
problems in granular and soft matter physics.

Experimental configuration. The rectangular silo is described schematically in Fig. 1, and is made out of
polycarbonate material to minimise X-ray absorption. The silo’s dimensions are H=300mm, W =150 mm and
L=130mm, with a channel opening at the bottom of width D=10mm, 12mm or 15mm. The experimental cam-
paign involves testing with either glass beads, rice or red lentils. Their properties are listed in Table 1.

At the beginning of an experiment, the silo is completely filled with particles, such that the initial height is
above the detector’s field of view. Discharge is initiated by releasing a trapdoor mechanism. After a brief transient
period, the material discharges at a constant rate, as measured by a scale placed under the silo, as expected from
the Beverloo law®!. Temporal averages of the measured values of the fabric and velocity fields are performed dur-
ing this phase of constant discharge rate. After some time, the free surface enters the field of view of the detector,
and subsequently the silo fully empties.

To be able to image the flow of grains inside the apparatus, X-ray radiography is used. A Spellman XRV
Generator is used to emit X-ray radiation at a maximum energy of 120keV and intensity 3 mA for the rice and
lentils, and at a maximum energy of 150keV and intensity 5mA for the glass beads. The radiation passes through
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Bulkdensity | Minor axis | Major axis | Density wavelength

Material (kg/m?) (mm) (mm) (mm) Aspect ratio
Jasmine rice” | 822 1.5 6.7 2.3 4.5

Red lentils® 721 1.6 4.5 4.6 2.8

3 mm glass

beads’ 1,462 29 31 2.8 1.1

1 mm glass

beads" 1,462 1.1 12 1.2 1.1

Table 1. Properties of the grains used in the experimental campaign, as measured by micrometer (*), static
optical image analysis () and X-ray density wavelength, and described in the Methods section.

the granular medium and the transmitted component is recorded on a PaxScan 2520DX detector at a resolution
of 960 px x 768 px and at 30 frames per second.
The measured intensity I on a given pixel at location x of the detector is given as®

100 = fexp( [ = (ulp)oD), o
where I, is the intensity of the source, I the ray path inside the medium, p/p the mass attenuation coefficient (with
1 the attenuation coeflicient and p the material density) and p, the bulk density at every location in the material.
For material with homogeneous chemical composition, the radiographs therefore provide a local measurement
of the bulk density of the medium averaged over the path of the ray. Flow properties are vastly modified in regions
near walls known as boundary layers, for example through velocities and particle alignments substantially dif-
ferent than within the bulk. Therefore, in choosing geometries thicker than the typical boundary layer length*?,
X-ray radiography provides a direct measurement of the bulk properties, which are generally inaccessible using
optical methods.

X-ray velocimetry method. Since granular material are inhomogeneous in nature, the radiographs contain
density fluctuations, which can be used to perform digital image correlation®® to measure the local displacement
of a patch of material. This method assumes that the velocity of the medium is perpendicular to the rays, and
does not change along the ray. These assumptions are reasonable for configuration A (see Fig. 1), since our silo
is quasi-2D and produces a fairly homogeneous flow away from walls (assuming that the X-ray source produces
a parallel beam). For configuration B, however, both assumptions are invalid near the opening: the velocity has
non-zero components toward the centre, and the velocity is not constant since static zones exist in the corners
while fast moving zones are in the middle. Indeed, the PIV fundamentally measures the modal velocity (i.e. the
most probable velocity) along the beam®. In the following we will approximate the spatially averaged projected
velocity on the plane perpendicular to the beam as the modal velocity, an assumption that will be validated in the
section ‘Flow pattern’ The velocities are therefore taken as:

2
v — | (v—v-e)d,
Y] ! 2
with v, the velocity measurement from image correlation, v the true three-dimensional velocity field, and e, the
direction of the X-ray beam. This assumption has been shown to work for the case of Poiseuille flow>, and we will
later show here that in this case, since the mean and modal velocities are close, that unless stated otherwise this
assumption is in general valid.

Fabric determination technique. In addition to the velocity, it is also possible to measure material fabric
(particle size and particle shape orientation) directly from the density measurements. The size and orientation
properties of the grains affect the spatial wavelength and direction of the density fluctuations on the radiograph,
respectively. These properties can be conveniently recovered using a two dimensional Fourier transform. Our
proposed technique employs the dynamic X-ray radiography during granular flow as sketched in Fig. 2. Each
radiograph is divided into square patches of width w= 64 pixels, with 50% overlap between the patches. Each
patch is then normalized by its average intensity and scaled by a radial hamming window W(r) = cos(2mr/w)/2
where 7 is the distance of the considered pixel from the centre of the patch. A two-dimensional Fourier transfor-
mation is then applied to each patch, as

2
Sk) = ‘ /]I(x) x W(r(x))exp(2irk - x)dx| , 3)
giving the power spectrum S as a function of the wavevector k, with I(x) the intensity of the pixel at location x in
the patch.

From the two-dimensional power spectrum, we extract the typical size and the principal alignment direction
of the particles. These fabric measurements are independent of the frame rate, and are mainly limited by the
number of particles in the patch size. Larger patch size leads to greater accuracy in the orientation and size meas-
urements, but may be unsuitable if the spatial gradients of the fabric are large.

The typical size of the particles is measured through the characteristic wavelength of the density fluctuations
on the radiographs, using a orthoradial summation of the power spectrum (eg. refs 64 and 65).
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Figure 2. Determination method of fabric properties (particle size and orientation). From left to right: (a)
patches of 64 x 64 pixels are extracted from a radiograph, (b) multiplied by a circular Hamming window, and
(c) processed by a two-dimensional Fourier transform, leading to the power spectrum of the patch, from which
two different processes are applied. Top line: (d) the spectrum is summed on circular shells, leading to (e) the
energy distribution function of the radius. Bottom line: (f) the spectrum is multiplied by the orientation matrix
Q(K) (cf. equation (4)), and summed over all wavevectors k, leading to the symmetric matrix T (cf. equation
(5)), that (g) can also be represented by an ellipse based on its eigenvalues (ellipse shape) and eigenvectors
(ellipse orientation).

The principal orientation of the particles is obtained from the power spectrum by averaging the weighted
nematic order tensor. Assuming all the density fluctuations to be aligned in a patch, one would find from the
power spectrum that their energy is concentrated along a single line, and that the orientation of this line would be
orthogonal to the density fluctuation orientation. This can be directly used to measure fabric orientation by angu-
lar averaging®, but would yield insufficiently accurate results as the fluctuations get weakly oriented. In addition,
such an analysis would not give any information on the intensity of the orientation. Here, we therefore advance
the treatment of the power spectrum by associating to each of the power spectrum components a single structure
tensor Q% . Then, by summing the weighted structure tensor, we obtain the nematic order tensor®. Because of
the spatially discrete sampling, each component of the power spectrum at a wavevector k = (k,, k) effectively
integrates the energy of density fluctuations inarange[k, + Ak,/2, k, + Ak /2]with Ak, = Ak, = 0 0156px "
in our case. One can associate to each component of the power spectrum a structure tensor Q(k)

1 kHAK 2k tAK2 K @ k
QW =—— [ [
Ak, Aky ke—Ak2 Jk—Ak2 K| (4)

The norm of the matrix Q is generally close to 1 for small wavelengths (corresponding to large wavevectors,
k| > Ak,, Ak,), and decreases for larger wavelengths, since the power spectrum components integrate the
energy in a space of directions that is more scattered (k,~ Ak, and k,~ Ak,). This orientation matrix is then
weighted by the power spectrum components leading to the two- drmensmnal nematic order tensor for the con-
sidered patch

T— .3 x [M _ ll],
TSk 2 )

where I is the identity matrix. The matrix T defined in this way is traceless, and we define the ordering parameter
as||T|| = \/E’ with ||T|| = 0 for an isotropic power spectrum (no preferred orientation) and ||T|| =1 for a
power spectrum where all the energy is in only one direction. To reduce noise from the power spectrum, we also
average T over time to get T. The time window is chosen to be large enough to remove fluctuations in T but small
enough so that T is quasi-steady during this time. This is easily achievable for the flows studied in this paper. The
principal orientation of the power spectrum is directly given by the eigenvector of T or T associated with its larg-
est eigenvalue, as shown in Fig. 2g.

Results

Flow field measurement. Figure 3 shows the velocity magnitude and shear strain rate as measured using
PIV for radiographs along projection A, for the three materials and three outlet openings, after averaging over
time in the steady-state regime. For this silo geometry, we observe both funnel and mass flow regimes, depending
on the material and outlet size, with funnelling tending to be stronger for smaller openings and non-spherical
grains. The glass beads flow uniformly (i.e. in a relatively constant manner over time), whereas the flow for the
elongated particles exhibits some transient instability. In these cases, where funnel flow is present, the velocity
field is not constant, but oscillates over time. Please see the Supplementary Material for videos of this instability.
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Figure 3. Velocity magnitude and shear strain rate during developed flow, as measured from detector A.
Black lines indicate streamlines of the velocity field, with thickness representing magnitude. Left to right:

D =10, 12 and 15 mm. Top: Glass beads. Middle: Jasmine rice. Bottom: Red lentils. Left to right, top to bottom:
Normalisation velocity is 28.4, 37.4 and 49.6 mm/s; 18.4, 37.5 and 56.3 mm/s; 17.6, 22.6 and 65.2 mm/s.

Figure 4 indicates the velocity magnitude measured using projection B. The lower magnitude of the velocity
at the bottom can be explained by the projection effect described in equation (2). Near the opening, the flow
converges toward the channel and therefore has a non-negligible component along the X-ray direction in pro-
jection A. The velocity magnitude measured at the bottom is therefore much smaller than one would expect.
Interestingly, aside from this bottom part, the velocity magnitude is independent of the vertical location, even
where there is a funnelling effect that changes the width of the flowing zone. Also, note that the velocity is smaller
near the walls due to the development of boundary layers*?, which highlights the advantage of measuring veloc-
ities using dynamic X-ray radiography rather than conventional PIV of photographic images taken along flow
boundaries.

To quantitatively assess that the velocity measured using image correlation is indeed the bulk velocity, we
compare the flow rate obtained from integration of the velocity along the width of the silo with the discharge
flow rate measured by the scale below the silo. In a steady discharge state (where the flow rate is constant in time)
these two measurements should be equal. Figure 5 compares the flow rate measured from DIC at individual
heights between the middle of the recorded image (122 mm from the base) and 200 mm from the base for the two
projections A and B in the silo, for the three materials with the discharge rate measured on the scale. Error bars
represent the standard deviation of these measurements for each tested flow geometry.

The good agreement between the data in Fig. 5 indicates that the PIV method is valid for measuring velocities
in this two-dimensional configuration. In particular, this confirms that the assumption leading to equation (2) is
reasonable, at least for the present experiments.

Fabric measurement. Following the method described in the section ‘Methods) the typical size of the den-
sity fluctuations of the radiographs is measured using a Fourier transform method. Figure 6 shows the radially
summed energy spectrum as a function of the wavelength, for the glass beads, rice and lentils. Each of the spectra
has a peak at a characteristic wavelength, indicated with a dotted line, corresponding to the typical particle size,
and reported in Table 1 under “density wavelength”. The size of the lentils and rice have also been measured inde-
pendently by micrometer from 20 randomly chosen particles of each type. The glass bead sizes were measured
using static image analysis in a Malvern Morphologi G3. The size measured from the spectrum is very close to
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Figure 4. Velocity field during developed flow measured from detector B for the largest outlet, D=15mm.
Top: Normalised velocity magnitude and streamlines (in white). Bottom: Normalised vertical velocity along the
dashed lines. Left to Right: Glass beads, jasmine rice and red lentils. Normalisation velocities are 24.6, 26.4 and
27.1mm/s, respectively.
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Figure 5. Comparison of the mass flow rate measured by PIV and by mass discharge measurements, for three
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Figure 6. Energy scaled by peak energy function of the fluctuation wavelength for the three materials,
measured by radial averaging of the power spectrum obtained by Fourier transform. Dotted lines indicate the
peak locations.
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Figure 7. Comparison between orientation measured from tracers or by 2D Fourier transform of the density
field for rice (a) or lentils (b). Shaded area are the 95% confidence interval on the estimated mean angle®. Insets:
examples of radiographs of the silo flows with tracer particles being indicated by the blue arrows.

the measured diameter of the glass beads. Lentils and rice, however, have two characteristic dimensions, which
explains the broader distributions in Fig. 6. Taking the shape of the particles to be ellipsoidal, the rice has two
equal minor axes and one major axis, and the lentils the opposite. Because the particles are not perfectly aligned,
we find a range of lengths in the Fourier transform, which are representative of their cross section perpendicular
to the X-ray beam. This explains why the characteristic wavelength for the density fluctuations is close to the small
dimension of the rice, and close to the large dimension of the lentils (Table 1). For particles with a small aspect
ratio, measuring the typical wavelength of the density fluctuations of the radiographs using a Fourier transform
gives a good indication of the size of the particles involved in the flow, which can be of interest for flows involving
polydisperse particles.

As described in the section ‘Methods, it is possible to obtain the characteristic orientation of the grains from
the density fluctuations by using a Fourier transform. Firstly, we assess the validity of this method by comparing
its result to direct measurement of the orientation of steel tracer particles seeded within the flow. During the
filling of the silo, tracer particles are placed approximately every 2 cm vertically above one another, in the centre
of the silo. These tracers are of similar size to the grains in the medium, but their metallic composition increases
their X-ray attenuation, making them easily visible in comparison to the surrounding particles. The tracers can
therefore be tracked individually. Assuming that their orientation at any given time is similar to the orientation
of the surrounding grains, the tracers allow for the tracking of the average particle orientation. Figure 7 shows a
comparison between the tracer orientation and the orientation measured by Fourier transform along the central
line (eigenvector associated to the largest eigenvalue of the matrix T). The good agreement between the two meas-
urement methods indicates that the Fourier transform can be used to estimate local orientation of the granular
material at any position in space and time, much more efficiently than by using tracer particles. Figure 8 shows the
order parameter ||T|| for the three materials, with the smallest opening, D= 10 mm. The glass beads do not show
any ordering during the flow, which is expected since they are isotropic (Fig. 8b). Note that the apparent increase
of ordering at the bottom of the silo is an artefact of the X-ray measurement: X-ray scattering is particularly visible
at the bottom of the silo, creating a gradient of intensity that is picked up by the processing as corresponding to a
preferred orientation. This effect is particularly visible in the glass beads because of their lack of orientation and
their higher X-ray absorption coefficient. Figure 8a and c show that the order parameter is much higher for the
rice and lentils, in particular in the zone of high shear (Fig. 8a) where the funnel geometry of the flow is clearly
visible (compare Fig. 8a to middle left panel of Fig. 3).

Figure 9 shows maps of the particle-shape orientation for the rice and lentils, at small and large openings. The
overlaid ellipses are representations of the matrix T, as described in Fig. 2g. All experiment are approximately
symmetric along the centre line, as expected and suggested by the velocity fields Fig. 3. The funnelling effect and
the alignment of the particles in the sheared zones is also recovered for the small opening, whereas for the large
opening the flow is essentially a bulk flow above a height of ~10 cm where the grains are typically lying hori-
zontally because of the filling procedure. When the grains reach zones of higher shear near the opening (height
<10cm), they begin to align with the flow, but do not perfectly align parallel to the streamlines, as discussed pre-
viously by ref. 59. This effect is shown in Fig. 9e and f which are zoomed views of the behaviour near the opening
and depict the streamlines computed from the velocity field measured by PIV.

Discussion

Using a newly developed technique, this paper demonstrates how dynamic X-ray radiography can be used to
quantitatively measure velocity and fabric fields during flows of granular media. The use of X-ray radiography
presents several significant advantages. Firstly, the contribution of each particle to the bulk motion is weighted
equally due to the nature of X-ray attenuation. Therefore, for two dimensional flows, the influence of wall effects
on the measurements can be decreased simply by increasing the dimension of the experiment along the X-ray
path, since the bulk fields (of velocity and fabric) contribute to their averages more than the corresponding fields
within the boundary layers. Secondly, radiography allows for the tracking of rapid flows, as detector panel tech-
nology now allows for recording at up to approximately 100 Hz. Thirdly, by measuring the modal velocity across
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Figure 9. Principal particle orientation for rice (a,c,e) and lentils (b,d,f) measured from Fourier transforms.
Colormaps represent the principal angle and ellipses represent the tensor T at their location. (a-d) Full field
view of the silo, (a,b) 10 mm opening, (c,d) 15mm opening. (e,f) Zoom near the outlet of the 15 mm opening, as
indicated by the black rectangles in (c,d), with streamlines computed from Fig. 3.
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a device, wall effects can be significantly minimised. The success of the proposed velocimetry method and the
fabric determination technique are validated by the fact that both give results that are in good agreement with the
conventional techniques of mass flow-rate measurement and tracer tracking, respectively.

There are many interesting problems which may be studied with such methods. For example, in biological
systems the deformation, orientation and density of red blood cells may be tracked during flow, especially in com-
plex geometries such as around aneurysms’. In a geological context, the spatial inhomogeneity of grains during
debris flows, landslides and avalanches due to segregation and grain crushing may also be quantified”". Similar
issues are present in industrial operations, such as vibrated beds of powders and pharmaceutical tabletting, where
the coupled ordering and flow of powders present significant design challenges.

Moreover, numerous industrial processes involve the addition of particles or fibres to improve the mechanical
properties of products’. The spatial distribution and orientation of these have a controlling influence on the
performance of the material. Being able to dynamically measure the fibre orientation in the matrix during flow
can provide key insights into the mechanical performance of the composite or suspension towards improving the
fabrication process, without relying on optically matched suspensions’ or tracer additives’. Finally, it is possible
to extend these methods to obtain the full three-dimensional velocity or fabric fields, using multiple X-ray projec-
tion and reconstruction techniques such as computed tomography®*. These methods give new information and
insights into the physics of granular material that were previously inaccessible.

References
1. Delannay, R., Louge, M., Richard, P, Taberlet, N. & Valance, A. Towards a theoretical picture of dense granular flows down inclines.
Nature Materials 6,99-108 (2007).
2. De Haas, T. et al. Earth-like aqueous debris-flow activity on mars at high orbital obliquity in the last million years. Nature
Communications 6 (2015).
3. Faug, T., Childs, P,, Wyburn, E. & Einav, I. Standing jumps in shallow granular flows down smooth inclines. Physics of Fluids 27
(2015).
4. Roche, O., Buesch, D. C. & Valentine, G. A. Slow-moving and far-travelled dense pyroclastic flows during the peach spring super-
eruption. Nature Communications 7 (2016).
5. Drescher, A. Analytical methods in bin-load analysis (Elsevier, 1991).
6. Staron, L., Lagrée, P.-Y. & Popinet, S. The granular silo as a continuum plastic flow: The hour-glass vs the clepsydra. Physics of Fluids
(1994-present) 24, 103301 (2012).
7. Rietz, F. & Stannarius, R. Oscillations, cessations, and circulation reversals of granular convection in a densely filled rotating
container. Physical Review Letters 108, 118001 (2012).
8. Zuriguel, I. et al. Clogging transition of many-particle systems flowing through bottlenecks., Scientific reports 4 (2014).
9. Forterre, Y. & Pouliquen, O. Longitudinal vortices in granular flows. Physical Review Letters 86, 5886 (2001).
10. Goldfarb, D.]., Glasser, B. J. & Shinbrot, T. Shear instabilities in granular flows. Nature 415, 302-305 (2002).
11. Krishnaraj, K. & Nott, P. R. A dilation-driven vortex flow in sheared granular materials explains a rheometric anomaly. Nature
Communications 7 (2016).
12. Muite, B. K., Quinn, S. E, Sundaresan, S. & Rao, K. K. Silo music and silo quake: granular flow-induced vibration. Powder Technology
145, 190-202 (2004).
13. Mobius, M. E., Lauderdale, B. E., Nagel, S. R. & Jaeger, H. M. Brazil-nut effect: Size separation of granular particles. Nature 414,
270-270 (2001).
14. Sandnes, B., Flekkoy, E., Knudsen, H., Maloy, K. & See, H. Patterns and flow in frictional fluid dynamics. Nature Communications 2,
288 (2011).
15. Jaeger, H. M., Nagel, S. R. & Behringer, R. P. Granular solids, liquids, and gases. Reviews of Modern Physics 68, 1259 (1996).
16. Cates, M., Wittmer, J., Bouchaud, J.-P. & Claudin, P. Jamming, force chains, and fragile matter. Physical Review Letters 81, 1841
(1998).
17. Liu, A.J. & Nagel, S. R. Nonlinear dynamics: Jamming is not just cool any more. Nature 396, 21-22 (1998).
18. Desrues, J., Chambon, R., Mokni, M. & Mazerolle, F. Void ratio evolution inside shear bands in triaxial sand specimens studied by
computed tomography. Géotechnique 46, 529-546 (1996).
19. Mueth, D. M. et al. Signatures of granular microstructure in dense shear flows. Nature 406, 385-389 (2000).
20. Hall, S. et al. Discrete and Continuum analysis of localised deformation in sand using X-ray CT and Volumetric Digital Image
Correlation. Géotechnique 60, 315-322 (2010).
21. Hasan, A. & Alshibli, K. Experimental assessment of 3D particle-to-particle interaction within sheared sand using synchrotron
microtomography. Géotechnique 60, 369-379 (2010).
22. Ando, E,, Hall, S. A, Viggiani, G., Desrues, J. & Bésuelle, P. Grain-scale experimental investigation of localised deformation in sand:
a discrete particle tracking approach. Acta Geotechnica 7, 1-13 (2012).
23. Grudzien, K., Niedostatkiewicz, M., Adrien, J., Tejchman, J. & Maire, E. Quantitative estimation of volume changes of granular
materials during silo flow using X-ray tomography. Chemical Engineering and Processing: Process Intensification 50, 59-67 (2011).
24. Parker, D., Dijkstra, A., Martin, T. & Seville, J. Positron emission particle tracking studies of spherical particle motion in rotating
drums. Chemical Engineering Science 52,2011-2022 (1997).
25. Wildman, R. D., Huntley, ]. M., Hansen, J.-P,, Parker, D. ]. & Allen, D. A. Single-particle motion in three-dimensional vibrofluidized
granular beds. Physical Review E 62, 3826-3835 (2000).
26. Marston, J. & Thoroddsen, S. Investigation of granular impact using positron emission particle tracking. Powder Technology 274,
284-288 (2015).
27. Nakagawa, M., Altobelli, S., Caprihan, A., Fukushima, E. & Jeong, E.-K. Non-invasive measurements of granular flows by magnetic
resonance imaging. Experiments in Fluids 16, 54-60 (1993).
28. Ehrichs, E., Jaeger, H., Karczmar, G. S. & Knight, J. B. et al. Granular convection observed by magnetic resonance imaging. Science
267, 1632 (1995).
29. Kawaguchi, T., Tsutsumi, K. & Tsuji, Y. MRI measurement of granular motion in a rotating drum. Particle & Particle Systems
Characterization 23, 266-271 (2006).
30. Han, E., Peters, I. R. & Jaeger, H. M. High-speed ultrasound imaging in dense suspensions reveals impact-activated solidification
due to dynamic shear jamming., arXiv preprint arXiv:1604.00380 (2016).
31. Wiederseiner, S., Andreini, N., Epely-Chauvin, G. & Ancey, C. Refractive-index and density matching in concentrated particle
suspensions: a review. Experiments in Fluids 50, 1183-1206 (2011).
32. Dijksman, J. A,, Rietz, E, Lorincz, K. A., van Hecke, M. & Losert, W. Invited article: Refractive index matched scanning of dense
granular materials. Review of Scientific Instruments 83, 011301 (2012).
33. Brodu, N., Dijksman, J. A. & Behringer, R. P. Spanning the scales of granular materials through microscopic force imaging. Nature
Communications 6 (2015).

SCIENTIFICREPORTS|7:8155 | DOI:10.1038/541598-017-08573-y 9



www.nature.com/scientificreports/

34.
35.

36.
37.

38.

39.
40.

41.
42.
43.

44.
45.

46.
. Royer, J. R. et al. Formation of granular jets observed by high-speed X-ray radiography. Nature Physics 1, 164-167 (2005).
48.

49.
50.

51.

52.
53.

54.
55.

56.
57.

58.
59.

60.
61.

62.
63.

64.
65.

66.

67.

van der Vaart, K. et al. Underlying asymmetry within particle size segregation. Physical Review Letters 114, 238001 (2015).
Sanvitale, N. & Bowman, E. T. Using PIV to measure granular temperature in saturated unsteady polydisperse granular flows.
Granular Matter 18, 1-12 (2016).

Huang, N. et al. Flow of wet granular materials. Physical Review Letters 94, 028301 (2005).

Rognon, P. G., Einav, I. & Gay, C. Flowing resistance and dilatancy of dense suspensions: lubrication and repulsion. Journal of Fluid
Mechanics 689, 75-96 (2011).

Xu, Q., Majumdar, S., Brown, E. & Jaeger, H. M.. Shear thickening in highly viscous granular suspensions. EPL (Europhysics Letters)
107, 68004 (2014).

Lueptow, M. R., Akonur, A. & Shinbrot, T. PIV for granular flows. Experiments in Fluids 28, 183-186 (2000).

Hall, S. A., Muir Wood, D., Ibraim, E. & Viggiani, G. Localised deformation patterning in 2d granular materials revealed by digital
image correlation. Granular Matter 12, 1-14 (2010).

Miller, T., Rognon, P., Metzger, B. & Einav, I. Eddy viscosity in dense granular flows. Physical Review Letters 111, 058002
(2013).

Rognon, P. G., Miller, T., Metzger, B. & Einav, I. Long-range wall perturbations in dense granular flows. Journal of Fluid Mechanics
764, 171-192 (2014).

Hamblin, W. K. X-ray radiography in the study of structures in homogeneous sediments. Journal of Sedimentary Research 32,
201-210 (1962).

Olson, R. E. The shear strength properties of calcium illite. Géotechnique 12, 23-43 (1962).

Morin, P. Density of granular materials derived from X-ray photographs: calibration, reliability, and recommended procedures.
Canadian Geotechnical Journal 25, 488-499 (1988).

Baxter, G. W, Behringer, R., Fagert, T. & Johnson, G. A. Pattern formation in flowing sand. Physical Review Letters 62, 2825 (1989).

Roscoe, K., Arthur, J. & James, R. The determination of strains in soils by an X-ray method. Civil Engineering and Public Works
Review 58, 873-876 (1963).

Michalowski, R. Flow of granular material through a plane hopper. Powder Technology 39, 29-40 (1984).

Drescher, A. Some aspects of flow of granular materials in hoppers. Philosophical Transactions-Royal Society of London Series A
Mathematical Physical and Engineering Sciences 2649-2666 (1998).

Fullard, L. et al. The transient dynamics of dilation waves in granular phase transitions during silo discharge. Granular Matter 19, 6
(2017).

Bransby, P. L. & Milligan, G. W. E. Soil deformations near cantilever sheet pile walls. Géotechnique 25, 175-195 (1975).

Lee, S.-J. & Kim, G.-B. X-ray particle image velocimetry for measuring quantitative flow information inside opaque objects. Journal
of Applied Physics 94, 3620-3623 (2003).

Im, K.-S. et al. Particle tracking velocimetry using fast X-ray phase-contrast imaging. Applied Physics Letters 90, 091919
(2007).

Fouras, A., Dusting, J., Lewis, R. & Hourigan, K. Three-dimensional synchrotron X-ray particle image velocimetry. Journal of
Applied Physics 102, 064916 (2007).

Dubsky, S. et al. Computed tomographic X-ray velocimetry. Applied Physics Letters 96, 023702 (2010).

Wang, Y. et al. Ultrafast X-ray study of dense-liquid-jet flow dynamics using structure-tracking velocimetry. Nature Physics 4,
305-309 (2008).

Kabla, A. J. & Senden, T. J. Dilatancy in slow granular flows. Physical Review Letters 102, 228301 (2009).

Borzsonyi, T. et al. Orientational order and alignment of elongated particles induced by shear. Physical Review Letters 108, 228302
(2012).

Borzsonyi, T. et al. Packing, alignment and flow of shape-anisotropic grains in a 3D silo experiment. New Journal of Physics 18,
093017 (2016).

Beverloo, W, Leniger, H. & Van de Velde, J. The flow of granular solids through orifices. Chemical Engineering Science 15, 260-269
(1961).

Krinitzsky, E. L. Radiography in the earth sciences and soil mechanics (Plenum Press, 1970).

Thielicke, W. & Stamhuis, E. PIVlab-towards user-friendly, affordable and accurate digital particle image velocimetry in matlab.
Journal of Open Research Software 2 (2014).

Prum, R. O,, Torres, R. H., Williamson, S. & Dyck, J. Coherent light scattering by blue feather barbs. Nature 396, 28-29 (1998).
Stepniowski, W. J., Nowak-Stepniowska, A. & Bojar, Z. Quantitative arrangement analysis of anodic alumina formed by short
anodizations in oxalic acid. Materials Characterization 78, 79-86 (2013).

Pourdeyhimi, B., Dent, R. & Davis, H. Measuring fiber orientation in nonwovens part iii: Fourier transform. Textile Research Journal
67, 143-151 (1997).

Bigiin, J. & Granlund, G. Optimal orientation detection of linear symmetry. Proceedings of the 1st International Conference on
Computer Vision 433-438 (1987).

. Mottram, N. J. & Newton, C. J. Introduction to q-tensor theory., arXiv preprint arXiv:1409.3542 (2014).

. Mardia, K. V. Statistics of directional data (Academic press, 2014).

. Chien, S. Shear dependence of effective cell volume as a determinant of blood viscosity. Science 168, 977-979 (1970).

. Johnson, C. et al. Grain-size segregation and levee formation in geophysical mass flows. Journal of Geophysical Research: Earth

Surface 117 (2012).

. Mallick, P. K. Fiber-reinforced composites: materials, manufacturing, and design (CRC press, 2007).
. Metzger, B., Butler, J. E. & Guazzelli, E. Experimental investigation of the instability of a sedimenting suspension of fibres. Journal of

Fluid Mechanics 575, 307-332 (2007).

. Waitukaitis, S. R. & Jaeger, H. M. Impact-activated solidification of dense suspensions via dynamic jamming fronts. Nature 487,

205-209 (2012).

Author Contributions
LE. conceived the experiments. F.G. & B.M. performed the experiments, post-processing and prepared all the
figures. All authors wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-08573-y

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS|7:8155 | DOI:10.1038/541598-017-08573-y 10


http://dx.doi.org/10.1038/s41598-017-08573-y

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:8155 | DOI:10.1038/541598-017-08573-y 11


http://creativecommons.org/licenses/by/4.0/

	Dynamic X-ray radiography reveals particle size and shape orientation fields during granular flow

	Methods

	Experimental configuration. 
	X-ray velocimetry method. 
	Fabric determination technique. 

	Results

	Flow field measurement. 
	Fabric measurement. 

	Discussion

	Figure 1 Schematic representation of the experimental setup with the two X-ray arrangements investigated here (A, shown in blue and B, shown in red).
	Figure 2 Determination method of fabric properties (particle size and orientation).
	Figure 3 Velocity magnitude and shear strain rate during developed flow, as measured from detector A.
	Figure 4 Velocity field during developed flow measured from detector B for the largest outlet, D = 15 mm.
	Figure 5 Comparison of the mass flow rate measured by PIV and by mass discharge measurements, for three outlet sizes and three materials, as measured from both A and B projections.
	Figure 6 Energy scaled by peak energy function of the fluctuation wavelength for the three materials, measured by radial averaging of the power spectrum obtained by Fourier transform.
	Figure 7 Comparison between orientation measured from tracers or by 2D Fourier transform of the density field for rice (a) or lentils (b).
	Figure 8 Order parameter field for (a) jasmine rice, (b) glass beads, (c) red lentils, for the case of D = 10 mm opening.
	Figure 9 Principal particle orientation for rice (a,c,e) and lentils (b,d,f) measured from Fourier transforms.
	Table 1 Properties of the grains used in the experimental campaign, as measured by micrometer (*), static optical image analysis (†) and X-ray density wavelength, and described in the Methods section.




