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Convection in a fully immersed granular slurry
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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 Il. EXPERIMENTAL SETUP

_— e The granular material in this experiment consisted of

A physicist's model of “dry” granular matter, a nonco- mgnodisperse glass spheres contained in a vertical cylindri-
hesive aggregate of solid particles, becomes less realistic g container(Fig. 1). As in previous experiments on dry
one steps out of the laboratory. Be it pharmaceutical powdefaterial [16], the container walls were made frictional by
or snow crystals, detonating explosive or a sandy surf, granugluing a layer of glass spheres to them. These spheres were
lar matter can rarely be understood while neglecting its inthe same size as the particles in the bulk. This produced a
teraction with the surrounding liquid or gas. Even when theravell-controlled and constant amount of friction at the side
is no heat or mass transfer between the solid and fluidboundaries. The remaining volume was completely filled
phases, the momentum transfer or viscous drag can signifwith distilled water. For control runs made with dry material,
cantly affect the flow properties. In addition, lubrication of the system was evacuated. Unless otherwise specified, the
contacts changes the particle-particle interaction in the matetiameter of the particles wab= 1.5 mm; the dimensions of
rial. the container were diametdd=41 mm, and heightH

Such two-phase systems with interstitial liquid are studied=100 mm; and the filling heightty was between 79 and 85
as “wet” granular matter, or slurries. A large body of ex-
perimental and theoretical work has been concerned with the
rheological properties of solid-liquid mixtures at various vol-
ume fractions of the solid pha$&—4]. The liquid-solid in-
terface was studied under horizontal driving, in the context
of pattern formatior{5—7], and other vibration experiments
were concerned with effects of air on the heaping of convect-
ing material[8,9]. Geminardet al. found that introduction of
interstitial liquid significantly reduces the stick-slip motion
of a sheared granular system, as compared to a honevacuated
system in which adsorption of water molecules occurs at
particle contact§10,11]. Such adsorption produces cohesion,
due to capillary effects, and changes the angle of repose of
the materia[12—15. Since Faraday'’s initial experimef8]
there have been few studies that systematically measured the
effects on the convection velocities of fully submerging a
granular medium.

Our experiment was designed to probe the effects of the
interstitial liquid on convective flow in a vertically vibrated
wet granular system. A study previously done by Knight
et al. [16] on an evacuated but otherwise identical system, pig 1. Schematic diagram of the experimental setup. The sys-
provides a reference point to which our results can bé cOMgm consists of a vertical cylinder with frictional walls, filled with

pared. Although it was no& priori obvious, we find that aglass spheres up to height. The remainder of the volume is
convection in a wet system can indeed be excited by verticalccupied by distilled water. Tracer particles, inserted at various

vibrations, and that it is established with the same generalepths along the axis of the container, are carried to the surface by
shape and number of convection rolls as in a dry systemconvective flow, which is initiated by vertical tapping of the system.
However, we find significant differences that arise due to therhe surface is observed using a time-lapse video system and the
fluid presence. times of surfacing are recorded for each tracer particle.
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mm. This geometry corresponds to the one used in the ex- 0 " .

periments performed on a dry syst¢®6]. In order to pre- S

vent the excitation of subharmonic modes, individual vertical 10r ¢ T

taps were used to excite the system. Each tap consisted of .

one sinusoidal oscillation of frequenéyand amplitudeA,; o 201 ]

its acceleration is characterized by a dimensionless param- N .

eterl’=apea/g, Whereapea= (27f )?A is the peak accel- 301 7

eration during a tap, ang=9.8 m/$ is the Earth’s gravita-

tional acceleration. The excitation frequency I3 40T T

<150 Hz) and the acceleration (Z%'<12) ranges were 50 R . .

determined by experimental constraints; the maximum ac- 10° 100 107 100

cessible amplitude of shaking on one end of the range, and ¢

an acceptable duration of an experimental run on the other

(as convection becomes immeasurably slow at higid low FIG. 2. Tracer bead rise times under wet and dry conditions.
D). Two typical sets of measurement results are shown, taken under the

While the container was being filled with granular mate-same experimental conditions, in a wgblid) and a dry(open
rial, colored tracer particles of diametéf,..=3—4 mm  symbolg system. The dimensionless time is measured in taps nec-
were inserted along the central axis of the system, at variougssary to reach the surfacezt 0. The flow in the wet system is
depths from the surface As the system was vibrated, con- two orders of magnitude slower than in the dry system. These data
vective flow carried the tracénlong with othey particles to ~ were taken in a system with dimensiorl3=103 mm, h,
the surface, where they were observed using a video camera200 mm, andi=3.7mm. The solid line is a fit to Eq1).
and a time-lapse recorder. We measured the number of taps

it took each particle, initially buried at depth to reach the ~dence ofvc(z), the upward convection velocity along the
surface, and refer to it as the dimensionless “time.” central axis of the system, where the tracer particles are in-

troduced. In dry systems, an excellent fit to the data was
obtained with a logarithmic form:

Ill. RESULTS z=¢&In(1+t/7) 1)

Vertical vibrations induce convective flow in our system, \ynich corresponds to
established in the shape of a single convection roll, carrying
the material upward in the center of the container and down- v(2)=(&lr)e 78 2)
ward near the vertical walls. The convective flow in the bulk
carries the tracer particles to the surface, where they becomghe solid line in Fig. 2 is a best fit of this form to the data
entrained in the downward flow along the walls and recircutaken in the dry system, and is shown for illustration. This fit
lated. When the convection rate is increased sufficiently, eiyields two characteristic scales: the length séaldescribing
ther by increasingl’ or decreasindf, the tracer particles, the exponential decay af.(z), and the time scale, an
which have a larger diameter than the material particles, armverse measure of the convection velocity. We can use this
not recirculated, but remain trapped at the top surface. Wheform to fit the data on the wet system as well. In Fig. 3 we
we replaced the frictional walls with smooth walise., the  show the dependence éfin units of the bead diameteand
particles are not glued to the vertical container sides rise 7 on frequencyf and acceleratioi, as obtained from fits to
times of particles embedded deep in the bulk are approxithe data taken in the wet system. Our results are compared to
mately four times greater. results taken from Ref16], of similar fits to data taken in an
Figure 2 shows typical results of oa(t) measurements, equivalent dry system, represented by the dashed lines. In a
done under the same experimental conditi¢fis 30 Hz, dry system, the length scalé was found to scale as the
I'=6) in a wet and a dry system, represented by the solidnechanical amplitude of vibratiof,, and hence the dashed
and open symbols, respectively. This data were taken witlines describe a 1 dependence in frequency and linear
D=103 mm,hy=200 mm, andd=3.7 mm. Throughout growth inT [Figs. 3a) and 3b)]. Our results on the wet
the paper, the axes are oriented such that data from traceystem are strikingly different; our data are consistent \§ith
particles with smaller initial deptlz are plotted above par- being independent of eithéror I'. It is possible that even
ticles with greater, so that the progressively smaller values exhibits a weak growth upon increasifigopposite to the
of z (from left to right of the plot resemble a tracer particle’s trend observed in dry systems. The differences in the behav-
forward motion in time. Under the same experimental con-or of time scaler are less striking, being more quantitative
ditions, the rate of convection in a wet system is two ordersn nature. Figure &) shows thatr grows approximately ex-
of magnitude lower than in a dry systefiThis is the reason ponentially withf in both wet and dry systems, although at
that there are fewer data points in the curve for the wet thawery different rates. In Fig. (8), even though within our
for the dry materia). This result is frequency dependent, and experimental range we do not observe a divergence e
atf=60 Hz, the difference is reduced to one order of mag-do observe a growing trend &sis decreased.
nitude. These differences between wet and dry systems suggest
Thez(t) data contain the information on the depth depen-that there may be a different physical mechanism driving
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.7 ?. logarithmic functional form{Eq. (1)] are performed on data from 19
. g vof ¢ experimental he scaled data show an imperfect col
. - \ xperimental runs. The scaled data show an imperfect collapse on
107 L T \\ 1 the master curvésolid line). The inset shows the residuals for all
//’ Tl performed fits, whose systematic clustering indicates that a better fit
S T to the data is possible. Horizontal scale in the inset is identical to
10° .~ . . ) ) the horizontal scale in the main plot, and the vertical scale measures
the deviation of the data points from the fit, normalized to the
0 50 100 0 5 10 . . -
f [Hz) r measurement uncertaintyb) The same analysis, but using the

power-law form[Eq. (3)], is performed on the data. The collapse on

FIG. 3. Dependence for the wet system of the dimensionless fit'€ Master curve is better than ia), evidenced by the random
parameterg/d and 7 in the logarithmic form Eq. (1)] on f andT". scatter of the residuals around zero.
While ¢/d does show a possible weak increase at fijghur data is

consistent withé/d being largely independent on eithigta) or T functional forms, respectively. On the lin-log scale used, the

(b):  grows exponentially with increasing(c) and weakly with logarithmic form asymptotes to a straight line at large vglues
decreasing” (d). The dashed lines represent fits, taken from Ref.Of zandt, and does not capture the curvature present in the

[16], to the/d and  values obtained in an equivalent dry system. data[Fig. 4a)]. _ _
In (a), the dashed line follows a f# dependence. In order to get a better idea of how the two forms fit the

data, we performed residual analysis on 19 experimental data

convection in the two cases. Indeed, we find that the logasets, taken at various values bandI'. In Fig. 5a), each
rithmic form for z(t), appropriate for the dry material, may €xperimental run is fit to the logarithmic form in Ed), and

not provide the best fit to our wet-system data. Instead, wéhe scaled depthg;=2z/¢ are plotted vs the logarithm of the
found that a power-law scaled timed,=t/7. The vertical bars represent the error in

z; due to the measurement uncertaintyzinThe measure-
z=AtP, (3)  ment error int is negligible. If data are well fit by the func-
tional form (given by the solid ling data from each experi-
implying mental run should collapse onto that line. Our data, however,
o Alpyl-1hp show significant systematic deviations; they lie below the
ve(2)=pA™PZ (4 functional form at small and large valuestQf and above it
in the intermediate range. The inset shows the residuals of
€he performed fits, normalized to the measurement uncer-
tainty in z The systematic clustering of the residuals away
from zero indicates that a better fit to the data is possible. In
Fig. 5(b) the same analysis is performed using the power-law
form, and the appropriately scaled data are plotted on a log—
log plot in order to obtain collapse on a straight line. We find
that in this case the collapse is more satisfactory. The residu-
als, which are randomly distributed around zero, indicate a
better fit to the data. When the same comparison is per-
formed on the data taken by Knigbt al. in a dry system
[16], the logarithmic function is unambiguously found to be
the superior fit. This analysis is shown in Fig. 6.
By fitting our experimental data to the power law given
by Eq.(3), we obtain the values of parameté&sandp, as a
FIG. 4. Comparison of logarithmic and power-law fits. A data function of frequencyf and peak acceleratioh. The values
set taken af =30 Hz and['=6 is plotted, and the best fit to the Of p obtained in this way are shown in Figsayand 1b).
logarithmic(a) and the power-law forngb) are shown. The power- We find p=0.37=0.02 to be largely independent of eitHer
law form gives a better fit, as the logarithmic fit does not capture theor I" (although there is a possibility that it increases weakly
curvature present in the data. with frequency. Whenp is fixed to this value, and a one-

gives a better fit to the data taken in the wet system. Figur
4(a) and 4b) show a representative data set, takenf at
=30Hz andl’ =6, fit to both the logarithmic and power-law
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FIG. 6. Residual analysis for dry-system data obtained by f [Hz] r

Knight et al. (Ref. [16]). For comparison, the same analysis as for 2
the wet material in Fig. 5 is shown here for data obtained on dry C) d)
granular material. In contrast to the behavior found for wet material,
a superior fit results from a logarithmic time dependelieg. (1)].

parameter fit forA is performed, less scatter is obtained then
whenp is allowed to vary. The results fak obtained in this ° °
way are shown in Figs. (¢) and 7d). In such a one- ®
parameter fitA corresponds directly to the rate of convec-
tion. From Fig. Tc) we see thatA decays logarithmically
with f. In Fig. 7(d) a surprising result emerges; although
increases ak is increased, abovE=6, A saturates. In con-
trast to observations made in the dry case, shakin'g the SYS™ RiG. 7. Fit parameters to the power law. The exporgeirt the
tem harder does not enhance convec_tlon. Interestingly, it ISower-law fit[Eq. (3)] is roughly independent of eithéa) f or (b)
also gtl“ >.6 that the(largen tracer particles do not become  \ye fix p to its average value of 0.370.02 and perform one-
entrained in the downward flow along the walls. parameter fits foA [measured in units of the bead diameteh)],
using the same equatioA. decays logarithmically with increasing
(c) f. Alincreases with increasinig up to (d) I'=6.

10 100 0 5 10
f [Hz] r

IV. CONCLUSIONS

We are unaware of any prior measurements of the conP€ndence 0b.(z) [Eq. (4)] is more appropriate for the wet
system than the exponential ofq. (2)] observed in dry

vection velocity profile in a fully immersed, vertically vi- hile th Al fit of ield
brated granular system. We find that the convection is a roSYSt€msi16]. While the exponential fit of Eq(2) yields a

bust phenomenon, and that it emerges with the same numb gth and a tir.ne.scale that describes the sy;tem bghavior,
and shape of convection rolls as does convection in a dar{e p_ower-law flt_glves no SUCh. s_cales, suggesting a different
system hysical mechanism for the driving of the convection.

The liquid does, however, affect the driving mechanism. It is interesting to speculate that the new physical mecha-

In comparison with a dry system, the wet system flows up td]ism driving the convection is the hydrodynamic instability

two orders of magnitude more slowly than the dry one does 'St discussed by Faraday in 183&] and most recently

Presumably, lubrication of particle contacts results in re-Studied in the context of heaping by Pakal. [9]. In that

duced friction at the sidewalls and hence in weaker driving!"Stability, the intersitial fluid, which must flow to the con-
iner bottom in order to fill any unoccupied space when the

In addition, we have evidence that another mechanism magi L . . . .
contribute; when the frictional walls are substituted by ranular material is moving upward, can entrain particles in

smooth ones, the convection rate is reduced by aloproXf'_ts flow down the container walls. Further studies are neces-

mately a factor of 4, but convection does not cease comsary in order to ascertain whether this mechanism indeed

pletely. By contrast, in a dry system, the use of smooth Wa”é:ontributes to the driving of convection in the wet systems.

can bring convection almost to a standgtllv]. This result is

not conclusive, however, as the friction against a rough and a
smooth boundary could be comparable when both are lubri-
cated.

We find additional evidence for a qualitatively different  The authors would like to thank James B. Knight on help-
behavior in a wet and dry system. The different dependentul discussions. This work was supported by the NSF under
cies of ¢ and 7 [in the logarithmic fit ofz(t)] onf andI’ are  Contract No. CTS-9710991 and by the MRSEC Program of
significant. Moreover, we find that the power-law depth de-the NSF under Contract No. DMR-9808595.
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