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Convection in a fully immersed granular slurry

Milica Medved, Heinrich M. Jaeger, and Sidney R. Nagel
James Franck Institute and Department of Physics, University of Chicago, 5640 South Ellis Avenue, Chicago, Illinois 6063

~Received 5 December 2000; published 17 May 2001!

Using vertical vibrations, we have induced convection in a granular system completely immersed in fluid
inside a cylindrical container. Convection is established in a single convection roll, which carries the material
upward in the center and downward along the side walls of the container. We measure the rise times of tracer
particles embedded in the medium at various depths along the central axis of the system. By fitting this data to
an appropriate functional form, we obtain information on the depth dependence of convection velocity. Sig-
nificant differences are found in the frequency and acceleration amplitude dependence of convection between
wet and otherwise identical dry systems. In addition, we find that a power-law form provides a better fit to our
data than the logarithmic form used in dry systems.
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I. INTRODUCTION

A physicist’s model of ‘‘dry’’ granular matter, a nonco
hesive aggregate of solid particles, becomes less realist
one steps out of the laboratory. Be it pharmaceutical pow
or snow crystals, detonating explosive or a sandy surf, gra
lar matter can rarely be understood while neglecting its
teraction with the surrounding liquid or gas. Even when th
is no heat or mass transfer between the solid and fl
phases, the momentum transfer or viscous drag can sig
cantly affect the flow properties. In addition, lubrication
contacts changes the particle-particle interaction in the m
rial.

Such two-phase systems with interstitial liquid are stud
as ‘‘wet’’ granular matter, or slurries. A large body of e
perimental and theoretical work has been concerned with
rheological properties of solid-liquid mixtures at various vo
ume fractions of the solid phase@1–4#. The liquid-solid in-
terface was studied under horizontal driving, in the cont
of pattern formation@5–7#, and other vibration experiment
were concerned with effects of air on the heaping of conve
ing material@8,9#. Géminardet al. found that introduction of
interstitial liquid significantly reduces the stick-slip motio
of a sheared granular system, as compared to a nonevac
system in which adsorption of water molecules occurs
particle contacts@10,11#. Such adsorption produces cohesio
due to capillary effects, and changes the angle of repos
the material@12–15#. Since Faraday’s initial experiment@8#
there have been few studies that systematically measure
effects on the convection velocities of fully submerging
granular medium.

Our experiment was designed to probe the effects of
interstitial liquid on convective flow in a vertically vibrate
wet granular system. A study previously done by Knig
et al. @16# on an evacuated but otherwise identical syste
provides a reference point to which our results can be c
pared. Although it was nota priori obvious, we find that
convection in a wet system can indeed be excited by vert
vibrations, and that it is established with the same gen
shape and number of convection rolls as in a dry syst
However, we find significant differences that arise due to
fluid presence.
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II. EXPERIMENTAL SETUP

The granular material in this experiment consisted
monodisperse glass spheres contained in a vertical cylin
cal container~Fig. 1!. As in previous experiments on dr
material @16#, the container walls were made frictional b
gluing a layer of glass spheres to them. These spheres
the same size as the particles in the bulk. This produce
well-controlled and constant amount of friction at the si
boundaries. The remaining volume was completely fill
with distilled water. For control runs made with dry materia
the system was evacuated. Unless otherwise specified
diameter of the particles wasd51.5 mm; the dimensions o
the container were diameterD541 mm, and heightH
5100 mm; and the filling heighth0 was between 79 and 8

FIG. 1. Schematic diagram of the experimental setup. The s
tem consists of a vertical cylinder with frictional walls, filled wit
glass spheres up to heighth0 . The remainder of the volume is
occupied by distilled water. Tracer particles, inserted at vari
depths along the axis of the container, are carried to the surfac
convective flow, which is initiated by vertical tapping of the syste
The surface is observed using a time-lapse video system and
times of surfacing are recorded for each tracer particle.
©2001 The American Physical Society02-1
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mm. This geometry corresponds to the one used in the
periments performed on a dry system@16#. In order to pre-
vent the excitation of subharmonic modes, individual verti
taps were used to excite the system. Each tap consiste
one sinusoidal oscillation of frequencyf and amplitudeA0 ;
its acceleration is characterized by a dimensionless par
eterG5apeak/g, whereapeak5(2p f )2A0 is the peak accel-
eration during a tap, andg59.8 m/s2 is the Earth’s gravita-
tional acceleration. The excitation frequency (13< f
<150 Hz) and the acceleration (2.5<G<12) ranges were
determined by experimental constraints; the maximum
cessible amplitude of shaking on one end of the range,
an acceptable duration of an experimental run on the o
~as convection becomes immeasurably slow at highf and low
G!.

While the container was being filled with granular ma
rial, colored tracer particles of diameterdtracer53 – 4 mm
were inserted along the central axis of the system, at var
depths from the surfacez. As the system was vibrated, con
vective flow carried the tracer~along with other! particles to
the surface, where they were observed using a video cam
and a time-lapse recorder. We measured the number of tt
it took each particle, initially buried at depthz, to reach the
surface, and refer to it as the dimensionless ‘‘time.’’

III. RESULTS

Vertical vibrations induce convective flow in our system
established in the shape of a single convection roll, carry
the material upward in the center of the container and do
ward near the vertical walls. The convective flow in the bu
carries the tracer particles to the surface, where they bec
entrained in the downward flow along the walls and recir
lated. When the convection rate is increased sufficiently,
ther by increasingG or decreasingf, the tracer particles
which have a larger diameter than the material particles,
not recirculated, but remain trapped at the top surface. W
we replaced the frictional walls with smooth walls~i.e., the
particles are not glued to the vertical container sides! the rise
times of particles embedded deep in the bulk are appr
mately four times greater.

Figure 2 shows typical results of ourz(t) measurements
done under the same experimental conditions~f 530 Hz,
G56! in a wet and a dry system, represented by the s
and open symbols, respectively. This data were taken w
D5103 mm, h05200 mm, andd53.7 mm. Throughout
the paper, the axes are oriented such that data from tr
particles with smaller initial depthz are plotted above par
ticles with greaterz, so that the progressively smaller valu
of z ~from left to right of the plot! resemble a tracer particle’
forward motion in time. Under the same experimental co
ditions, the rate of convection in a wet system is two ord
of magnitude lower than in a dry system.~This is the reason
that there are fewer data points in the curve for the wet t
for the dry material.! This result is frequency dependent, a
at f 560 Hz, the difference is reduced to one order of ma
nitude.

Thez(t) data contain the information on the depth depe
06130
x-

l
of

m-

c-
nd
er

-

us

ra
s

,
g
-

e
-
i-

re
n

i-

id
th

er

-
s

n

-

-

dence ofvc(z), the upward convection velocity along th
central axis of the system, where the tracer particles are
troduced. In dry systems, an excellent fit to the data w
obtained with a logarithmic form:

z5j ln~11t/t! ~1!

which corresponds to

vc~z!5~j/t!e2z/j. ~2!

The solid line in Fig. 2 is a best fit of this form to the da
taken in the dry system, and is shown for illustration. This
yields two characteristic scales: the length scalej, describing
the exponential decay ofvc(z), and the time scalet, an
inverse measure of the convection velocity. We can use
form to fit the data on the wet system as well. In Fig. 3 w
show the dependence ofj ~in units of the bead diameter! and
t on frequencyf and accelerationG, as obtained from fits to
the data taken in the wet system. Our results are compare
results taken from Ref.@16#, of similar fits to data taken in an
equivalent dry system, represented by the dashed lines.
dry system, the length scalej was found to scale as th
mechanical amplitude of vibrationA0 , and hence the dashe
lines describe a 1/f 2 dependence in frequency and line
growth in G @Figs. 3~a! and 3~b!#. Our results on the we
system are strikingly different; our data are consistent witj
being independent of eitherf or G. It is possible thatj even
exhibits a weak growth upon increasingf, opposite to the
trend observed in dry systems. The differences in the beh
ior of time scalet are less striking, being more quantitativ
in nature. Figure 3~c! shows thatt grows approximately ex-
ponentially withf in both wet and dry systems, although
very different rates. In Fig. 3~d!, even though within our
experimental range we do not observe a divergence int, we
do observe a growing trend asG is decreased.

These differences between wet and dry systems sug
that there may be a different physical mechanism driv

FIG. 2. Tracer bead rise times under wet and dry conditio
Two typical sets of measurement results are shown, taken unde
same experimental conditions, in a wet~solid! and a dry~open
symbols! system. The dimensionless time is measured in taps n
essary to reach the surface atz50. The flow in the wet system is
two orders of magnitude slower than in the dry system. These
were taken in a system with dimensionsD5103 mm, h0

5200 mm, andd53.7 mm. The solid line is a fit to Eq.~1!.
2-2
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CONVECTION IN A FULLY IMMERSED GRANULAR SLURRY PHYSICAL REVIEW E63 061302
convection in the two cases. Indeed, we find that the lo
rithmic form for z(t), appropriate for the dry material, ma
not provide the best fit to our wet-system data. Instead,
found that a power-law

z5Atp, ~3!

implying

vc~z!5pA1/pZ121/p ~4!

gives a better fit to the data taken in the wet system. Figu
4~a! and 4~b! show a representative data set, taken af
530 Hz andG56, fit to both the logarithmic and power-law

FIG. 3. Dependence for the wet system of the dimensionles
parametersj/d andt in the logarithmic form@Eq. ~1!# on f andG.
While j/d does show a possible weak increase at highf, our data is
consistent withj/d being largely independent on eitherf ~a! or G
~b!; t grows exponentially with increasingf ~c! and weakly with
decreasingG ~d!. The dashed lines represent fits, taken from R
@16#, to thej/d andt values obtained in an equivalent dry syste
In ~a!, the dashed line follows a 1/f 2 dependence.

FIG. 4. Comparison of logarithmic and power-law fits. A da
set taken atf 530 Hz andG56 is plotted, and the best fit to th
logarithmic~a! and the power-law form~b! are shown. The power
law form gives a better fit, as the logarithmic fit does not capture
curvature present in the data.
06130
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functional forms, respectively. On the lin-log scale used,
logarithmic form asymptotes to a straight line at large valu
of z and t, and does not capture the curvature present in
data@Fig. 4~a!#.

In order to get a better idea of how the two forms fit t
data, we performed residual analysis on 19 experimental
sets, taken at various values off and G. In Fig. 5~a!, each
experimental run is fit to the logarithmic form in Eq.~1!, and
the scaled depthszs5z/j are plotted vs the logarithm of th
scaled timests5t/t. The vertical bars represent the error
zs due to the measurement uncertainty inz. The measure-
ment error int is negligible. If data are well fit by the func
tional form ~given by the solid line!, data from each experi
mental run should collapse onto that line. Our data, howe
show significant systematic deviations; they lie below t
functional form at small and large values ofts , and above it
in the intermediate range. The inset shows the residual
the performed fits, normalized to the measurement un
tainty in z. The systematic clustering of the residuals aw
from zero indicates that a better fit to the data is possible
Fig. 5~b! the same analysis is performed using the power-
form, and the appropriately scaled data are plotted on a l
log plot in order to obtain collapse on a straight line. We fi
that in this case the collapse is more satisfactory. The res
als, which are randomly distributed around zero, indicat
better fit to the data. When the same comparison is p
formed on the data taken by Knightet al. in a dry system
@16#, the logarithmic function is unambiguously found to b
the superior fit. This analysis is shown in Fig. 6.

By fitting our experimental data to the power law give
by Eq. ~3!, we obtain the values of parametersA andp, as a
function of frequencyf and peak accelerationG. The values
of p obtained in this way are shown in Figs. 7~a! and 7~b!.
We find p50.3760.02 to be largely independent of eitherf
or G ~although there is a possibility that it increases wea
with frequency!. When p is fixed to this value, and a one

fit

.
.

e

FIG. 5. Residual analysis for wet system data.~a! Best fits to the
logarithmic functional form@Eq. ~1!# are performed on data from 1
experimental runs. The scaled data show an imperfect collaps
the master curve~solid line!. The inset shows the residuals for a
performed fits, whose systematic clustering indicates that a bett
to the data is possible. Horizontal scale in the inset is identica
the horizontal scale in the main plot, and the vertical scale meas
the deviation of the data points from the fit, normalized to t
measurement uncertainty.~b! The same analysis, but using th
power-law form@Eq. ~3!#, is performed on the data. The collapse
the master curve is better than in~a!, evidenced by the random
scatter of the residuals around zero.
2-3
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MEDVED, JAEGER, AND NAGEL PHYSICAL REVIEW E63 061302
parameter fit forA is performed, less scatter is obtained th
whenp is allowed to vary. The results forA obtained in this
way are shown in Figs. 7~c! and 7~d!. In such a one-
parameter fit,A corresponds directly to the rate of conve
tion. From Fig. 7~c! we see thatA decays logarithmically
with f. In Fig. 7~d! a surprising result emerges; althoughA
increases asG is increased, aboveG56, A saturates. In con
trast to observations made in the dry case, shaking the
tem harder does not enhance convection. Interestingly,
also atG.6 that the~larger! tracer particles do not becom
entrained in the downward flow along the walls.

IV. CONCLUSIONS

We are unaware of any prior measurements of the c
vection velocity profile in a fully immersed, vertically vi
brated granular system. We find that the convection is a
bust phenomenon, and that it emerges with the same num
and shape of convection rolls as does convection in a
system.

The liquid does, however, affect the driving mechanis
In comparison with a dry system, the wet system flows up
two orders of magnitude more slowly than the dry one do
Presumably, lubrication of particle contacts results in
duced friction at the sidewalls and hence in weaker drivi
In addition, we have evidence that another mechanism m
contribute; when the frictional walls are substituted
smooth ones, the convection rate is reduced by appr
mately a factor of 4, but convection does not cease co
pletely. By contrast, in a dry system, the use of smooth w
can bring convection almost to a standstill@17#. This result is
not conclusive, however, as the friction against a rough an
smooth boundary could be comparable when both are lu
cated.

We find additional evidence for a qualitatively differe
behavior in a wet and dry system. The different depend
cies ofj andt @in the logarithmic fit ofz(t)# on f andG are
significant. Moreover, we find that the power-law depth d

FIG. 6. Residual analysis for dry-system data obtained
Knight et al. ~Ref. @16#!. For comparison, the same analysis as
the wet material in Fig. 5 is shown here for data obtained on
granular material. In contrast to the behavior found for wet mate
a superior fit results from a logarithmic time dependence@Eq. ~1!#.
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pendence ofvc(z) @Eq. ~4!# is more appropriate for the we
system than the exponential one@Eq. ~2!# observed in dry
systems@16#. While the exponential fit of Eq.~2! yields a
length and a time scale that describes the system beha
the power-law fit gives no such scales, suggesting a diffe
physical mechanism for the driving of the convection.

It is interesting to speculate that the new physical mec
nism driving the convection is the hydrodynamic instabil
first discussed by Faraday in 1831@8# and most recently
studied in the context of heaping by Paket al. @9#. In that
instability, the interstitial fluid, which must flow to the con
tainer bottom in order to fill any unoccupied space when
granular material is moving upward, can entrain particles
its flow down the container walls. Further studies are nec
sary in order to ascertain whether this mechanism ind
contributes to the driving of convection in the wet system
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FIG. 7. Fit parameters to the power law. The exponentp in the
power-law fit@Eq. ~3!# is roughly independent of either~a! f or ~b!
G. We fix p to its average value of 0.3760.02 and perform one-
parameter fits forA @measured in units of the bead diameter,~d!#,
using the same equation.A decays logarithmically with increasing
~c! f. A increases with increasingG up to ~d! G56.
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