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Abstract

We investigate the role of gravity on convection in a dense granular shear flow. Using a

microgravity-modified Taylor-Couette shear cell under the conditions of parabolic flight micro-

gravity, we demonstrate experimentally that secondary, convective-like flows in a sheared granular

material are close to zero in microgravity, and enhanced under high gravity conditions, though

the primary flow fields are unaffected by gravity. We suggest that gravity tunes the frictional

particle-particle and particle-wall interactions, which have been proposed to drive the secondary

flow. In addition, the degree of plastic deformation increases with increasing gravitational forces,

supporting the notion that friction is the ultimate cause.
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Characterising and predicting flow of granular materials in response to shear stress is an1

important geophysical and industrial challenge. Granular flow has been studied in depth2

[e.g., 1–4], often using Taylor-Couette shear cells, where shear stress is applied between two3

concentric cylinders. This leads to strain fields between the cylinders, and generally localised4

shear bands. In addition, several shear cell experiments found convective-like motion near5

the shear zone [e.g., 5]. This secondary flow is considered key for important practical6

processes such as segregation [5]. The wealth of experimental evidence demonstrating that7

convective flows can occur in a granular material [e.g., 6–9] has led to significant theoretical8

effort, with a number of proposed mechanisms for granular convection [e.g., 6, 10–13].9

Gravity is considered as a potential driving force in some of the models [11, 14–16].10

Using a parabolic flight environment to study the dynamics of granular material subject11

to shear forces in a Taylor-Couette shear cell, we investigate the role of gravity in driving12

secondary flows within a dense confined granular flow.13

Experimental set-up and procedures. Our experiments use a Taylor-Couette geometry.14

There are two concentric cylinders. The outer cylinder is fixed and its inside surface is rough15

with a layer of particles, and the outer surface of the inner cylinder is also rough and rotated16

to generate shear strain. The floor between the two cylinders is smooth and fixed in place.17

The gap between the two cylinders is filled, to a height of 100 mm, with spherical soda lime18

glass beads (grain diameter, d = 3 mm; density, ρ = 2.55 g cm−3) upon which the rotating19

inner cylinder applies shear stresses. A movable and transparent disk is used to confine the20

granular material during the microgravity phase of a parabola with an average force of 6.621

N (the force can vary from 0 to 13.2 N depending on the packing fraction of the granular22

material).23

During each parabola of a parabolic flight there are three distinct phases: a 20 second24

∼1.8 g (where g is the Earth’s gravitational acceleration) injection phase as the plane accel-25

erates upwards, a 22 second microgravity phase (∼ ±10−2g) as the plane flies on a parabolic26

trajectory (during this period the pilot carefully adjusts the thrust of the aircraft to com-27

pensate for the air drag so that there is no lift) and, lastly, a 20 second ∼1.8 g recovery28

phase as the plane pulls out of the parabola.29

The motor that drives the inner cylinder was started shortly after the microgravity phase30

begins for each parabola and ran until the 1 g rest phase started. High-speed cameras31

imaged the top and bottom layers of glass beads in the shear cell at ∼60 frames sec−132
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so that the particles did not move more than 1/10 d between consecutive frames. Figure33

1(a) is a stacked image of one experiment showing the particle motion. Experiments were34

performed with the inner cylinder rotating at 0.025, 0.05 and 0.1 rad sec−1. In between the35

parabolas the shear cell is shaken by hand to attempt to reproduce the same initial bulk36

packing fraction while minimising possible memory effects from prior shear. Further details37

of our experimental design can be found in the Appendix and [17].38
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FIG. 1. (a) Superposition of experimental images showing the particle motion during ∼60 seconds

of a ground-based experiment. The bright areas in the image are reflections of the lamps on the

confining pressure plate and cylinder walls. The four beads that are glued to the top surface of

the confining plate (to determine the pixel scale) can also be seen. The primary and secondary

flow fields are shown. Close to the inner, rotating cylinder the magnitude of the primary flow field

is ∼0.6 ω. (b) Comparison of angular velocity profiles of the particles in 1 g and low-gravity. V ∗θ

(V ∗θ = Vθ
ω where Vθ is the mean angular velocity of several experiments of the same type) plotted as

a function of distance from the inner cylinder for the top surface of ground-based and microgravity

experiments. The error bars represent the standard deviation of V ∗θ for each group of experiments.

The velocity profiles shown only extend up to 10 d.

After the flights particle tracking was performed using an adaptation of a subpixel-39

accuracy particle detection and tracking algorithm [18], which locates particles with an40

accuracy of approximately 1/10 pixel. The raw particle position data was smoothed over41

time using a local regression weighted linear least squares fit. From this, the average particle42

velocities were computed.43
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We have found that, between the gravitational regimes of microgravity and 1 g, there is no44

difference in the width of the shear band nor is there a large difference in the magnitude of the45

angular (tangential) velocities within the shear band [see Fig. 1(b) and 17]. The primary flow46

field exhibits shear banding, consistent with prior work in this geometry. Shear banding has47

been shown to be insensitive to loading at the particle contacts [1] and substantial changes48

the geometry of particles [19]. Our observed insensitivity of the primary flow to changes in49

gravity may also be due to the fact that both the primary flow direction as well as the shear50

gradient direction are perpendicular to gravity.51

We find that there is also very little difference in the particle mean-square displacement52

(MSD) in the tangential direction between the ground and microgravity experiments; in both53

cases tangential MSDs indicate close to ballistic motion (a power law fit of MSD vs. time54

yields an exponent of 1.8; see Fig. 2). The MSDs of the ground and microgravity experiments55

are also very similar in the radial direction; both experiments show displacements slightly56

greater than expected for purely diffusive motion (power law exponent of 1.1; see Fig. 2).57

The power law exponent in the tangential direction is consistent with previous experimental58

observations in a 2-d system [e.g., 20]. However, the power law in the radial direction is59

slightly less than 1 in the 2-d system, indicating subdiffusive motion, while it is greater than60

1 in our measurements in 3-d. This suggests additional drift in the radial direction in our61

3-d system consistent with convective flow.62

Convective particle motion. Another indication of convective motion comes from the63

radial velocity profiles. Specifically, since the packing density of the granular material is64

approximately constant everywhere, any radial inward motion on the top surface must be65

compensated with radial outward motion below the surface, indicating a likely convective66

flow. Figure 3 shows the radial velocity profiles as a function of distance from the inner67

cylinder, for the top surface of a set of experiments at normal gravity with different inner68

cylinder angular velocities. Although observations vary from experiment to experiment,69

there is a reproducible trend in the shape of the radial velocity profiles. All of the ground-70

based experiments exhibit a region of negative radial velocity, which approximately coincides71

with the shear band (see Fig. 1(b)). Despite the small scale of the radial motion (0.2% of72

the tangential motion at the inner cylinder, more at the outer edge of the shear band), there73

is clearly a preferred radial direction of particle motion in this region of the top surface for74

all ground-based experiments.75
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FIG. 2. Mean-square displacement (MSD) of particles in microgravity and on the ground (for

particles with (r − a) < 6.5d). The four curves represent the tangential and radial MSD for the

ground and for microgravity. The dotted line shows a slope of 1, the dotted-dashed line shows a

slope of 2. In these experiments ω = 0.025 rad sec−1.

We also tracked particle motion at the bottom surface of the shear cell. The primary76

flow field is comparable to the top surface. At normal gravity, the scale of the radial motion77

on the bottom surface is much smaller than that on the top surface and appears random.78

This indicates that the convective flow at normal gravity does not extend all the way to the79

bottom of the shear cell.80

The radial flow speed on the top surface increases with increasing primary flow speed (Fig.81

3), indicating that the convective flow speed depends on the primary flow speed. However,82

the magnitude of the radial velocity normalised by shear rate decreases with increasing shear83

rate (see inset of Fig. 3). This observation indicates that convective flow is not only driven84

by rearrangements that are needed for shear, but that the rearrangements responsible for85

convective flow have an independent timescale. This observation is consistent with a gravity86

driven convective flow field.87
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FIG. 3. Mean radial velocity (Vr) is shown as a function of distance from the inner cylinder on

the top surface of experiments for ground-based experiments with different inner cylinder angular

velocities. The error bars represent the standard deviation of Vr for each group of experiments.

Inset: Magnitude of the maximum normalised radial velocity (V ∗r = Vr
(aω)) as a function of ω.

Figure 4 shows how the mean radial velocity profiles change as a function of gravitational88

acceleration. The magnitude of the negative radial velocities in ∼1.8 g is larger than in the89

ground-based experiments. Conversely, in microgravity there is no inward particle motion.90

Thus there is a correlation between gravity and secondary flows.91

We investigate causality by looking at time traces of the radial velocity; the sample92

experiences three distinct gravity values during a flight. The change in the particle dynamics93

occurs rapidly when the gravitational environment changes. The inset of Fig. 4 shows94

the mean radial velocity as a function of time during a transition from microgravity to95

gravity. Note that the radial inward flow starts very quickly, within less than 2 seconds (the96

slow radial flow speeds are not detectable on shorter timescales). Clearly, we turn on the97

convective flow by flipping the gravity switch to “on”. This suggests that gravity is indeed98

causing the flow.99
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FIG. 4. Mean radial velocity (Vr) as a function of distance from the inner cylinder on the top

surface for microgravity, ground-based and ∼1.8 g experiments. The error bars represent the

standard deviation of Vr for a group of experiments with ω = 0.1 rad sec−1 (5 experiments for

microgravity and ∼1.8 g, 2 for ground-based experiments). Inset: Vr vs. time for particles with

(r − a) < 6.5d. Gravitational forces are not present from 0 - 20 secs then, from 20 - 42 secs, the

gravitational acceleration is ∼ 1.8 g and, finally, after 42 secs the gravitational acceleration returns

to ∼ 1 g. Each point represents the mean Vr of the particles in the radial bin during a period of

2 seconds and ω = 0.1 rad sec−1. The error bars represent the standard deviation of Vr in each 2

second period.

This begs the question of how gravity causes secondary flows. It has been shown experi-100

mentally that friction plays a deciding role in whether secondary flows occur in another flow101

geometry [21]. We conjecture that in our system, gravity acts as an amplifier for frictional102

effects.103

A granular bed under gravity is supported by its constituent particles; top grains are104

supported by bottom grains, which are ultimately supported by the bottom and sidewalls.105

Force chains of contacting particles bear the brunt of load, transmitting the force to the106
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bottom and sidewalls. Particles in force chains have substantial normal, and thereby fric-107

tional, forces between them [22]. Gravity thus creates a vertical gradient of interparticle108

forces, resulting in particle rearrangements being more likely near the surface.109

In a horizontal slice of the Couette cell, particles are more likely to rearrange near the110

inner cylinder due to the shear forces breaking their contacts. Under no gravity, the forces111

at the top and bottom of the slice are equal, so the motion is only in the plane. Under112

gravity, this shear force does not change, and so the primary flow in the plane is unaffected.113

However, gravity introduces an asymmetry: the contact forces at the top and bottom of the114

slice are now different, and produce a secondary flow pattern. As the individual particle115

motions are biased by gravity, the likely average flow pattern is set. Particles at the top116

and near the cylinder are likely to go down, since that is the highest rearrangement zone.117

Rearrangements are suppressed as one goes down the pile as the forces between particles118

become stronger, resulting in smaller secondary flows near the bottom. Far away from the119

cylinder, a tiny upward flow balances the pile. For higher gravity, the interparticle and120

particle-boundary forces increase, and the vertical contact gradient is greater. This creates121

stronger secondary flows in higher gravity. In contrast, with microgravity, the strength of122

contacts does not vary with depth, and the contacts transmit, on average, a smaller force.123

To test these notions, we look at particle rearrangements in the system, focusing on124

irreversible, plastic events that are signatures of force chain breaking [23], and can make up125

the average convective flow. In accordance with the idea of frictional force chain breaking,126

we would expect higher degrees of plastic deformation near the inner cylinder, and for plastic127

deformation to increase with higher gravity.128

Plastic deformation. To measure the local plastic rearrangements of particles relative129

to their neighbours on the top surface of our shear cell, we use D2
min [24], :130

D2
min,i = min{

∑
j

[∆dij(t)− Eidij]2} (1)

D2
min,i quantifies the nonaffine deformation of j particles in the neighbourhood around a131

given particle i after removing the averaged linear response to the strain, given by tensor Ei;132

a smaller D2
min indicates more affine motion. The vector dij is the relative position of i and133

j, ∆dij is the relative displacement after a delay time ∆t, set to be 4 frames in this case.134

We normalise our values of D2
min by the tangential mean-square displacement at ∆t, so that135
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the magnitude of D2
min is not dependent on the macroscopic flow speed. Snapshots of D2

min136

values from a ground based experiment are shown in Fig. 5(a). We find that the D2
min values137

are spatially heterogeneous, with high-valued “hot spots” near the inner cylinder both on138

the ground and in microgravity. These hot spots evolve for several frames, then die out139

after some plastic rearragement event. The average D2
min value i.e., the average strength140

of the plastic deformation, is found to be larger on the ground (see Table I and Fig. 5(b))141

compared to microgravity, and slightly larger still for the ∼1.8 g case. This indicates that142

gravity does enhance this deformation.143
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FIG. 5. (a) Two snapshots of D2
min for a ground based experiment showing regions of large plastic

deformation. Particles with a high and low D2
min are indicated in dark red and yellow, respectively

(colour figure online). (b) Probability density of D2
min for particles with (r − a) < 6.5d in the

microgravity and ground-based experiments.

Conclusions. We have shown that gravity plays an important role in the dynamics of a144

sheared dense granular flow. Radial flows (likely due to convection) are affected by gravity;145

they become larger in magnitude in the presence of increased gravitational acceleration, and146

disappear altogether in microgravity. We suggest that gravity tunes the frictional particle-147

particle and particle-wall interactions, which have been proposed to drive the secondary148

flow. Without a gradient in friction and with low friction, the secondary flow is halted.149
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TABLE I. D2
min values in the inner radial bin (< 6.5 d from rotating inner cylinder) for the three

different gravity regimes.

Gravitational Average D2
min σ/

√
N a

acceleration (g)

∼1.8 0.211 0.0275

1 0.193 0.0015

∼0 0.137 0.0008

a σ is the standard deviation of D2
min and N is the number of measurements.

To address the relative importance of the gradient in friction, future work should tune the150

frictional properties of the system, in addition to the confining pressure and gravity. We151

have shown that different frictional/normal gradients create different plastic deformations152

in the system. We believe plastic deformation, which may be different for the same primary153

flow field, could hold the key to understanding the driving forces of convection. Overall,154

while the primary flow field is deceivingly similar in normal conditions and microgravity, the155

absence/presence of gravity causes dramatic changes in secondary flow characteristics that156

are crucial in industrial applications, such as segregation by size, shape, and density, as well157

as astrophysical questions, such as understanding the behaviour of regolith on planetary158

surfaces.159
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