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Deposition-rate effects on rough surfaces formed by sedimenting particles
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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[S1063-651X97)09611-9

PACS numbg(s): 81.15.Lm, 05.40tj, 47.15.Gf, 47.53tn

[. INTRODUCTION simism by highlighting how complicated the situation is, in-
teresting experimental results have become available and
The growth of rough surfaces is a problem of practicalother recent theoretical wofl87,49 holds out some hope of
importance in many areas. Rough surfaces formed via sedéletermining the particles’ interactions and profiles through
mentation are of particular interest, and their formation in-wide ranges of volume fraction and ¢t number in sedi-
volves fundamental nonequilibrium statistical phys[d. ~ mentation problems.
Theoretical efforts[2—34] have emphasized the simple  The presence of these long-range forces differentiates the
Kardar-Parisi-ZhangKPZ) surface growth equation with Study of rough surfaces formed by sedimentation from that
various kinds of added noigd9,23,28,33,34to accommo- Of other, apparently similar, rough surfaces. In previous work
date the possible variety of forces which might complicatel50,51, with closed cells and a fixed total number of sedi-
the dynamics of growth in any one physica| System_ A fur-menting particles, the surfaces formed were shown to be
ther step has been taken by Mehta, Luck, and N¢8g  rough on all length scales between the particle size and the
who take a more local approach to Sandp”e dynamicsy inCE” size. However, different roughness exponents were ob-
cluding a nonlinear coupling between moving grains andserved in two distinct length scale regimes, with a well-
relatively immobile clusters in sandpiles. defined crossover length scale. Both previous exponents
However, the hydrodynamic interactions between sediwere robust against changes in cell length, cell width, and
menting particles are very complicated and should involveluid viscosity. A strong similarity at longer length scales
long-range forces caused by the motion of neighboring parbetween height-height correlations at the rough surface and
ticles out to a distance set by viscosity and the density of thélensity-density correlations inside the fluid far above the sur-
particles in the settling solutiof86,37]. Unfortunately, it is face suggested that the roughness at longer length scales is
difficult to comment on the exact nature of these long-rangé&losely tied to the hydrodynamic interactions among par-
forces when we have so many particles settling simultaticles in the fluid. These hydrodynamic interactions should
neously. Analytic sedimentation theory has succeeded onigepend on fluid viscosity and the details of the interparticle
in analyzing the attraction between two settling particlesdistances. In this paper we report experiments in which the
[38], the effective behavior of settling particles in the dilute deposition rate of the particles into the cell was varied, al-
regime[36,39,4Q, and some features of many-body interac-lowing us to probe the role of these hydrodynamic interac-
tions between the particlégl1,42. Computer simulations tions in the roughness of quasi-one-dimensional interfaces
have proven to be quite successful in accounting for interactormed by quasi-two-dimensional sedimentation.
tions among hundred$®ut not yet tens of thousandsf par-
ticles[43]. In addition, phenomenological analytic theory has
described some interesting length scales which appear in the
breakup of a line or a plane of settling homogeneous par- In the previous work, all measurements were performed
ticles [44,45 or of arrays of mixed particlef46]. Beyond  with closed cells. The walls of these cells weresdh. float
this some recent theoretical wdik7,48 has heightened pes- glass, held 1 mm apart by sealed side frames of precision-
machined Plexiglas. A very large numb@o0 000 of 0.06-
cm-diam monodisperse silica sphefbg] were placed in the
*Present address: Department of Physics and Engineering, Xavieell before the cell was filled with a viscous fluiduch as

II. EXPERIMENTAL METHOD

University of Louisiana, New Orleans, LA 70125. glycerin and closed. Each cell could be rotated about a hori-
"Present address: Chemistry Department, Tulane University, Newontal axis perpendicular to the gap direction. When the cell
Orleans, LA 70118. was rotated, the particles that had been at rest at the bottom
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fell through the glycerin, slowly building a new surface at 0.1 —— T T
the bottom of the cell. During and at the end of each such I
process we photographed the deli parts of the cell All of
our photographs were taken with a 35-mm single-lens reflex
slide camera. The slides were then digitized to a maximum
resolution of 204& 1366 pixels by a Nikon LS 3500 35-mm
film scanner. Individual particles were typically resolvable
and thus the position of the particles in the interface could be
traced very accurately using the image analysis program
OPTIMAS. In these experiments, the particles did not follow a
ballistic trajectory. There were obvious backflows among the
particles, visible to the eye. There was a strong correlation
between the height-height correlations measured at the sur-
face at large length scales and the density-density correla-
tions of the particles measured in the flow as the particles 0.01 el el
fell, making it seem plausible that hydrodynamic forces were 0.1 1 10
involved in setting the roughness at large length scales. L (cm)

The present experiments were designed to vary the hydro-
dynamic interactions by controlling the deposition rate of the FIG. 1. A typical roughness functioW(L,t) for the new, open
particles, with a low deposition rate corresponding to weakegell, at a deposition rate of about 0.7 particle/sec.

hydrodynamic interactions since the particles wou_ld On.theanalyzing our data is to adopt and extend the standard rough-
average be further apart as they fell. To accomplish this, 3egg analysis by tentatively accepting a scaling ansatz for

cell was developed to have dimensions comparable to thosg,gh interface growtfd]. If we follow this ansatz, we write
of the previous cell, but with an open top where the particles

could be added through a funnel, which steadily dropped the W(L,t)=L*f(t/L>F), (4)
particles as it traveled back and forth across the top of the

cell. The speed of the funnel sweeping across the cell, alon\évhere the exponenta and f are the static and dynamic

. . a/ﬁ .

with the size of the funnel and the viscosity of the fluid hca"”g exponents. The functiof(t/L ) is expected to

. . ave an asymptotic form such that
through which the particles were allowed to fall, allowed us
to control the deposition rate over a range of values from 0.7 W(L,t)~t? for t<L¥?
to 50 particles/sec. This new method of delivery also allowed q
us to deposit the particles more uniformly in time. In our &1
earlier closed-cell experim_ent, the flow _of the particles to the W(L,t)~L® for t>LA, (5)
surface began slowly, built up to a fairly steady rate, and _
then tapered off with an average deposition rate far in excess Figure 1 shows a typical example Wf(L,t) for the new
of the highest rate studied in the present experiment. In theell. As in the earlier work, to minimize wall effects we have

present case, the delivery rate of the particles to the interfacésed only the middle 70% of each interface for our analysis.
was much more uniform. At every deposition rate studied, there appear to be two

roughness exponents corresponding to two different length
scales, with a crossover length of somewhat less than 1 cm
lll. DISCUSSION (roughly the same as the previously observed crossover

As in the previous work, we define the rms thickness ofl€ngth but slightly smaller At very low deposition rates

; (0.7 particle/sec the exponenta corresponding to length

the interface to be ; X .

scales larger than 1 cm is approximately 0.2, while that for
1N 172 smaller length scales is approximately 0.6. As the deposition

W(L,t)z{—z h(x; ,t)Z} , (1) rate is increased, the value affound at large length scales

i=1 shows a significant increase, while the valueaofound at

W (L) (cm)

. . . _ small length scales remained approximately constant. This
whereh(x; ,t) is the height of the growing interface at hori- pepayior is shown in Fig. 2. Over the entire range of depo-

zontal positionx; and timet, h(t) is the horizontally aver- sition rates shown in Fig. 2, the particles fell evenly, and
aged interface height at tinte there were no indications of the kind of backflow patterns
seen in the flow in the previous work. This strengthens the

h_(t)=£§ h(x; 1) @) earlier indications that the large-length-scale exponent is
Ni<1 b strongly affected by the hydrodynamic interactions whereas
the small-length-scale exponent is fairly robust in the pres-
and ence of significant change of the hydrodynamic interactions
_ o in the fluid.
h(x;,t)=h(x;,t)—h(t). (3) Up to fairly high deposition rate&approximately 30—40

particles/seg there was no evidence of the type of large
As discussed in Refl51] it is not at all clear that our undulatory structures seen in the previously reported rough
system is in a scaling regime, nor is it obvious that scalingnterfaces. In the experiments with closed cells, the surface
ideas should apply to sedimentation, but a useful way ofypically showed one or two hills in the middle, with a mini-
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over runs. As discussed in the text, 6 cm have been eliminated from
each side(a) The height vs the position for closed cells, averaged
over 50 runs(b) the height vs the position for the new open cell,

FIG. 2. Average roughness exponents found at various deposaveraged over four runs.
tion rates. The circles denotg , the squares represem}. Values
of eacha are typically averaged over four experimental runs, eachrough interfaces by sedimentation in a viscous fluid. In the
of which would have had relatively small uncertaintydnThus the  previous work, at high particle deposition rate, two regimes
stated uncertainties arise from the reproducibility of the roughnessyf robustly reproducible characteristic roughness appeared

despite changes in cell length, cell width, and fluid viscosity,

mum of particles near the wall. When several typical runswith clear correlations between visible backflow patterns in
were averaged, we obtained the structure shown in K&. 3 the fluid and long-length-scale roughness of the developing
Averaged datdshown in Fig. 3b)] for the present experi- interface. In the present work the deposition rate is varied
ment do not exhibit such long-length-scale structures. Thever a wide range of values, all of which are small in com-
low-deposition-rate elimination of such structure correlatesparison to those typical of the closed-cell work. At the lower
with the lack of observable backflow at these low depositiorend of these new deposition rates, the interface roughness at
rates. The new design of the open cell, in dramatically desmall length scales is again the same as previously seen, and
creasing the deposition rate, has thus been successful in sighove an~1-cm crossover lengttconsistent with all previ-
nificantly decreasing the backflow and demonstrating a coneus resulty the interface is very smooth and distinctly dif-
current elimination of long-length-scale structures. ferent from the closed-cell results. At the higher, but still

Ideally, one could hope to increase the particle depositiofow, deposition rates of the present experiment, apparently
rate beyond 40 particles/sec either until the interfacial patrandom particle correlations become visible in the fluid and
terns matched those seen in the closed-cell experiment @it the long length scales of the growing interface. The abrupt
until the deposition rates exceeded those of the closed-cejtansition in this long-length-scale roughness appears to de-
experiments. However, as the deposition rate was increasgmnd on the dynamics of breaking surface tension as particles
beyond 40 particles/sec we encountered a new phenomenare added to the cell and thus not to indicate universal sig-
In this regime, the particles formed spatial correlations asificance to its onset deposition rate, but its appearance does
they hesitated to overcome the surface tension at the top &frengthen the other suggestions that the roughness observed
the cell and settled with such spatial correlations in evidencein sedimentation at long length scales depends sensitively on
Thus there was an abrupt dynamical transition to flows moreletails of the hydrodynamic interactions while the small-
like those seen in the closed-cell experiments. At these reldength-scale regimes of roughness may arise from universal
tively low deposition rates of 40—70 patrticles/sec, howeverconsiderations.
backflows in the fluid appeared at apparently random posi-
tions rgther than at the cell-size-related positions seen at the ACKNOWLEDGMENT
very high deposition rates of our closed-cell experiments.

We summarize our results as follows: we have added a set This work was supported by the U.S. Department of En-
of tests to the previous controls we had placed on growth oérgy, Grant No. DE-FG02-84ER45131.

deposition rate (particles/sec)

[1] T. Vicsek, Fractal Growth Phenomen@Vorld Scientific, Sin- [3] M. Kardar, G. Parisi, and Y.-C. Zhang, Phys. Rev. Lé#,
gapore, 199p 889(1986.

[2] S. F. Edwards and D. R. Wilkinson, Proc. R. Soc. London, Ser. [4] F. Family and T. Vicsek, J. Phys. 28, L75 (1985.
A 381, 17 (1982. [5] P. Meakin, P. Ramanlal, L. M. Sander, and R. C. Ball, Phys.



56 DEPOSITION-RATE EFFECTS ON ROUGH SURFAGE . . 5771

Rev. A 34, 5091(1986. [29] D. A. Huse, J. G. Amar, and F. Family, Phys. Rev4& 7075
[6] F. Family, J. Phys. AL9, L441 (1986. (1990.
[7] M. Plischke, Z. Raz, and D. Liu, Phys. Rev. B5, 3485 [30] T. Halpin-Healy and A. Assdah, Phys. Rev. 46, 3527
(1987). (1992.
[8] P. Meakin and R. Jullien, J. Phy@ari9 48, 1651 (1987). [31] P. Meakin and J. Krug, Phys. Rev. 46, 3390(1992.

[32] D. A. Kessler, H. Levine, and L. M. Sander, Phys. Rev. Lett.
69, 100(1992.
{33] V. K. Horvath, F. Family, and T. Vicsek, Phys. Rev. L&,

[9] R. Jullien and P. Meakin, Europhys. Left.1385(1987.
[10] R. Baiod, D. Kessler, P. Ramanlal, L. M. Sander, and R. Savit

Phys. Rev. A38, 3672(1988. 3207(199)).
[11] R. Jullien and P. Meakin, J. PhyS. 22, L1115 (1989. [34] J. G. Amar, P.-M. Lam, and F. Family, Phys. Rev43, 4548
[12] J. M. Kim and J. M. Kosterlitz, Phys. Rev. Let$2, 2289 (1997).
(1989. [35] A. Mehta, J. M. Luck, and R. J. Needs, Phys. Re\6E 92
[13] J. Kerfesz and D. E. Wolf, Phys. Rev. Le2, 2571(1989. (1996.
[14] J. G. Amar and F. Family, Phys. Rev. Ledt, 543 (1990. [36] R. H. Davis and A. Acrivos, Annu. Rev. Fluid Mechz, 91
[15] D. E. Wolf and J. Villain, Europhys. Letil3, 389 (1990. (1985.
[16] L. Golubovic and R. Bruinsma, Phys. Rev. Le®6, 321 [37] F. M. Auzerais, R. Jackson, and W. B. Russel, J. Fluid Mech.
(1992. [38] igﬁ 437(I1982.H B Low R lds Number Hydrod
. Happel and H. Breunet,ow Reynolds Number Hydrody-
[17] (Sl.gggs Sarma and P. Tamborenea, Phys. Rev. 66tt325 namics(Prentice-Hall, Englewood Cliffs, NJ, 1955
' [39] G. K. Batchelor, J. Fluid Mechl19, 379(1982.
[18] J. Krug. and H. Spohn, Phys. Rev.38, 4271(1988. [40] W. B. Russel, J. RheoR4, 287 (1980).
[19] E. Medina, T. Hwa, M. Kardar, and Y.-C. Zhang, PhyS. Rev. A [41] P. Mazur and W. Van Saarlos, PhyS|ca1A5 21 (1982
39, 3053(1989. [42] W. Van Saarlos and P. Mazur, Physical®0, 77 (1983.
[20] T. Sun, H. Guo, and M. Grant, Phys. Rev48, 6763(1989. [43] J. F. Brady and G. Bossis, Annu. Rev. Fluid Me&®, 111
[21] J. G. Amar and F. Family, Phys. Rev.44, 3399(1990. (1988.
[22] T. Hwa, M. Kardar, and M. Paczuski, Phys. Rev. Lé8, 441 [44] J. M. Crowley, Phys. Fluid49, 1296(1976.
(1991. [45] J. M. Crowley, Phys. Fluid&0, 339 (1977).
[23] Y.-C. Zhang, J. PhygParig 51, 2129(1990. [46] G. K. Batchelor and R. W. Janse van Rensburg, J. Fluid Mech.
[24] N. Martys, M. Cieplak, and M. O. Robbins, Phys. Rev. Lett. 166, 379(1986.
66, 1058(199). [47] B. Cichocki and B. U. Felderhof, Physica 64, 213(1989.
[25] H. Yan, D. Kessler, and L. M. Sander, Phys. Rev. L&#.926 [48] J. C. Bacri, C. Frenois, M. Hoyos, R. Perzynski, N. Rakoto-
(1990. malala, and D. Salin, Europhys. Left. 123(1986.
[26] P. Devillard and H. E. Stanley, Physical%s0, 298 (1989. [49] J. F. Brady and L. J. Durlofsky, Phys. Flui8g, 717 (1988.
[27] C.-H. Lam, L. M. Sander, and D. W. Wolf, Phys. Rev.48, [50] M. L. Kurnaz, K. V. McCloud, and J. V. Maher, Fractals
R6128(1992. 1008(1993.

[28] S. V. Buldyrev, S. Havlin, J. Kersz, H. E. Stanley, and T. [51] M. L. Kurnaz and J. V. Maher, Phys. Rev.33, 978(1996.
Vicsek, Phys. Rev. A3, 7113(1991. [52] D. Bideau(private communication



