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Deposition-rate effects on rough surfaces formed by sedimenting particles

K. V. McCloud,* M. L. Kurnaz,† and J. V. Maher
Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

~Received 12 May 1997!

The quasi-two-dimensional sedimentation of silica particles in a viscous fluid results in quasi-one-
dimensional surfaces. These surfaces are rough on all length scales between the particle size and the cell size,
but different roughness exponents are observed in two well-defined length scale regimes. Hydrodynamic forces
should play an important role in determining which, if either, length scale regime shows universal properties.
The role of these hydrodynamic forces can be controlled through control of the deposition rate of particles into
the cell. A range of different deposition rates has been examined, and a clear upward trend was observed in the
scaling exponent found at long length scales, while the scaling exponent found at short length scales remained
relatively constant and very consistent with results of previous experiments with a fixed number of particles but
wherein cell length, cell width, and fluid viscosity were all varied with no effect on observed interfacial
roughness.@S1063-651X~97!09611-6#

PACS number~s!: 81.15.Lm, 05.40.1j, 47.15.Gf, 47.53.1n
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I. INTRODUCTION

The growth of rough surfaces is a problem of practi
importance in many areas. Rough surfaces formed via s
mentation are of particular interest, and their formation
volves fundamental nonequilibrium statistical physics@1#.
Theoretical efforts @2–34# have emphasized the simp
Kardar-Parisi-Zhang~KPZ! surface growth equation with
various kinds of added noise@19,23,28,33,34# to accommo-
date the possible variety of forces which might complic
the dynamics of growth in any one physical system. A f
ther step has been taken by Mehta, Luck, and Needs@35#,
who take a more local approach to sandpile dynamics,
cluding a nonlinear coupling between moving grains a
relatively immobile clusters in sandpiles.

However, the hydrodynamic interactions between se
menting particles are very complicated and should invo
long-range forces caused by the motion of neighboring p
ticles out to a distance set by viscosity and the density of
particles in the settling solution@36,37#. Unfortunately, it is
difficult to comment on the exact nature of these long-ran
forces when we have so many particles settling simu
neously. Analytic sedimentation theory has succeeded o
in analyzing the attraction between two settling partic
@38#, the effective behavior of settling particles in the dilu
regime@36,39,40#, and some features of many-body intera
tions between the particles@41,42#. Computer simulations
have proven to be quite successful in accounting for inte
tions among hundreds~but not yet tens of thousands! of par-
ticles@43#. In addition, phenomenological analytic theory h
described some interesting length scales which appear in
breakup of a line or a plane of settling homogeneous p
ticles @44,45# or of arrays of mixed particles@46#. Beyond
this some recent theoretical work@47,48# has heightened pes
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simism by highlighting how complicated the situation is, i
teresting experimental results have become available
other recent theoretical work@37,49# holds out some hope o
determining the particles’ interactions and profiles throu
wide ranges of volume fraction and Pe´clet number in sedi-
mentation problems.

The presence of these long-range forces differentiates
study of rough surfaces formed by sedimentation from t
of other, apparently similar, rough surfaces. In previous w
@50,51#, with closed cells and a fixed total number of sed
menting particles, the surfaces formed were shown to
rough on all length scales between the particle size and
cell size. However, different roughness exponents were
served in two distinct length scale regimes, with a we
defined crossover length scale. Both previous expone
were robust against changes in cell length, cell width, a
fluid viscosity. A strong similarity at longer length scale
between height-height correlations at the rough surface
density-density correlations inside the fluid far above the s
face suggested that the roughness at longer length scal
closely tied to the hydrodynamic interactions among p
ticles in the fluid. These hydrodynamic interactions sho
depend on fluid viscosity and the details of the interparti
distances. In this paper we report experiments in which
deposition rate of the particles into the cell was varied,
lowing us to probe the role of these hydrodynamic inter
tions in the roughness of quasi-one-dimensional interfa
formed by quasi-two-dimensional sedimentation.

II. EXPERIMENTAL METHOD

In the previous work, all measurements were perform
with closed cells. The walls of these cells were of1

4-in. float
glass, held 1 mm apart by sealed side frames of precis
machined Plexiglas. A very large number~40 000! of 0.06-
cm-diam monodisperse silica spheres@52# were placed in the
cell before the cell was filled with a viscous fluid~such as
glycerin! and closed. Each cell could be rotated about a h
zontal axis perpendicular to the gap direction. When the
was rotated, the particles that had been at rest at the bo
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56 5769DEPOSITION-RATE EFFECTS ON ROUGH SURFACES . . .
fell through the glycerin, slowly building a new surface
the bottom of the cell. During and at the end of each su
process we photographed the cell~or parts of the cell!. All of
our photographs were taken with a 35-mm single-lens re
slide camera. The slides were then digitized to a maxim
resolution of 204831366 pixels by a Nikon LS 3500 35-mm
film scanner. Individual particles were typically resolvab
and thus the position of the particles in the interface could
traced very accurately using the image analysis prog
OPTIMAS. In these experiments, the particles did not follow
ballistic trajectory. There were obvious backflows among
particles, visible to the eye. There was a strong correla
between the height-height correlations measured at the
face at large length scales and the density-density corr
tions of the particles measured in the flow as the partic
fell, making it seem plausible that hydrodynamic forces w
involved in setting the roughness at large length scales.

The present experiments were designed to vary the hy
dynamic interactions by controlling the deposition rate of
particles, with a low deposition rate corresponding to wea
hydrodynamic interactions since the particles would on
average be further apart as they fell. To accomplish thi
cell was developed to have dimensions comparable to th
of the previous cell, but with an open top where the partic
could be added through a funnel, which steadily dropped
particles as it traveled back and forth across the top of
cell. The speed of the funnel sweeping across the cell, a
with the size of the funnel and the viscosity of the flu
through which the particles were allowed to fall, allowed
to control the deposition rate over a range of values from
to 50 particles/sec. This new method of delivery also allow
us to deposit the particles more uniformly in time. In o
earlier closed-cell experiment, the flow of the particles to
surface began slowly, built up to a fairly steady rate, a
then tapered off with an average deposition rate far in exc
of the highest rate studied in the present experiment. In
present case, the delivery rate of the particles to the inter
was much more uniform.

III. DISCUSSION

As in the previous work, we define the rms thickness
the interface to be

W~L,t !5F 1

N(
i 51

N

h̃~xi ,t !2G1/2

, ~1!

whereh(xi ,t) is the height of the growing interface at hor
zontal positionxi and timet, h̄(t) is the horizontally aver-
aged interface height at timet,

h̄~ t !5
1

N(
i 51

N

h~xi ,t !, ~2!

and

h̃~xi ,t !5h~xi ,t !2h̄~ t !. ~3!

As discussed in Ref.@51# it is not at all clear that our
system is in a scaling regime, nor is it obvious that scal
ideas should apply to sedimentation, but a useful way
h
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analyzing our data is to adopt and extend the standard ro
ness analysis by tentatively accepting a scaling ansatz
rough interface growth@4#. If we follow this ansatz, we write

W~L,t !5La f ~ t/La/b!, ~4!

where the exponentsa and b are the static and dynami
scaling exponents. The functionf (t/La/b) is expected to
have an asymptotic form such that

W~L,t !;tb for t!La/b

and

W~L,t !;La for t@La/b. ~5!

Figure 1 shows a typical example ofW(L,t) for the new
cell. As in the earlier work, to minimize wall effects we hav
used only the middle 70% of each interface for our analy
At every deposition rate studied, there appear to be
roughness exponents corresponding to two different len
scales, with a crossover length of somewhat less than 1
~roughly the same as the previously observed crosso
length but slightly smaller!. At very low deposition rates
~0.7 particle/sec! the exponenta corresponding to length
scales larger than 1 cm is approximately 0.2, while that
smaller length scales is approximately 0.6. As the deposi
rate is increased, the value ofa found at large length scale
shows a significant increase, while the value ofa found at
small length scales remained approximately constant. T
behavior is shown in Fig. 2. Over the entire range of de
sition rates shown in Fig. 2, the particles fell evenly, a
there were no indications of the kind of backflow patter
seen in the flow in the previous work. This strengthens
earlier indications that the large-length-scale exponen
strongly affected by the hydrodynamic interactions wher
the small-length-scale exponent is fairly robust in the pr
ence of significant change of the hydrodynamic interactio
in the fluid.

Up to fairly high deposition rates~approximately 30–40
particles/sec!, there was no evidence of the type of larg
undulatory structures seen in the previously reported ro
interfaces. In the experiments with closed cells, the surf
typically showed one or two hills in the middle, with a min

FIG. 1. A typical roughness functionW(L,t) for the new, open
cell, at a deposition rate of about 0.7 particle/sec.
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5770 56K. V. McCLOUD, M. L. KURNAZ, AND J. V. MAHER
mum of particles near the wall. When several typical ru
were averaged, we obtained the structure shown in Fig. 3~a!.
Averaged data@shown in Fig. 3~b!# for the present experi
ment do not exhibit such long-length-scale structures. T
low-deposition-rate elimination of such structure correla
with the lack of observable backflow at these low deposit
rates. The new design of the open cell, in dramatically
creasing the deposition rate, has thus been successful in
nificantly decreasing the backflow and demonstrating a c
current elimination of long-length-scale structures.

Ideally, one could hope to increase the particle deposi
rate beyond 40 particles/sec either until the interfacial p
terns matched those seen in the closed-cell experimen
until the deposition rates exceeded those of the closed
experiments. However, as the deposition rate was incre
beyond 40 particles/sec we encountered a new phenome
In this regime, the particles formed spatial correlations
they hesitated to overcome the surface tension at the to
the cell and settled with such spatial correlations in eviden
Thus there was an abrupt dynamical transition to flows m
like those seen in the closed-cell experiments. At these r
tively low deposition rates of 40–70 particles/sec, howev
backflows in the fluid appeared at apparently random p
tions rather than at the cell-size-related positions seen a
very high deposition rates of our closed-cell experiments

We summarize our results as follows: we have added a
of tests to the previous controls we had placed on growth

FIG. 2. Average roughness exponents found at various dep
tion rates. The circles denoteaL , the squares representas . Values
of eacha are typically averaged over four experimental runs, e
of which would have had relatively small uncertainty ina. Thus the
stated uncertainties arise from the reproducibility of the roughn
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rough interfaces by sedimentation in a viscous fluid. In
previous work, at high particle deposition rate, two regim
of robustly reproducible characteristic roughness appea
despite changes in cell length, cell width, and fluid viscos
with clear correlations between visible backflow patterns
the fluid and long-length-scale roughness of the develop
interface. In the present work the deposition rate is var
over a wide range of values, all of which are small in co
parison to those typical of the closed-cell work. At the low
end of these new deposition rates, the interface roughne
small length scales is again the same as previously seen
above an;1-cm crossover length~consistent with all previ-
ous results!, the interface is very smooth and distinctly di
ferent from the closed-cell results. At the higher, but s
low, deposition rates of the present experiment, appare
random particle correlations become visible in the fluid a
at the long length scales of the growing interface. The abr
transition in this long-length-scale roughness appears to
pend on the dynamics of breaking surface tension as part
are added to the cell and thus not to indicate universal
nificance to its onset deposition rate, but its appearance d
strengthen the other suggestions that the roughness obs
in sedimentation at long length scales depends sensitivel
details of the hydrodynamic interactions while the sma
length-scale regimes of roughness may arise from unive
considerations.
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FIG. 3. Interface height as a function of positionx averaged
over runs. As discussed in the text, 6 cm have been eliminated f
each side.~a! The height vs the position for closed cells, averag
over 50 runs,~b! the height vs the position for the new open ce
averaged over four runs.si-
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