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Abstract. Lobe and cleft patterns are frequently observedder snow) which has much greater density than the ambi-
at the leading edge of gravity currents, including non- ent fluid (density ratie= 10), and exhibits characteristics of
Boussinesq particle-laden currents such as powder snowoth homogeneous gravity currents and unsuspended gran-
avalanches. Despite the importance of the instability in driv-ular flows. Several instability mechanisms have been identi-
ing air entrainment, little is known about its origin or the fied in gravity currents and unsuspended granular flows that
mechanisms behind its development. In this paper we seeknay also play a role in powder snow avalanches.
to gain a better understanding of these mechanisms from For homogenous Boussinesq gravity currents flowing
a laboratory scale model of powder snow avalanches usinglong a horizontal surface a shifting pattern of lobes and
lightweight granular material. clefts has been observed at the leading e@gmijson1972

The instability mechanisms in these flows appear to be aNeufeld 2002 Hartel et al, 2000. Clefts merge together
combination of those found in both homogeneous Boussi-whilst new ones form when a lobe reaches a certain size, as
nesq gravity currents and unsuspended granular flows, witla result the total number of lobes and clefts remains roughly
the size of the granular particles playing a central role in de-constant. Linear-stability analysis and direct numerical sim-
termining the wavelength of the lobe and cleft pattern. Whenulations Hartel et al, 2000 have shown that the stagnation
scaled by particle diameter a relationship between the Froudpoint at the front of a gravity current is located below the
number and the wavelength of the lobe and cleft pattern ismose. The formation of the lobe and cleft pattern is the result
found, where the wavelength increases monotonically withof a local instability at the leading edge of the front caused
the Froude number. by the area of unstable stratification in the flow region be-
tween the nose and the stagnation point. In this paper we will
henceforth refer to this instability as the classical lobe and
cleft instability. For clarity it should be pointed out that we
will refer to the wavy patterns observed at the front of the
. . flows as lobe-and-cleft-type patterns, however the formation
Both homogeneous particle-laden gravity currents and ﬂowsof these patterns is not necessarily caused by the classic lobe

of unsuspended granular material typically feature characterénd cleft instability. There are several other mechanisms that

istic three-dimensional wavy patterns at their leading edgecould be causing the formation of a lobe-and-cleft-type pat-
(as illustrated by Fig5). An example of this instability can tern. which we shall now introduce

be found at. the leading edge of a powder show avalanc;he_ In contrast to homogenous Boussinesq gravity currents,
Although this lobe-and-cleft-type structure contributes sig- s of gense granular material moving down an inclined

nificantly to air entrainmentimpson and Britter1979, ane exhibit different forms of wave-like patterns at the

. > pl
End thusbthe d%/nammshof _powdehr snow avalr;amcfhes, I|.ttle '{noving front (Nohguchi and Ozaw2008 Pouliquen et aJ.
nown about the mechanisms that cause the formation o 997. While it is possible that the classic lobe and cleft in-

these p_attern's.. nge we'attempt to gain a better uqderstandwgqab”ity causes the initial fluctuations in the moving front,
of the instability in particle-laden flows by experimentally the aforementioned continuously shifting pattern of lobes

modelling powder snow avalanches on a laboratory scale. Aénd clefts is not present in these cases. Instead a more sta-

powder snow avalanche is an inclined gravity current consistble pattern develops with lobes developing into fingers that
ing of fully suspended, lightweight granular material (pow-

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

accelerate downslope ahead of the remainder of the flowTable 1.Properties of EPS beads used in our experiments.
This pattern is similar in appearance to the instability seen

in viscous fluids flowing down an inclineHuppert 1982; Diametef, Bulk Density, Particle Settling
however, in the latter case the instability is driven by surface Reynolds  Velocity,
tension, which is not present in a granular material. Numbef*,

Nohguchi and Ozawé2008 hypothesise that pairs of vor- d (mm) pp (kgm=3)  Rep vt (ms1)
tices form between clefts in the front of a granular flow. 1.340.05 22 17515 Q54+ 0.05
These vortices rotate in a manner that reduces the air drag 1.5+ 0.06 22 20017 064 0.06
force at the moving front, causing the vortices to grow and 1.84+0.09 21 225+22  0740.07
deform the initial perturbation into a finger-like pattern. The 2.1+0.07 21 25024  07+0.07
existence of a velocity boundary layer at the moving front has 2.5+0.09 20 325£28 08=+0.07
been proposed, the thickness of which is assumed to be equal  2.7+0.08 19 325:29 08+0.09
to the distance that a single particle travelling at the flow ve- ~ 50+0.13 11 525:51 114008
locity can move against the drag force of the static air. The 6.8+0.20 10 750672 11+£009
velocity boundary layer thickness is therefore defined as * Mean valuet1 standard deviation.

20nd e — _
o= ey O ¥ 1 [ Pt I

where pp and p, are the densities of the particle and the
surrounding air respectively/ is the diameter of a single
particle, andCy is the drag coefficient. In order to main-
tain 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 thick-
ness.

A further mechanism that leads to the formation of lobe- o Tm
and-cleft-typg pattern_s is caused by poWdl_SperSIty of theFig. 1. Front and side view schematic of the chute used for experi-
granular mediumRouliquen et a).1997). The high concen- o,
tration of large particles located in the vicinity of a cleft leads
to a local increase of the friction in these areas. The mate-
rial thus locally slows down, amplifying the perturbation and 2 Experiments
leading to the formation of fingers.

Finally, the Rayleigh—Taylor instability is a fingering in- The lightweight granular material used in this study is
stability that occurs at an interface between two fluids of dif- expanded-polystyrene (EPS) bead which has been shown
ferent density, for example a heavy fluid initially lying on top (Turnbull and McElwaing2008) to provide a good model for
of light fluid in a gravitational field I(ord Rayleigh 190Q powder-snow avalanches by matching important similarity
Taylor, 1950. For inviscid fluids the interface will always be criteria . The bulk density of the EPS beagjs~ 20 kg 3,
unstable, with the growth rate of the unstable modes increaswith a relative densityyp/pa ~ 17, wherepa = 1.20 kg 3
ing as their wavelengths decrea§ihandrasekhal 967). denotes air density (at 2€ and 1 atm) and is here assumed

This paper focuses on studying the development of lobethroughout to be a constant. Eight different sizes of parti-
and-cleft-type patterns at the leading edge of a laboratorcles are used in the experiments, the properties of which
scale avalanche, using line releases of expanded polystyrerae shown in Tabld. The relative density of the EPS beads
beads suspended in air. Following the findingdNohguchi  means that the relatively high level of momentum carried by
and Ozawd2008, we assume the granular material is homo- the snow particles in a powder-snow avalanche is well mod-
geneous with narrow size distribution (see Tablghat there  elled.
is minimal lateral spreading at the edges of the flow, negating The experiments were carried out using a 1 m wide, 1.9m
the need for sidewalls, and that the base of the chute is flatong, flat chute (Figl). The chute was covered in a black
We present detailed measurements of the wavelength of thielt cloth and inclined at slopes betweerf &hd 90, where
pattern found at the leading edge of the flow, and considep denotes the angle between the chute and the horizontal. The
how the wavelength depends on the key experiment parame=PS beads were released using an electromagnetically con-
ters. trolled hopper attached to the top of the chute (seeFHidn

Mass

Electromagnet

Variable slope angle
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order to create a pseudo two-dimensional line release, a lin- R e

ear hopper was used which had a semi-elliptical cross sectio

(with aspect ratie= 0.9) and a length of 0.85 m. Three differ-

ent sized linear hoppers were used so that the release volume

could be varied between 1000 802100 cn? and 3300 crd. X

Each flow was observed using two high-speed digital video o ] ] ]

cameras sampling at 400 Hz. One camera was positioned nof9: 2 Schematic diagrams of a particulate gravity current of height

mal to the transverse plane of the chute to capture the plaﬁ ! width b, dens'ty.p travelling a O.“smnce dowr? an 'nd'ne.d plane
. . . with a front velocityus. The particulate material has a diameter

view of the flow, ensuring that the full Wldth of'the release .4 4 jobe and cleft pattern with wavelengtforms at the moving

hopper and the full length of the chute were in view. The sec-t.

ond 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 dijhere the reduced gravigy = ¢ (o — pa) / paWith p the den-

grams of a laboratory-scale avalanche, including the relevantity Of the current. The density ratiQ — pa) /pa is typi-

parameters and variables, are shown in Eig. cally used to calculate reduced gravity for fully suspended
The particle Reynolds number for a bead of diameter gravity currents Turner, 1973 and is comparable to the At-
moving with velocityu is wood number used for other types of density stratified flow.

By using steep slope angles the valuesRoin our exper-
iments Ri~ 2) were comparable to those observed in full-
scale powder-snow avalanch&i{ 1). In order to calculate

o, the head of the current is assumed to be semi-circular in
where . is the dynamic viscosity of the ambient fluid. The cross section, with radius equal to the current head height,
particle Reynolds number determines whether the drag acth. The volume of the current can then be calculated as
ing on the particle is dominated by viscous or pressure forcesy, = (nth) /2 whereb is the width of the release hopper.
Particle Reynolds numbers for powder snow avalanches ar&he proportion ofi; that is made up of entrained air is then
typically of the order 3< 10° (Turnbull et al, 2007 and the  obtained by subtracting the initial release voluriefrom
drag force exerted on the particles from the ambient fluid will V.. For the purpose of calculatingit is also assumed that
largely be due to the form drag of the particles. For valuesall of the EPS beads released are contained within the cur-
500 < Rep < 10° the drag coefficient for a spherical parti- rent head, meaning that the proportionigfmade up of EPS
cle is essentially independent of the particle Reynolds numbead will be equal td/;. The density of the current is then
ber Massey2006. Typical values ofRe, for the EPS beads  calculated ap = [(1 —a) pat app], wherea = Vi/ V¢.

used in the experiments reported are shown in Tabknd

lie on the lower boundary of this range, but correspond to the

case where the pressure forces are dominant compared to tife Method for. tracking the moving front and lobe and
viscous forces. cleft formation

The sedimentation velocity of a particle normal to the Th tured i vsed usi level set method
slope,v;, needs to be taken into account in order to ensure € captured images were analySed using a level Set metho

that suspension is maintained over the length of the chute(.'vk:EIVV""Ine et al. 2004 to accurately track the front posi-

tion of the flow and determine the formation of lobes and
The length scale . .
g clefts. For each sequence of images the arrival tlioe, y)

R€p= , (2)

02 of the flow is detected for each pixel. The matfixx, y) of
L= ;t, 3) 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 partic-

determines the size of the experimentwas measured by ular time. This jtechnique was applied to both the plan view
releasing individual EPS beads with the chute inclined at 90 and side view images. The contours were used to measure
to the horizontal. Using the captured images, the particledlow properties, such as current head height, front position
were tracked and their terminal velocity calculated. Typical @nd velocity. .

values ofL for our experiments are: 0.1 m, much less than ~ Calculating the gradient of the level s&1T) produces a

the vertical length of the chute, meaning suspension will bevector field where each vector is normal to the surface of the

be well modelled. to calculate the curvature of the level set,
The Richardson number for a layer of heighéand veloc- vT

ity u on a slope at angle is k=V. VT ®)
. g'hcosh In the next section we show how the curvature can be used
== (4) to provide a robust and repeatable method for detecting and

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

Fig. 3. Video stills taken at 0.2 s intervals from experiments conducted at a slope angle usié§:(a) 2100 cn? of 1.8 mm diameter EPS
beads angb) 3300 cn® of 5.0 mm diameter EPS beads.

tracking lobes and clefts, with lobes corresponding to regionsf the flows motion. That is, the lobe and cleft structure in
of small positive curvature and clefts to lines of large nega-Fig. 3a (for d = 1.8 mm), has a noticeably smaller wave-
tive curvature. length than that observed for the larger particles shown in
Fig. 3b (ford = 5.0 mm). Also, the lobes that form in Figa
(for d =1.8mm) have a greater amplitude than those in
Fig. 3b (ford = 5.0 mm).

By taking particle diamete# as our lengthscale, a non-
dimensional timescale can be calculated,

4 Results

For each particle diametef, shown in Tablel and for each
initial release volumey;, experiments were carried out at
five different .slope angles: 8570¢°, 75, 8¢» anq 88. Fig- P t/\/c%_ (6)
ure 3 shows images from two separate experiments: (a) for
d =1.8mm and a release volume of 2100%mand (b) for  Images taken at the same non-dimensional tiree50, from
d =5.0mm and a release volume of 3300%rm both cases  four experiments using the same release volume, but differ-
the slope angle was set at°63n each experiment a well- ent sized particles are shown in Fig.It can be shown that
defined front is observed that propagates down the slopefor a given value of, as particle diameter increases the wave-
Immediately after the release the front is seen to acceleratiength of the lobe-and-cleft-type pattern and the downslope
down the slope for a short distance (.5 m) before reaching  position of the front also increase, but the ratio of the wave-
an approximately constant velocity. length to amplitude remains approximately constant.
Although the particles start from a pseudo two- Front profiles generated from the flows in FRa and b
dimensional linear distribution, a wavy pattern quickly ap- are shown in Fig5, with the curvature of the correspond-
pears in the moving front. As the fronts continue to propagateng level sets shown in Figs. These figures show an ini-
downslope these fluctuations grow in amplitude. Clear qual4ially shifting pattern of lobes and clefts. Lobes develop and
itative differences can be observed between the two flowgrow in size, occasionally bifurcating, whilst clefts regularly
shown in Fig.3. One of the most striking is the difference merge together. This indicates that the lobe and cleft insta-
in wavelength of the lobe-and-cleft-type pattern created bybility observed in fully suspended, Boussinesq gravity cur-
the fluctuations in the moving front during the later stagesrents is dominant during the early phases of the flow. In the

Nonlin. Processes Geophys., 20, 12130, 2013 www.nonlin-processes-geophys.net/20/121/2013/
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Fig. 4. Video stills taken af = 50 from experiments conducted at a slope angle 6f@ng 2100 cr 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 0.05s intervals taken from the flows shown in Bayand b, respectively. The highlighted profiles
correspond to the position of the fronts at the times shown in3rig.

later stages of the flow, the position of the lobes is muchrelease ) for one particle size (2.7 mm) is shown in Fig.
more stable and there is less merging and bifurcation. As alResults from each of the three different release volumes are
ready noted, at later times the amplitude of the lobes has inplotted separately and it can be seen that the volume of gran-
creased, this is particularly apparent for the flows consistingular material released has no effect on the wavelength of the
of smaller particles. This indicates that the fingering instabil- pattern in the moving front. Changing the volume of material
ities observed in unsuspended granular flows become moreeleased did have an observable effect towards the rear of the
dominant in the later phases of the flow. flows; as the volume was increased, the amount of detrain-
In order to investigate the effects of changing the releasement at the rear of the flow also increased.

volume, wavelength against average distance from the line
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Fig. 6. (a)and(b) curvature k) of the level sefl (x, y) calculated from the flows shown in Fi§a 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 wavelengtha| versus distance from line release Fig. 8. Average wavelength\| versus distance from line releas, (
(s) for experiments using.Z £+ 0.08 mm diameter particles, plus or plus or minus the standard deviation from the mean (dashed lines).
minus the standard deviation from the mean (dashed lines).

creasing slope angle and release volume, but with decreasing

Figure8 shows average wavelength) (plotted against av-  particle diameter. That is, currents consisting of smaller par-
erage distance from the line release for each particle size. Theicles have larger heads, and therefore higher levels of sus-
wavelength values for each particle size are obtained by takpension, due to the particles having lower settling veloci-
ing the average from experiments conducted using the threges resulting in lower levels of particle sedimentation. Larger
release volumes. The results verify the observation that théneads and greater levels of suspension are observed at higher
pattern observed in the flows made up of smaller particlesslope angles as the component of the particles settling veloc-
had a smaller wavelength than those made up of larger paiity normal to the slope is reduced. The data in Righows
ticles. It can also be seen that the wavelength remains relagreement with qualitative observations of detrainment lev-
atively stable once the flow has reached an approximatelels at the rear of the flow. That is, it was observed that as
constant velocity. the release volume was increased, higher levels of rear de-

Current head heights for flows consisting of 1.8 mm andtrainment were observed, especially for currents consisting
6.8 mm diameter EPS beads are shown for each release vobf smaller diameter EPS beads. Increased detrainment was
ume and slope angle in Fi§. Several trends can be seen also observed at higher slope angles. These observations are
in the data; current height increases monotonically with in-supported by Fig9 where the data for the smaller particles
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Fig. 9. Current head height:j versus slope angl@) for currents  Fig. 10. Average wavelengthij 1 m from the line release versus

consisting of 1.8 mm and 6.8 mm diameter EPS beads. Head heighfiope angleq). Error bars have length equal to the standard devia-
was measured at a distance of 1 m from the line release. Error bargon from the mean. Resullts are offset horizontally for clarity.
have length equal to the standard deviation from the mean.

shows a much smaller increase in current head height bemechanism was only observed when the standard deviation
tween the middle and largest size of release volume than thaif the mean particle diameter was greater than 10 %. Another
between the smallest and middle size. For both particle sizepotential explanation for the bifurcation in the data could be
the difference in current head height between the three rethe role played by viscous drag forces for the different par-
lease volume sizes decreases as slope angle increases. Théske sizes. As previously mentioned, the valueskef, are
observations and results indicate that there may be a limit tdnigh enough for pressure drag forces to constitute the bulk of
the amount of material that can be suspended within the heathe total drag force. However, whilst the larger particles,

of the current, and as this limit is approached the amount ofvalues are within the region where the drag coefficient for
material detrained from the rear of the head increases. a spherical particle is independent Bé,, the smaller par-

In Fig. 10the average wavelength at a distance of 1 m fromticle’s values lie just below this region. Therefore, although
the line release is plotted against slope angle for each of theressure drag forces are still dominant, viscous forces will
particle sizes used. It was observed during the experimenthave a more significant effect on the drag force acting on the
that increasing the angle of the slope increased the level oparticles.
suspension within the flow. At higher slope angles, more air The Rayleigh—Taylor instability should be the limiting
was entrained into the current and its heigh jferpendic-  case as we tend towards a vertical chute. Hydrodynamically,
ular to the slope visibly increased. As the slope angle bethe growth of the Rayleigh—Taylor instability is predicted by
comes steeper, the increased component of gravity drivinga perturbation analysis that shows that the growth rate of
the current is counteracted by an increase in air entrainmerthe fingers depends on the perturbation wavelengtmag-
(Turnbull and McElwaing2007. However, it can be seen drasekhar1961 Youngs 1984 Duff et al, 1962 Sharp
from Fig. 10 that the wavelength of the pattern is indepen- 1984. In the presence of a stabilising influence, e.g. vis-
dent of the slope angle, indicating that level of suspensiorcosity or surface tension, some wavelengths are damped and
or air entrainment has no effect on the formation of the pat-a dominant mode develops. In our EPS suspension experi-
tern. Interestingly, in FiglOthere appears to be a bifurcation ments, we have neither viscosity nor surface tension present.
in the data between the smaller particlés<{1.5—2.7 mm) However, we speculate that the air drag experienced by the
and the larger particles/ (= 5.0—6.8 mm). This bifurcation particle clusters, and the restrictions on lobe shape that this
could be due to the higher levels of polydispersity of the imposes Bush et al. 2003, would play a similar role in al-
smaller particles (standard deviatien5 % of mean parti- lowing a dominant wavelength to grow. This should provide
cle diameter) compared with the larger particles (standardh rich focus for future modelling.
deviation~ 2.5% of mean particle diameter). Whilst it is For comparison with the results dfohguchi and Ozawa
possible that the granular fingering mechanism observed by2008, the mean radius of curvature of the lobes for each
Pouliguen et al(1997 could play a more significant role particle size was calculated (Fifyl). These values were cal-
in the flows consisting of smaller particles, this seems un-culated from the level set contours corresponding to when the
likely as in the experiments conductedPguliquen et akhis flows had reached a distance of 1 m down the chute ensuring
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250

Using the variables shown in the schematic (FAy.the

¢ Suspended flow - Jackson non- dimensional group, which is the Froude number

A Unsuspended flow — Nohguchi & Ozawa
—2%v
200 b Fr = —uf (7)

Jg'Lsing’

8 can be formed wheré is an appropriate length scale. The
theory of a velocity boundary layer at the moving front sug-
gests that there is a relationship between front velocity and
i wavelength which is determined by an individual particle’s
interaction with the ambient air. As previously mentioned,
Nohguchi and Ozawé008 have proposed that the wave-
length 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

0 ! 2 particle diameter. d (m;"n ) ’ 8 ° boundary layer. Faster moving flows will have thicker veloc-

' ity boundary layers as the particles can move a greater dis-

Fig. 11. Radius of curvature of lobes versus particle diameter. Re-tance against the drag force of the static air, resulting in the
sults from the experiments presented in this papeale compared  formation of larger vortices and therefore a larger wavelength
with the experimental resultg\) and analytical results (solid line)  pattern. From Eq.1) it can be seen that particle diameter
of Nohguchi and Ozawg2008. is a key variable in determining the boundary layer thick-
nesss,; therefore, we will look for a relationship between
the Froude number and wavelength based on the length scale

that, as with the results dllohguchi and Ozaw#2008), L=d. .

the flows had reached an approximately steady velocity. The The dimensionless wavelengthi.q(=4/d) is plotted
lobes at the leading edge of the flows consisting of smalle@gainst the Froude number in Figj2. Interestingly, when
particles had smaller radii of curvature, consistent with thescaled with a length scale characterised by the particle diam-
observations of sharper lobes and smaller wavelengths fopter there appears to be a monotonically increasing relation-
these flows. The results show good agreement with Nohguch$hip between the Froude number and wavelength. A linear fit
and Ozawa’s experimental data (which are also shown irPf the data,

Fig. 11), however both sets of data are slightly below the an-_

alytical estimate ~ 2§,. When deriving the expression for hg=23Frq+1, ®)
boundary layer thicknes¢ohguchi and Ozawignored inter-
particle collisions in the velocity boundary layer for simpli-
fication. 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 th
drag force of the ambient fluid. Therefore, the analytical re-
sults are likely to overestimate the velocity boundary layer
thickness which may explain the discrepancy seen betweeﬁ:
the theoretical and experimental results.

[
a
=]

Lobe radius, r (mm)

50 -

is shown in Fig12, with a residual of 0.12 indicating a good
level of fit.

This dimensionless rendering of the data seems to offer

ood agreement with the concept of a velocity boundary
ayer determining the wavelength of the frontal pattern. The
data shows that when scaled with respect to particle diame-
r, the smaller particles have higher velocities and therefore
icker boundary layers resulting in wider lobes and a larger
wavelength.

5 Non-dimensionalisation 6 Conclusions

Both granular fingeringRouliquen et a).1997 and velocity ~ This paper has presented experiments on the flows of fully
boundary layer Nohguchi and Ozawa2008 theories sug- suspended, lightweight granular material down an inclined

gest that the velocity of the moving front could play a role surface. These currents have been found to exhibit char-
in determining the wavelength of the pattern that forms atacteristics of the instabilities found at the leading edge of

the front. Fingers are created due to differences in velocityboth homogenous particle-laden gravity currents and flows
between smaller particles and larger particles that slow dowrof unsuspended granular material. During the early stages
due to higher levels of friction as they bunch up around clefts.of motion a lobe and cleft instability mechanism, similar to

A velocity boundary layer’s thickness will also be affected by that observed in homogenous particle-laden gravity currents,
front velocity, which could in turn affect the wavelength of appears to be dominant. As the flow propagates down the
the pattern. slope the pattern of lobes and clefts becomes more stable
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suggesting that the dominant instability mechanism is nowDuff, R., Harlow, F., and Hirt, C.: Effects of diffusion on interface
more similar to those observed in unsuspended granular instability between gases, Phys. Fluids, 5, 417-425, 1962.
flows. Particle diameter of the granular material has beertartel, C., Carlsson, F., and Thunblom, M.: Analysis and direct
of the lobe and cleft pattern, as hypothesised\hW]guchi 2. The lobe-and-cleft instability, J. Fluid Mech., 418, 213-229,
and 0zawa2009. When scaled with particle diameter, a Hui%%?t. H.: Flow and instability of a viscous current down a slope
relationship between the Froude number of the flow and L ‘

. Nature, 300, 4279, 1982.
wavelength of the lobe and cleft pattern has been found. Th'iord Rayleigh: Investigation of the character of the equilibrium of

relationship highlights the importance of the role played by a1 incompressible heavy fluid of variable density, in: Scientific

drag forces acting on the individual particles in determining  papers, vol. I1, p. 200, Cambridge University Press, Cambridge

the wavelength of the frontal pattern, and appears to support UK, 1900.

the concept of a velocity boundary layer at the moving front Massey, B.: Mechanics Of Fluids, Taylor & Francis, Abingdon, UK,
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