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accelerate downslope ahead of the remainder of the flow.
This pattern is similar in appearance to the instability seen
in viscous fluids flowing down an incline (Huppert, 1982);
however, in the latter case the instability is driven by surface
tension, which is not present in a granular material.
Nohguchi and Ozawa (2008) hypothesise that pairs of vortices form between clefts in the front of a granular flow.
These vortices rotate in a manner that reduces the air drag
force at the moving front, causing the vortices to grow and
deform the initial perturbation into a finger-like pattern. The
existence of a velocity boundary layer at the moving front has
been proposed, the thickness of which is assumed to be equal
to the distance that a single particle travelling at the flow velocity can move against the drag force of the static air. The
velocity boundary layer thickness δv is therefore defined as

Table 1. Properties of EPS beads used in our experiments.

δv =

2ρp d
,
3Cd ρa

Bulk Density,

d (mm)

Settling
Velocity∗ ,

ρp (kg m−3 )

Particle
Reynolds
Number∗ ,
Rep

22
22
21
21
20
19
11
10

175 ± 15
200 ± 17
225 ± 22
250 ± 24
325 ± 28
325 ± 29
525 ± 51
750 ± 72

0.5 ± 0.05
0.6 ± 0.06
0.7 ± 0.07
0.7 ± 0.07
0.8 ± 0.07
0.8 ± 0.09
1.1 ± 0.08
1.1 ± 0.09

1.3 ± 0.05
1.5 ± 0.06
1.8 ± 0.09
2.1 ± 0.07
2.5 ± 0.09
2.7 ± 0.08
5.0 ± 0.13
6.8 ± 0.20

vt (m s−1 )

∗ Mean value ±1 standard deviation.

(1)

where ρp and ρa are the densities of the particle and the
surrounding air respectively, d is the diameter of a single
particle, and Cd is the drag coefficient. In order to maintain steady-state vortex motion the radius of each lobe would
need to be twice the thickness of the velocity boundary layer.
This then suggests that the size of the lobes will be related
to the drag forces acting on the particles as drag force plays
a key role in determining the velocity boundary layer thickness.
A further mechanism that leads to the formation of lobeand-cleft-type patterns is caused by polydispersity of the
granular medium (Pouliquen et al., 1997). The high concentration of large particles located in the vicinity of a cleft leads
to a local increase of the friction in these areas. The material thus locally slows down, amplifying the perturbation and
leading to the formation of fingers.
Finally, the Rayleigh–Taylor instability is a fingering instability that occurs at an interface between two fluids of different density, for example a heavy fluid initially lying on top
of light fluid in a gravitational field (Lord Rayleigh, 1900;
Taylor, 1950). For inviscid fluids the interface will always be
unstable, with the growth rate of the unstable modes increasing as their wavelengths decrease (Chandrasekhar, 1961).
This paper focuses on studying the development of lobeand-cleft-type patterns at the leading edge of a laboratory
scale avalanche, using line releases of expanded polystyrene
beads suspended in air. Following the findings of Nohguchi
and Ozawa (2008), we assume the granular material is homogeneous with narrow size distribution (see Table 1), that there
is minimal lateral spreading at the edges of the flow, negating
the need for sidewalls, and that the base of the chute is flat.
We present detailed measurements of the wavelength of the
pattern found at the leading edge of the flow, and consider
how the wavelength depends on the key experiment parameters.
Nonlin. Processes Geophys., 20, 121–130, 2013
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Fig. 1. Front and side view schematic of the chute used for experiments.

2

Experiments

The lightweight granular material used in this study is
expanded-polystyrene (EPS) bead which has been shown
(Turnbull and McElwaine, 2008) to provide a good model for
powder-snow avalanches by matching important similarity
criteria . The bulk density of the EPS bead is ρp ≈ 20 kg m−3 ,
with a relative density ρp /ρa ≈ 17, where ρa = 1.20 kg m−3
denotes air density (at 20 ◦ C and 1 atm) and is here assumed
throughout to be a constant. Eight different sizes of particles are used in the experiments, the properties of which
are shown in Table 1. The relative density of the EPS beads
means that the relatively high level of momentum carried by
the snow particles in a powder-snow avalanche is well modelled.
The experiments were carried out using a 1 m wide, 1.9 m
long, flat chute (Fig. 1). The chute was covered in a black
felt cloth and inclined at slopes between 60◦ and 90◦ , where
θ denotes the angle between the chute and the horizontal. The
EPS beads were released using an electromagnetically controlled hopper attached to the top of the chute (see Fig. 1). In
www.nonlin-processes-geophys.net/20/121/2013/
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order to create a pseudo two-dimensional line release, a linear hopper was used which had a semi-elliptical cross section
(with aspect ratio = 0.9) and a length of 0.85 m. Three different sized linear hoppers were used so that the release volume
could be varied between 1000 cm3 , 2100 cm3 and 3300 cm3 .
Each flow was observed using two high-speed digital video
cameras sampling at 400 Hz. One camera was positioned normal to the transverse plane of the chute to capture the plan
view of the flow, ensuring that the full width of the release
hopper and the full length of the chute were in view. The second camera was positioned to the side and aligned to view
across the transverse plane of the chute, which allowed the
head height of the avalanche to be measured. Schematic diagrams of a laboratory-scale avalanche, including the relevant
parameters and variables, are shown in Fig. 2.
The particle Reynolds number for a bead of diameter d
moving with velocity u is
Rep =

ρa ud
,
µ

(2)

where µ is the dynamic viscosity of the ambient fluid. The
particle Reynolds number determines whether the drag acting on the particle is dominated by viscous or pressure forces.
Particle Reynolds numbers for powder snow avalanches are
typically of the order 3 × 103 (Turnbull et al., 2007) and the
drag force exerted on the particles from the ambient fluid will
largely be due to the form drag of the particles. For values
500 < Rep < 105 the drag coefficient for a spherical particle is essentially independent of the particle Reynolds number (Massey, 2006). Typical values of Rep for the EPS beads
used in the experiments reported are shown in Table 1, and
lie on the lower boundary of this range, but correspond to the
case where the pressure forces are dominant compared to the
viscous forces.
The sedimentation velocity of a particle normal to the
slope, vt , needs to be taken into account in order to ensure
that suspension is maintained over the length of the chute.
The length scale
L=

vt2
,
g

(3)

determines the size of the experiment. vt was measured by
releasing individual EPS beads with the chute inclined at 90◦
to the horizontal. Using the captured images, the particles
were tracked and their terminal velocity calculated. Typical
values of L for our experiments are ≈ 0.1 m, much less than
the vertical length of the chute, meaning suspension will be
maintained and a steady-state powder snow avalanche will
be well modelled.
The Richardson number for a layer of height h and velocity u on a slope at angle θ is
Ri =

g 0 h cos θ
,
u2

www.nonlin-processes-geophys.net/20/121/2013/
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Fig. 2. Schematic diagrams of a particulate gravity current of height
h, width b, density ρ travelling a distance s down an inclined plane
with a front velocity uf . The particulate material has a diameter d
and a lobe and cleft pattern with wavelength λ forms at the moving
front.

where the reduced gravity g 0 = g (ρ − ρa ) /ρa with ρ the density of the current. The density ratio (ρ − ρa ) /ρa is typically used to calculate reduced gravity for fully suspended
gravity currents (Turner, 1973) and is comparable to the Atwood number used for other types of density stratified flow.
By using steep slope angles the values of Ri in our experiments (Ri ≈ 2) were comparable to those observed in fullscale powder-snow avalanches (Ri ≈ 1). In order to calculate
ρ, the head of the current is assumed to be semi-circular in
cross section, with radius equal to the current head height,
h. The volume
of the current can then be calculated as

Vc = π bh2 /2 where b is the width of the release hopper.
The proportion of Vc that is made up of entrained air is then
obtained by subtracting the initial release volume, Vi from
Vc . For the purpose of calculating ρ it is also assumed that
all of the EPS beads released are contained within the current head, meaning that the proportion of Vc made up of EPS
bead will be equal to Vi . The density
 of the current is then
calculated as ρ = (1 − α) ρa + αρp , where α = Vi /Vc .
3

Method for tracking the moving front and lobe and
cleft formation

The captured images were analysed using a level set method
(McElwaine et al., 2004) to accurately track the front position of the flow and determine the formation of lobes and
clefts. For each sequence of images the arrival time T(x, y)
of the flow is detected for each pixel. The matrix T(x, y) of
first arrival times is classified as a level set, with the contours
T(x, y) = t corresponding to the front of the flow at a particular time. This technique was applied to both the plan view
and side view images. The contours were used to measure
flow properties, such as current head height, front position
and velocity.
Calculating the gradient of the level set (∇T ) produces a
vector field where each vector is normal to the surface of the
moving front. The divergence of the vector field can be used
to calculate the curvature of the level set,
κ = ∇.

∇T
.
|∇T |

(5)

In the next section we show how the curvature can be used
to provide a robust and repeatable method for detecting and
Nonlin. Processes Geophys., 20, 121–130, 2013
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Fig. 3. Video stills taken at 0.2 s intervals from experiments conducted at a slope angle of 65◦ using: (a) 2100 cm3 of 1.8 mm diameter EPS
beads and (b) 3300 cm3 of 5.0 mm diameter EPS beads.

tracking lobes and clefts, with lobes corresponding to regions
of small positive curvature and clefts to lines of large negative curvature.
4

Results

For each particle diameter, d, shown in Table 1 and for each
initial release volume, Vi , experiments were carried out at
five different slope angles: 65◦ , 70◦ , 75◦ , 80◦ and 85◦ . Figure 3 shows images from two separate experiments: (a) for
d = 1.8 mm and a release volume of 2100 cm3 ; and (b) for
d = 5.0 mm and a release volume of 3300 cm3 . In both cases
the slope angle was set at 65◦ . In each experiment a welldefined front is observed that propagates down the slope.
Immediately after the release the front is seen to accelerate
down the slope for a short distance (≈ 0.5 m) before reaching
an approximately constant velocity.
Although the particles start from a pseudo twodimensional linear distribution, a wavy pattern quickly appears in the moving front. As the fronts continue to propagate
downslope these fluctuations grow in amplitude. Clear qualitative differences can be observed between the two flows
shown in Fig. 3. One of the most striking is the difference
in wavelength of the lobe-and-cleft-type pattern created by
the fluctuations in the moving front during the later stages
Nonlin. Processes Geophys., 20, 121–130, 2013

of the flows motion. That is, the lobe and cleft structure in
Fig. 3a (for d = 1.8 mm), has a noticeably smaller wavelength than that observed for the larger particles shown in
Fig. 3b (for d = 5.0 mm). Also, the lobes that form in Fig. 3a
(for d = 1.8 mm) have a greater amplitude than those in
Fig. 3b (for d = 5.0 mm).
By taking particle diameter d as our lengthscale, a nondimensional timescale can be calculated,
p
(6)
t˜ = t/ d/g.
Images taken at the same non-dimensional time, t˜ = 50, from
four experiments using the same release volume, but different sized particles are shown in Fig. 4. It can be shown that
for a given value of t˜, as particle diameter increases the wavelength of the lobe-and-cleft-type pattern and the downslope
position of the front also increase, but the ratio of the wavelength to amplitude remains approximately constant.
Front profiles generated from the flows in Fig. 3a and b
are shown in Fig. 5, with the curvature of the corresponding level sets shown in Fig. 6. These figures show an initially shifting pattern of lobes and clefts. Lobes develop and
grow in size, occasionally bifurcating, whilst clefts regularly
merge together. This indicates that the lobe and cleft instability observed in fully suspended, Boussinesq gravity currents is dominant during the early phases of the flow. In the
www.nonlin-processes-geophys.net/20/121/2013/
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d = 1.8mm
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d = 5.0mm

d = 2.7mm

d = 6.8mm

Fig. 4. Video stills taken at t˜ = 50 from experiments conducted at a slope angle of 65◦ using 2100 cm3 of: 1.8 mm, 2.7 mm, 5.0 mm and
6.8 mm diameter EPS beads.
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Fig. 5. (a) and (b) front profiles at 0.05 s intervals taken from the flows shown in Fig. 3a and b, respectively. The highlighted profiles
correspond to the position of the fronts at the times shown in Fig. 3.

later stages of the flow, the position of the lobes is much
more stable and there is less merging and bifurcation. As already noted, at later times the amplitude of the lobes has increased, this is particularly apparent for the flows consisting
of smaller particles. This indicates that the fingering instabilities observed in unsuspended granular flows become more
dominant in the later phases of the flow.
In order to investigate the effects of changing the release
volume, wavelength against average distance from the line

www.nonlin-processes-geophys.net/20/121/2013/

release (s) for one particle size (2.7 mm) is shown in Fig. 7.
Results from each of the three different release volumes are
plotted separately and it can be seen that the volume of granular material released has no effect on the wavelength of the
pattern in the moving front. Changing the volume of material
released did have an observable effect towards the rear of the
flows; as the volume was increased, the amount of detrainment at the rear of the flow also increased.

Nonlin. Processes Geophys., 20, 121–130, 2013
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Fig. 6. (a) and (b) curvature (κ) of the level set T(x, y) calculated from the flows shown in Fig. 3a and b, respectively. Areas of negative
curvature (dark) indicate the location of clefts, whilst areas of positive curvature (light) indicate the location of lobes.
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Fig. 7. Average wavelength (λ) versus distance from line release
(s) for experiments using 2.7 ± 0.08 mm diameter particles, plus or
minus the standard deviation from the mean (dashed lines).

Figure 8 shows average wavelength (λ) plotted against average distance from the line release for each particle size. The
wavelength values for each particle size are obtained by taking the average from experiments conducted using the three
release volumes. The results verify the observation that the
pattern observed in the flows made up of smaller particles
had a smaller wavelength than those made up of larger particles. It can also be seen that the wavelength remains relatively stable once the flow has reached an approximately
constant velocity.
Current head heights for flows consisting of 1.8 mm and
6.8 mm diameter EPS beads are shown for each release volume and slope angle in Fig. 9. Several trends can be seen
in the data; current height increases monotonically with inNonlin. Processes Geophys., 20, 121–130, 2013

0
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0.8
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1.2

1.4

Fig. 8. Average wavelength (λ) versus distance from line release (s),
plus or minus the standard deviation from the mean (dashed lines).

creasing slope angle and release volume, but with decreasing
particle diameter. That is, currents consisting of smaller particles have larger heads, and therefore higher levels of suspension, due to the particles having lower settling velocities resulting in lower levels of particle sedimentation. Larger
heads and greater levels of suspension are observed at higher
slope angles as the component of the particles settling velocity normal to the slope is reduced. The data in Fig. 9 shows
agreement with qualitative observations of detrainment levels at the rear of the flow. That is, it was observed that as
the release volume was increased, higher levels of rear detrainment were observed, especially for currents consisting
of smaller diameter EPS beads. Increased detrainment was
also observed at higher slope angles. These observations are
supported by Fig. 9 where the data for the smaller particles
www.nonlin-processes-geophys.net/20/121/2013/
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Fig. 9. Current head height (h) versus slope angle (θ ) for currents
consisting of 1.8 mm and 6.8 mm diameter EPS beads. Head height
was measured at a distance of 1 m from the line release. Error bars
have length equal to the standard deviation from the mean.

Fig. 10. Average wavelength (λ) 1 m from the line release versus
slope angle (θ ). Error bars have length equal to the standard deviation from the mean. Results are offset horizontally for clarity.

shows a much smaller increase in current head height between the middle and largest size of release volume than that
between the smallest and middle size. For both particle sizes
the difference in current head height between the three release volume sizes decreases as slope angle increases. These
observations and results indicate that there may be a limit to
the amount of material that can be suspended within the head
of the current, and as this limit is approached the amount of
material detrained from the rear of the head increases.
In Fig. 10 the average wavelength at a distance of 1 m from
the line release is plotted against slope angle for each of the
particle sizes used. It was observed during the experiments
that increasing the angle of the slope increased the level of
suspension within the flow. At higher slope angles, more air
was entrained into the current and its height (h) perpendicular to the slope visibly increased. As the slope angle becomes steeper, the increased component of gravity driving
the current is counteracted by an increase in air entrainment
(Turnbull and McElwaine, 2007). However, it can be seen
from Fig. 10 that the wavelength of the pattern is independent of the slope angle, indicating that level of suspension
or air entrainment has no effect on the formation of the pattern. Interestingly, in Fig. 10 there appears to be a bifurcation
in the data between the smaller particles (d = 1.5−2.7 mm)
and the larger particles (d = 5.0−6.8 mm). This bifurcation
could be due to the higher levels of polydispersity of the
smaller particles (standard deviation ≈ 5 % of mean particle diameter) compared with the larger particles (standard
deviation ≈ 2.5 % of mean particle diameter). Whilst it is
possible that the granular fingering mechanism observed by
Pouliquen et al. (1997) could play a more significant role
in the flows consisting of smaller particles, this seems unlikely as in the experiments conducted by Pouliquen et al. this

mechanism was only observed when the standard deviation
of the mean particle diameter was greater than 10 %. Another
potential explanation for the bifurcation in the data could be
the role played by viscous drag forces for the different particle sizes. As previously mentioned, the values of Rep are
high enough for pressure drag forces to constitute the bulk of
the total drag force. However, whilst the larger particle’s Rep
values are within the region where the drag coefficient for
a spherical particle is independent of Rep , the smaller particle’s values lie just below this region. Therefore, although
pressure drag forces are still dominant, viscous forces will
have a more significant effect on the drag force acting on the
particles.
The Rayleigh–Taylor instability should be the limiting
case as we tend towards a vertical chute. Hydrodynamically,
the growth of the Rayleigh–Taylor instability is predicted by
a perturbation analysis that shows that the growth rate of
the fingers depends on the perturbation wavelength (Chandrasekhar, 1961; Youngs, 1984; Duff et al., 1962; Sharp,
1984). In the presence of a stabilising influence, e.g. viscosity or surface tension, some wavelengths are damped and
a dominant mode develops. In our EPS suspension experiments, we have neither viscosity nor surface tension present.
However, we speculate that the air drag experienced by the
particle clusters, and the restrictions on lobe shape that this
imposes (Bush et al., 2003), would play a similar role in allowing a dominant wavelength to grow. This should provide
a rich focus for future modelling.
For comparison with the results of Nohguchi and Ozawa
(2008), the mean radius of curvature of the lobes for each
particle size was calculated (Fig. 11). These values were calculated from the level set contours corresponding to when the
flows had reached a distance of 1 m down the chute ensuring

www.nonlin-processes-geophys.net/20/121/2013/
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Using the variables shown in the schematic (Fig. 2), the
non- dimensional group, which is the Froude number
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2 δv
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200

uf
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,
g 0 L sin θ
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7

8

9

Particle diameter, d (mm)

Fig. 11. Radius of curvature of lobes versus particle diameter. Results from the experiments presented in this paper (•) are compared
with the experimental results (4) and analytical results (solid line)
of Nohguchi and Ozawa (2008).

that, as with the results of Nohguchi and Ozawa (2008),
the flows had reached an approximately steady velocity. The
lobes at the leading edge of the flows consisting of smaller
particles had smaller radii of curvature, consistent with the
observations of sharper lobes and smaller wavelengths for
these flows. The results show good agreement with Nohguchi
and Ozawa’s experimental data (which are also shown in
Fig. 11), however both sets of data are slightly below the analytical estimate r ≈ 2δv . When deriving the expression for
boundary layer thickness Nohguchi and Ozawa ignored interparticle collisions in the velocity boundary layer for simplification. In reality, a particle moving through the velocity
boundary layer is likely to experience collisions with other
particles, reducing the distance that it can move against the
drag force of the ambient fluid. Therefore, the analytical results are likely to overestimate the velocity boundary layer
thickness which may explain the discrepancy seen between
the theoretical and experimental results.

5

Non-dimensionalisation

Both granular fingering (Pouliquen et al., 1997) and velocity
boundary layer (Nohguchi and Ozawa, 2008) theories suggest that the velocity of the moving front could play a role
in determining the wavelength of the pattern that forms at
the front. Fingers are created due to differences in velocity
between smaller particles and larger particles that slow down
due to higher levels of friction as they bunch up around clefts.
A velocity boundary layer’s thickness will also be affected by
front velocity, which could in turn affect the wavelength of
the pattern.
Nonlin. Processes Geophys., 20, 121–130, 2013
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can be formed where L is an appropriate length scale. The
theory of a velocity boundary layer at the moving front suggests that there is a relationship between front velocity and
wavelength which is determined by an individual particle’s
interaction with the ambient air. As previously mentioned,
Nohguchi and Ozawa (2008) have proposed that the wavelength of the frontal pattern is determined by the size of pairs
of vortices that form at the moving front. The size of these
vortices is in turn determined by the thickness of the velocity
boundary layer. Faster moving flows will have thicker velocity boundary layers as the particles can move a greater distance against the drag force of the static air, resulting in the
formation of larger vortices and therefore a larger wavelength
pattern. From Eq. (1) it can be seen that particle diameter d
is a key variable in determining the boundary layer thickness δv ; therefore, we will look for a relationship between
the Froude number and wavelength based on the length scale
L = d.
The dimensionless wavelength (λ̃d = λ/d) is plotted
against the Froude number in Fig. 12. Interestingly, when
scaled with a length scale characterised by the particle diameter there appears to be a monotonically increasing relationship between the Froude number and wavelength. A linear fit
of the data,
λ̃d = 2.3 F rd + 1,

(8)

is shown in Fig. 12, with a residual of 0.12 indicating a good
level of fit.
This dimensionless rendering of the data seems to offer
good agreement with the concept of a velocity boundary
layer determining the wavelength of the frontal pattern. The
data shows that when scaled with respect to particle diameter, the smaller particles have higher velocities and therefore
thicker boundary layers resulting in wider lobes and a larger
wavelength.
6

Conclusions

This paper has presented experiments on the flows of fully
suspended, lightweight granular material down an inclined
surface. These currents have been found to exhibit characteristics of the instabilities found at the leading edge of
both homogenous particle-laden gravity currents and flows
of unsuspended granular material. During the early stages
of motion a lobe and cleft instability mechanism, similar to
that observed in homogenous particle-laden gravity currents,
appears to be dominant. As the flow propagates down the
slope the pattern of lobes and clefts becomes more stable
www.nonlin-processes-geophys.net/20/121/2013/

A. Jackson et al.: Scaling for lobe-and-cleft-type patterns

129

100

90

80

70

λ̃d

60

50

40

30

20

10

0

0

5

10

15

20

25

30

35

40

45

Frd
Fig. 12. Non-dimensional wavelength (λ̃d ) versus the Froude number (F rd ). Particle sizes: 1.3 mm (4), 1.5 mm (), 1.8 mm (♦), 2.1 mm
(∇), 2.5 mm (◦), 2.7 mm (B), 5.0 mm (?) and 6.8 mm (C). Marker shades correspond to slope angle: 65◦ – clear, through to 85◦ – black.
Marker size corresponds to the size of the release volume. Dashed line shows linear fit, λ̃d = 2.3 F rd + 1 (Eq. 8).

suggesting that the dominant instability mechanism is now
more similar to those observed in unsuspended granular
flows. Particle diameter of the granular material has been
found to play a central role in determining the wavelength
of the lobe and cleft pattern, as hypothesised by Nohguchi
and Ozawa (2008). When scaled with particle diameter, a
relationship between the Froude number of the flow and
wavelength of the lobe and cleft pattern has been found. This
relationship highlights the importance of the role played by
drag forces acting on the individual particles in determining
the wavelength of the frontal pattern, and appears to support
the concept of a velocity boundary layer at the moving front
of the flow.
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Reviewed by: J. McElwaine and one anonymous referee
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