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Rayleigh-Taylor instability in a sedimenting suspension
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The temporal evolution of an interface between glycerin and a glycerin-sand suspension of small packing
fraction (obtained using the hindered settling phenomertiven by gravity is experimentally investigated.
The growth rates for the different wave numbers characterizing the developing front are determined by means
of a Fourier analysis. To model the observed behavior, we apply the idea of the Rayleigh-Taylor instability for
a homogeneous fluid with vertically varying density and viscogitye-fluid model. A good agreement be-
tween the experimental and theoretical results is obtained.
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[. INTRODUCTION system as a uniform fluid with macroscopically varying den-
Sedimentation of granular grains in a fluid environment issity. In the initial situation the heavier glycerin-sand mixture
a familiar phenomenon in nature and has important technicas stratified upon the lighter pure glycerin. The resulting fin-
applications[1-4]. If the forces on the particles are domi- gering process is assumed to correspond closely to the well-
nated by the viscous interaction with the fluid, rather than byknown Rayleigh-Taylor instability. To model the glycerin-
their inertia, a hydrodynamic description of the whole systerrsand mixture as a Newtonian fluid with effective properties,
has been proposgfs—7), for more references see RE8]).  depending on the concentration of the particles, is obviously
Such an approach demands confirmation in controlled ex@ simplifying description. In such a model it is assumed that
periments. A sensitive challenge for the hydrodynamic apthe particle concentration in the flowing mixture is almost
proach is certainly the dynamics of interfaces between reconstant. Furthermore, the particles have to be large enough
gions in the fluid with different densities of the grains. The 0 neglect their Brownian diffusion as in our experiments.
investigations might shed some light on the general undeB€ing aware of the possible limitations of a one-fluid model

standing of interface dynamics in different branches offor the glycerin-sand mixture, we will examine Whet_her such
science an approach can catch the essence of the experimental re-
N . N .. sults.
imrlr?etrrs“es dﬂipﬁr’hﬁvev?socnoslﬁentr;eerisr:tugizns?;rtssacv?thpzriictlj.s The destabilization process of the interface is character-
. gnly gy ' . ized by a collection of modes with different wave numblers
ation, where the sand covers the bottom of a vertically ar- . . . .
ranced Hele-Shaw-like cell. The cell is then turned u Sideand different growth rates (k). In earlier experiments with
dovgn The sand is thus Ia‘ ered above pure d cerinpin é/vater and polystyrene sphergld] the authors concentrated
L  laye pure glycel on the dominant wave numbsdi.e. the fastest growing
gravitationally unstable situation and starts sedimenting. The : ; P
. . ) - ._Mmode seen in the early stages of the interface destabiliza-
experiment is assumed to run in the case of prevailing vis:. ; : .
: S . tion. One should also mention experiments with water and
cous forces. Their relative importance is captured by the ' - :
B 9" . glass beadgl1], which focus on the characterization of void-
Bagnold numbeB= X pgaind®¥/ tiuia, Which expresses age shock fronts caused by a steep increase or decrease in the
the rat|_o of colll_smn force_s betvyeen the grains to viscousyidization velocity for a fluidized bed.
forces in the fIU|d.—gra|n mixture ina sllghtly.dlffergnt CON-  One goal of the present investigation is to measure the
text, i.e., for gravity-free suspensions of solid particles in &yholespectrumo(k) for the wave numbers accessible in the
uniform shear flow. Herel is the diameter angygain the  experiment and to compare, in particular, to the theoretical
density of the grains. The shear rate is denotedybgnd  results along the general lines of the Rayleigh-Taylor insta-
Miuig 1S the dynamic viscosity of the pure fluid. The param- bility. A similar approach has already been performed for a
eter\ introduced by Bagnold9] is a measure for the con- suspension of a high initial packing density ¢f=0.61 of
centration of the sand particldse., the packing density grains and with a sharp density interfdd€]. The theoretical
Commonly the description of a suspension as macroviscousnalysis based on a closed expressiondftk) for an ideal-
is believed to be valid for Bagnold numbBr40[9]. Inour ized infinitely steep steplike interface gave a quite reasonable
experiment we have a Bagnold number of aboxt1® >, description of the experiments. However, the dynamic vis-
thus the description of the glycerin-sand mixture as fluidlikecosity of the suspension was fitted. The resulting value,
seems to be conceptually well founded. In the experimentsvhich was 104 times larger than the viscosity of the pure
we were, in particular, interested in the instability fluid, is difficult to assess in view of the conflicting relations
of the initial flat glycerin-sand interface, which evolves between packing fraction and dynamic viscosity to be found
into a fingerlike pattern. The Reynolds number Rein the literaturg13—-15.
=(PfiuiaVfingerd)/ mriuig iN our experiments amounts to In contrast, we will focus here on low packing fractions.
42x10 % and the particle Reynolds number QfRe The density profile is directly measured and used as input for
= (psiuidV stoked)/ iiuig @amounts to 1.& 10 °. the theoretical analysis. The dynamic viscosity can be calcu-

In our hydrodynamic approach, we model the fluid-sandated directly from an expression due to Einstgi6)].
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The paper is organized as follows. In the following sec- 12
tion the experimental setup is described. In Sec. Il the pro-
cessing of the experimental data is detailed. The information
is finally condensed into a(k) relation, which is then com-
pared to the theoretical results. Section IV describes the de-
termination of the packing densities and of the shape of the
density profile, which enter into theoretical analysis. The lin-
ear stability analysis is presented as well as further quantita-
tive characterization of the growth rates. The final section

contains the conclusions. ) i
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Il. EXPERIMENTAL SETUP . o .
FIG. 1. Size distribution of the used particles, measured from

In the experiments, a gravitationally unstable configura-conductivity measurements.
tion of sand and glycerin is established by turning a Hele-

Shaw-like cell upside down by means of a stepper motor, ir?ront of a dark background and can easily be detected by a

a similar way as described in R¢f2]. .
The interfacial instabilities in this paper develop from a_charge coupled device camera connected to a frame grabber

fairly sharp, flat interface between regions of different pack-m. thle _(I:_(r)]mputir. ':'he |m|atg_;es havg a d'?enilgqg;m/
ing densities. To prepare the initial situation the self-PIX€’. 1he optical resolution 1S given Wx=0. mm

sharpening effect of hindered settling is exploiféd,4,19. pixel. From the contrast of the pictures, we obtain the pack-

The clue is that the sedimentation velocity of a homogeneou'd fraction(see Sec. IV A which yields the local density
suspension in a closed vessel decreases with increasing pa@Qd the viscosity of the suspension. _ .
ing fraction. Thus a sharp interface, a shock, between the To prepare the initial interface the cell is revolved twice
pure fluid and the sedimenting particleslowthe pure fluid Py the use of a stepper motor. At the very beginning the cell
is built. Then the vessel is rotated and the interface, now withs inserted into a frame when the sand is lying at the bottom
glycerin and saneébovepure glycerin, destabilizes. of the cell. Then the cell is revolved within 233 ms so that
To study the temporal evolution of a glycerin-sand inter-the sand is layered above the glycerin. This is the starting
face driven by gravity a closed Hele-Shaw-like cell with apoint of continuously repeating cyclé201 time$. The sand
width of 2 mm, a length of 98.0 mm, and a height of 50 mmis sedimenting to the bottom of the cell and the self-
is used. The cell is filled with technical glycerin-82%) as  sharpening effect forms a fairly sharp interface between the
a carrier fluid and 2.0 g “sand.” sedimenting suspension and the glycerin above. Before the
The temperature during the whole measurements was staand has completed the sedimentation, the cell is revolved
bilized to (25.32-0.01)°C for several days. The standard again after a varying waiting timig,;, so that the suspension
deviation for any set of 201 measuremef(dse later varies  comes to lie above the glycerin with an interface of which
between* 0.004 °C and+ 0.008 °C. the instability is observed. The camera starts to take 55 snap-
The kinematic viscosity of the technical glycerin was shots, the first one 54ps after the cell is turned. The time of
measured with a viscometer to be 84.97 ftenat T  the first snapshot defines the starting titae0. The images
=25.32°C and was exactly evaluated for every set of meaare taken every second and show the middle part of the cell.
surements. The material density of the technical glycerin waé\fter the images have been taken the cell is kept in its posi-
determined with a density balance to be 1.25 d/amnthese tion for a constant waiting timg,,=5 min. Then the cell is

temperatures. rotated again and the cycle repeats. Figure 2 shows schemati-
As “sand” we use spherical glass particlé&/trth Ballo-  cally the various stages of the experimental cycle.
tini MGL) with a material density of 2.45 g/cinThe par- We have been able to prepare well-defined distances of

ticles are sieved in order to obtain a well-defined size distrithe interface from the vertical walls by keepifg,=5 min
bution, which is then measured in a Coulter-couisee Fig.  constant and varying,; in seven setgéeach of 201 measure-
1). This measurement of the particle size distribution is basethentg with t,;=6, 8, 10, 12, 14, 16, and 20 mirfFor
on the principle of monitoring the electrical current betweencomparison, full sedimentation would requitg ~37 min)
two electrodes immersed in a conductive liquid on either sidd he interface instability becomes active twice in every cycle.
of a small aperture, through which the suspension of parApparently an effective mixing of the sand and the glycerin
ticles is forced to flow. As a particle passes through the aptakes place, where memory effects are wiped out. In fact, we
erture, it changes the impedance between the electrodes anlserve the interfaces at constapt always to form at the
produces an electrical pulse of short duration with an amplisame height over the bottom of the cell. The averaged height
tude essentially proportional to the particle volume. An alter-h,, for every measurement is calculated by averaging the
native measurement of the particle size distribution wadeight of the interface in the lateral extensiorta s. Fig-
based on light diffraction experiments. These measurementge 3 shows the seven sets of different prepared heights of
confirm the results in Fig. 1. the interface above the bottom wall of the cell, each contain-
The cell is illuminated from behind by a field of LEDs ing 201 single measurementgor comparison, full sedimen-
that are run by dc current. The sand then appears bright itation would result in an averaged heighi,~43 mm)
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* FIG. 4. Averaged height,, as a function ot,,,. The error bars
mixing that cannot be resolved in this plot, give the standard deviation. The
constant waiting time tw?2 symbols are the same as in Figs. 3, 9, 10, and 11.
hindered settling

different distances of the initial interface from the bottom of

rmag%%%f;}}g cell the cell(i.e., different waiting times,,;). Figure 5 shows a
v ingig;‘:g't'ilgg e bl typical sequence of images during the development of the
= . i instability with the initial height h,,=9.1 mm, ty,
=10 min.

FIG. 2. Schematic procedure of the experimental cycle. By the To analyze the sequences, we apply a gradient algorithm
different fonts the experimental preparaticrormal fon and the  involving suitable smoothing to pin point the glycerin-sand
system responsgursive font are discriminated. interface. The resulting interfaces are then passed through a

low-pass filter keeping all wave lengths which are larger than
Sinceh,, for the first cycle has not yet reached the stationarysg particle diameters. Figure 6 shows the temporal evolution
level (as can be seen in Fig) & is left out for the further  of the images presented in Fig. 5.
evaluation of the data. In Fourier space one runs into the leakage problem when

Obviously the averaged height,, increases monotoni- the offset between the heights at the limits of the windows is
cally with increasind.,;. Figure 4 shows the dependence of |arge. In order to avoid this problem the mismatch between
the prepared heigfit,, as averaged over the remaining 200 the left and the right border of the interface is minimized by
measurements on the varying waiting timg. disregarding soméetween 0 and 62ixels at the edges.

Discrete Fourier transformatiofDFT) of interfaces
Il. EXPERIMENTAL RESULTS treated in this manner gives the Fourier spectrum of each

_ interface. Figure 7 shows characteristic Fourier spectra of the
As already mentioned the measurements of the growthhterfaces at different times. Figure 8 shows the temporal
rates have been performed for seven different series witByolution of the amplitude of a typical Fourier mode.

By an exponential fit

Ak, 1) = A (K)exp(a(K)t), (3.1

we obtain the growth rate (k) for every wave numbek in

the Fourier spectra with; the initial amplitude at=0. The

time window used in the fit procedure has been limited by

) . i . ) . ) two requirements: At firsf(k,t) (3.1 was kept smaller than

0 25 50 75 100 125 150 175 200 40% of the wavelength 2/k, the criterion for the linear

Number of measurement regime[19] and, in addition A(k,t) was kept smaller than

FIG. 3. Different interface heights above the bottom of the ceIIhahc the height between the interface and the bottom of the

for seven series of measurements. The different symbols represeﬁ?”' .

the different waiting timeg,,;: 20 min (open rhombus 16 min As alr.eady .explalned before we have performed 200

(filled triangle), 14 min (open hexagon 12 min (filled squarg, 10 cycles with a fixed set of paramete@vf,hav). These 200

min (open hourglags8 min (filled circle), and 6 min(open triangle, ~Measurements are analyzed to obtain a mean growth rate as a

upside dowh The bold lines represent the measurements and théunction of the wave number. The spectral resolutior ks

fine lines give the standard deviation of the averaging over all col-=27/(450Ax)=0.88 cm . The ensuing dispersion rela-

umns of an image. The symbols attached to the curves are the sartions are shown in Fig. 9. The lines are the theoretical results

as in Figs. 4, 9, 10, and 11. that will be explained in the next chapter.
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FIG. 6. Temporal evolution of the interface in Fig. 5 in the

interval 0<t<42 s in steps of 2 s. The patterns are shown with a
constant vertical offset of 1 mm.

sand particles in the mixture and from which the density
p(z) of the suspension can be calculated:

P(Z):¢(Z)Psand+[1_¢(Z)]pglyc (4.7)

With psan=2.45 gem® and pgy=1.25 gcm3. The
packing density is directly measured in the experiments. It is
always kept small in the experiments7%).

A nondimensionalized measure for the maximal density
difference is the Atwood numbek= (psys— pPgiycerin)/ (Psus
+ pglycerin) = 0.03 for psys=p(2) with ¢(z) =0.065.

The calibration between the gray values and the packing
density is achieved by preparing suspensions of homoge-
neous packing fractions by repeatedly rotating the cell and
averaging the measured gray values. From this calibration
the actual packing fractions and density profiles are known.
The mean density profiles are smoothed with a cubic spline
algorithm and enter directly into the theoretical description
(see Sec. IV B The density profiles for the different mea-
surements are shown in Fig. 10.

B. Linear stability analysis

The pattern forming process displayed in Fig. 5 starts
from a situation(top panel, where the concentration of the
suspended sand particles and consequently the density of the
glycerin-sand mixture decreases monotonically towards the

2.5

FIG. 5. Temporal evolution of the sand-glycerin interface at
certain time steps: 0, 30, 35, 40, and 45 s. The frames show the
middle part of the cell and have a horizontal length of 512 pixels,
respectively 81.39 mm. The bright color represents the sand-
glycerin suspension, the dark color represents the glycerin. The con-
trast of the images is enhanced.

IV. THEORETICAL ANALYSIS AND COMPARISON
WITH EXPERIMENTS

A. Determination of the packing fraction and density profile

The vertical variations of the gray values of the images FIG. 7. Fourier spectrum of the interface evolution at tite®
taken att=0 are analyzed in terms of the packing densitys (dotted ling, 30 s (short-dashed 35 s (long-dashe}] and 40 s
¢(2), which measures the volumetric concentration of the(solid line). The data belong to the interface presented in Fig. 6.
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FIG. 8. AmplitudeA of a DFT analysis for a typical wave num-
ber (herek~6.1 cni 1) in dependence on time An exponential fit
is obtained. The data belong to the interfaces presented in Fig. 6

FIG. 10. Density profiles of different measurements, i.e., differ-
ent t,,. The profiles show different steepness and different dis-
‘tances to the vertical walls. They were smoothed with a cubic spline

. . . algorithm. The symbols are the same as in Figs. 3, 4, 9, and 11.
bottom of the Hele-Shaw-like cell. Due to gravity this con- g Y g

figuration is mechanically unstable. Theoretically the fairly
sharp planar interfacesee Fig. 1D might continuously move

downward until the sand covers the bottom as a dense pac
age. However, the interface becomes obviously unstable wit

ity against density fluctuation8p, pressure fluctuationsp
nd the ensuing velocity field is calculated via the suitably
Enearlzed Navier-Stokes equatiofeee Ref[20])

increasing time and develops fingerlike protrusidiig). 5), pdu=—Vép+V.-3—Gédpe,,
which we will analyze in the following. In a hydrodynamic (4.2)
approach the system is modeled as a homogeneous one- Vu=0, 4,8p+(u-V)p(z)=0.

component fluid with variable density. In the initial state the
fluid is horizontally stratified, with a heavier layésright in ~ The components of the stress tenZoare given as
Fig. 5 on top of a lighter onéblack. Thus, we make contact

to the well-known Rayleigh-Taylor instability according to i =2 (duj+au);  1,j=(XY,2). 4.9
which the destabilization of the interface between the layers
is inevitable. G denotes the gravity constant apqz) the dynamical vis-

In our analysis, we will closely follow the standard ap- cosity. The density(z) of the suspension is determined by
proach to be found in Chandrasekhar’s authoritative works(2) according to Eq(4.1). The viscosityu is also given in
[20]. A Cartesian coordinate system is used in the cell. Iterms of ¢(z) by the following relation valid for smalkp
extends fromz=0 to z=d in the vertical directior(antipar-  [16]:
allel to gravity) and is idealized as infinitely extended in the
span-wisex direction. The narrow gap covers the interval w(2)= pglyd 1+2.54(2)]. (4.4
—al2<y=<al2. The starting configuration is characterized by

the density profiley(z) and a pressurp(z). Its linear stabil- ~ 1h€ ViSCOSity gy Of our carrier fluid, technical glycerin,

has been measured directly as function of temperature.
0.25 . . . . . . . In the following we adopt an approximation scheme,

. originally proposed by BrinkmafR1], that has proven to be
< 0.20 Tz zxz 1_-\, s 1 adequate for a narrow slab geometry in a similar conese
A - b 3 SR 51 for instance the discussion in R¢22]). The main idea is to
: 015 /- mo"“"‘wﬁ AAAAAAAAAA - 1 keep in Eq.(4.2) only the spatial variations in the,z plane
p /X“‘ e ?;f"‘@“"é-- by appropriately averaging out the variations in theirec-
f o107t 2 o 1 tion. This procedure is expected to be reliable as long as the
E z 2 fingers remain two dimensional in the narrow gap case. The
& 0:05 y component of the velocity perpendicular to the slab is cer-
0.00 ) ) ) ) ) ) ) tainly very small and is consequently neglected. The remain-
o 2 4 6 8 10 12 14 ing X,z components ofi, which have to vanish at==*a/2

Wave number k (1/cm) are then averaged over tlyadirection.
The incompressibility conditioWu=0 is ensured by the

FIG. 9. Comparison of experimental datsingle point$ with introduction of a velocity potentiat

the Rayleigh-Taylor modellines from Eg. (4.2)] for a one-
component fluid with vertically varying density and viscosity. For
details see Sec. IV B and IV C. The solid line corresponds to the
filled circles, the dashed line to the open hourglasses, and the dotted
line to the open rhombi. The error bars give the standard deviation After taking the scalar product of E¢4.2) with 5 one
of the mean value. The symbols are the same as in Figs. 3, 4, 1@/rives at an equation fdr the pressure drops out.

and 11. To perform they average, we use the following ansatz:

u=5f(x,z,t), 6=(02,0,—d2). (4.5
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f(X:Z,YIt):qulkX"'Ut)f(z)p(y)y g 0.032 | © (a) o
~ (4.6 a
3p(x,y,z,t) = explikx+ot)p(2)p(y). 3
@ - » z - h
The smooth profilep(y) that vanishes ay= +a/2 cap- i ° .
tures they dependence of all fields. It is conveniently char- E 0.028 ¢
acterized by the “mean curvature’defined as E:
0.026 —
J‘a/Z d? / falz . — . : r
cC=— d R d . 4. —~ .U -
0V ay p(y) n yply). (4.7 =035 ®)
E L ]
For p(y)=cos(ry/a), we obtain c=(w/a)? and for the f’o‘zn .
Hagen-Poisseuille profilp(y) = —[y?— (a/2)?] the valuec 8
=12/a2. 8 .05 | x ]
Inserting the ansati.6) into Eq.(4.2) a linear eigenvalue | ' o °
problem is obtained that yields the growth rate o(k) as a v . &
function ofk: 0.20 *
- - 0.225 | 1
o1 D(pDT) — pokZF 1= D[ (D) (D2 + K3 . (o
- - = 0.200 | 1
+ u[(k*—D?—c)f]+2k*(Df)(Dw) S z
- - 50.175 1
—D[u(D?—k?—c)[f—gép, L . e,
0.150 M
~ 2
op=kDp(z), (4.8 o105
with D =d/dz Note that Eq(4.8) for c=0 is identical to the Ll e |
corresponding system in RgR0], where a large extension : . {4)
in they direction had been assumed. E .
The eigenvalue problem E@4.8) has to be solved with 572 ]
the no-slip boundary condition=Df at z=0, d and ¢ I
fixed. For genergb(z), u(z) the growth rates have then to be Ad70} a ]
determined numerically; they are shown for a suitably deter- =
minedc (see below as function ofk in Fig. 9. 6.8 .
C. Quantitative characterization of the growth rates § ° N
We have calculated the(k,c) from Eq.(4.8) for a series o3 N . R (@) ]
of curvaturesc and to evaluatg?(c) = [ oex (k) — o'(k,c)]? E
for the corresponding experimental points shown in Fig. 9 E
for k<14.1 cm L. By fitting x?(c) to a parabola about its 8121 l
minimum c=Cy ¢, d . z
= R
X2(C)=a(C— Cop)®+ Xopt 4.9 "S5 8 10 1z 14 16 18 20 22

Height (mm)
we obtain the optimal mean curvaturg,, with minimal X2 _ _
These curvatures,,; were used for calculating the theoret- h FKT;H 11. A‘é’ IK’ ‘Tma?]’ Kmax: and? a;_a fugctdlfog of tr;elt(w)elght
ical growth ratesr(k,c=c,p). The three selected examples "2~ e symbols are the same as in Figs. 3, 4, 9, an '
shown in Fig. 9 correspond taC,p=11.4887% Cop _
=11.5242, and Copt= 13.33h2 from above. The values of Both parameters show a syst_emquc dependence on the
Copt fOr all seven measurements can be found in Fige)l1 distance from the wall, to be seen in Fig(dland 11d). For

Al values are near toc=12/a2, corresponding to the smaller distances over the bottom of the dell,, increases

Poiseuille profile. since the distance decreases and hence the wavelength.
By a fit of the experimentadrg,(K) to Omax increases for small dista}nces as well. A possible ex-
planation could be that the profiles are steeper near the bot-
Texpf(K)=a(X—Knmax) 2+ Tmax (4.10  tom of the cell, as seen in Fig. 10. The steepnes=n be

guantified by a tanh-fit
for 3.51=<k=10.54, we obtain the maximal growth raig,
and the wave number of maximal growth r&ig,y. P(z2)=A¢tant k(z—b)]+ ¢, (4.19

011404-6



RAYLEIGH-TAYLOR INSTABILITY INA . .. PHYSICAL REVIEW E 65 011404

which yields alsaA ¢, the difference of packing density be- cess. This enables us to determine the growth rates by an
tween top and bottom of the cell. These quantities show thexponential fit for every wave numbé&rin our spectra. The
expected decrease with increasing height over the bot- data show that the growth rate has a nonmonotkmiepen-

tom of the cell[Fig. 11(a) and 11b)]. dence: It increases steeply towards a maximumk-af/
A close correlation betweer, A, omax, Kmax, and the  cm™L. Then it decreases moderately again.
distance to the bottom wall d,;, respectively, is obvious. To describe the general behavior we have chosen a one-

There seems to be a deviation between the experimentéilid model with vertically varying density. Carrying out a
and the theoretical growth rates for smkllThis might be linear stability analysis for the interface we calculate the
due to the fact that the experiment is finite in thdirection  growth rates from the dispersion relation.
in contrast to the theoretical idealization. The analysis of the dependence®yf ., and k.4 On the

One sees further, that the theoretical growth rafé) height over the bottom of the cell shows a systematic behav-
decreases more slowly as functionko€ompared to the ex- ior, as well as the dependence % and .
perimental results. A possible explanation could be, that at The continuum approach gives a good agreement with the
largerk the diffusion of the sand particles gets more relevantexperimental results: the one-fluid model describes satisfac-
which we have neglected in our approach. Diffusion wouldtorily the experimental results. Thus, our present results
effectively decrease the initial steepness of the density profilshow convincingly that a simple hydrodynamic approach to
in time and consequently lead to smaller effective growthdiluted suspensions is reasonable. More refined theoretical
rates. models like two-fluid model$5] and [6] seem to yield no

additional insight for the low concentration suspension used
V. CONCLUSION in our experiment.

In a closed Hele-Shaw-like cell the temporal evolution of
a glycerin-sand interface was investigated. For the unstable
stratification, a suspension of sand and glycerin above glyc-
erin, the instability is driven by gravity. The images of the It is a pleasure to thank Friedrich Busse, Lutz Heymann,
temporal evolution were analyzed by DFT. The Fourier specAdrian Lange, and Matthias Sches for stimulating discus-
tra show that the initial disturbances of the interface growsions and technical support. The experiment was supported
exponentially at the beginning of the pattern forming pro-by Deutsche Forschungsgemeinschaft through Re588/12.

ACKNOWLEDGMENTS

[1] M. Ungarish,Hydrodynamics of SuspensiotSpringer, New [11] A.K. Didwania and G.M. Homsy, Ind. Eng. Chem. Fundam.

York, 1993. 20, 318(1981). We are referring especially to the experimental
[2] J.M. Burgers, Proc. K. Ned. Akad. Wet4, 1045(1941); 45, 9 runs, where an initially unsaturated bed of beads was suddenly
(1942. exposed to a high velocity fluid.

[3] C.W.J. Beenakker, W. van Saarloos, and P. Mazur, Physica f12] C. Voltz, M. Schrder, G. lori, A. Betat, A. Lange, A. Engel,
127, 451(1984; C.W.J. Beenakker and P. Mazur, Phys. Fluids and I. Rehberg, Phys. Rep37, 117 (2000.
28, 767 (1985; Physica A131, 311 (1989; Phys. Fluids28 |13 |. M. Krieger and T. J. Dougherty, Trans. Soc. Rhe®).137
(11), 3203(1985. (1959.

[4] R.H. Davis and A. Acrivos, Annu. Rev. Fluid Mecli7, 91 114 35 Chong, E.B. Christiansen, and A.D. Baer, J. Appl. Polym.

5 falgsal i Physi 7, 1139(198 Scl. 15, 2007(1979.

%6} R- Hoitm?lerlnd gsg:aFAi ,ITh H( dk:?. K of Fluid Mech [15] N.A. Frankel and A. Acrivos, Chem. Eng. Sé, 169(1967);
R.-H. Jean and L.->. Fan, e Randbook of Fuld Viechan- A. Acrivos in Particulate Two-Phase Flowedited by M.C.
ics, edited by R.W. JohnsofSpringer, Boca Raton, FL, 1998 Rocco(Butterworth-Heinemann, Boston, 199. 169

Chap. 19. . . -
[7] A. Lange, M. Schrter, M.A. Scherer, A. Engel, and |. Reh- [16] A. Einstein, Ann. Phys(Leipzig) 19, 289 (190; 34, 591
’ ’ ’ ' (1911).

berg, Eur. Phys. J. B, 475(1998.
[8] Sedimentation of Small Particles in a Viscous Fludited by ~ [17] G-J- Kynch, Trans. Faraday Sot8, 166 (1952.

E.M. Tory (Computational Mechanics Publications, Southamp-[18] R-H. Davis and M.A. Hassen, J. Fluid Mect96, 107(1988.

ton, England, 1996 [19] D.J. Lewis, Proc. R. Soc. London, Ser2A2, 81 (1950.
[9] R.A. Bagnold, Proc. R. Soc. London, Ser285, 49 (1954. [20] S. Chandrasekharydrodynamic and Hydromagnetic Instabil-
[10] A.T. Skjeltorp, in Time-Dependent Effects in Disordered Ma- ity (Dover, New York, 1981

terials, edited by R. Pynn and T. Rist®lenum Press Corpo- [21] H.C. Brinkman, Appl. Sci. Res., Sect. 1 27 (1947).

ration, New York, 198Y, p. 71. [22] J. Huang and B.F. Edwards, Phys. Re\6& 2620(1996.

011404-7



