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Simulation of particle deposition beneath Faraday waves in thin liquid films

J. R. Saylor® and A. L. Kinard
Department of Mechanical Engineering, Clemson University, Clemson, South Carolina 29634

(Received 28 May 2004; accepted 1 February 2005; published online 31 March 2005

Simulations are presented of particle deposition beneath shallow, standing capillary waves. The
standing waves occur on the surface of a thin liquid film. The film is sufficiently thin such that the
wave motion affects the trajectories of the settling particles. The simulations reveal that particles of
all size tend to accumulate at specific nodal regions beneath the waves, and that there is an optimal
particle diameter for which this accumulation is maximized. The diameter at which this maximal
accumulation occurs is a function of the wave field, the fluid thickness, the particle density, and the
fluid properties. The accumulation is quantified by the standard deviation of the final location of the
settling particles and plots are presented of this standard deviation as a function of particle diameter.
Previous experimental work has shown that this method can be implemented by generating standing
Faraday waves on the surface of thin films of a liquid/particulate mixture. The present work shows
how these films can be tailored via the particle diameter, liquid thickness, and wavelength. Some
aspects relevant to the practical implementation of the method are also discuse@b @merican
Institute of Physic§ DOI: 10.1063/1.1884111

I. INTRODUCTION presented in Wright and SaylbiThis is a synthesis of the
equations initially developed by MictfeLin et al.® and
Standing waves create a velocity field beneath the wateKoda?
surface that can influence the motion of settling particles.
Because the velocity field decays rapidly with depth, it has &. The velocity field beneath a standing wave

minimal effect on the pattern of particulate deposition on the A second-order potential flow solution for the velocity

bottom_ boundary when the water is de@pe., the water field (u,v) beneath finite depth standing waves, was devel-
depth is greater than a few wavelengthdowever for the oped by Miché

shallow wave case the wave motion affects significantly the
velocity field at locations ranging from the liquid surface all
the way to the bottom boundary. At the bottom boundary, the y ) = Zhbw cogax)cogbt)

existence of a no-slip boundary condition combined with the sinh(aH)

oscillatory wave motion results in oscillatory boundary lay- 3 h2a

ers which have a significant effect on the ultimate location of + ————— cosHh2a(H - y)]sin(2ax)sin(2bt),
. . 2 sintf(aH)

settling particles.
In our earlier work we presented the equations for the (1)

oscillatory boundary layers for shallow standing waves

showing that settling particles should collect at specific ac- )

cumulation points. We then presented experiments where v(X,Y) :—Zhbw sin(ax)cogbt)

standing capillary waves were created on thin liquid films in sinh(aH)

the form of Faraday waves. The wavelength and film thick- 3 R

ness were both about a millimeter. Talc particles suspended + EW(&IH)

in this thin liquid film deposited in a pattern that mirrored the

standing wave field, demonstrating that this method can be (2

applied in practice to create patterned, particulate films,

which we referred to as “Faraday films.” A simple simulation whereH is the thickness of the liquid layerhds the wave

of the particle deposition was presented in that earlier workamplitude,x is the lateral dimension, is the wavelength,

Herein we present a more sophisticated and detailed simul@&=27/\, 7 is the wave periodpb=27/7, andy=-z is the

tion of the particle deposition showing the effect of particle distance from the flat water surface into the flgydis posi-

diameter and liquid film thickness. Water is the working fluid tive in the downward direction Equations(1) and (2) pro-

in all simulations. vide accurate velocities away from the bottom boundary.
A recapitulation is now presented of the equations deHowever, because they are potential flow solutions, they fail

scribing the velocity field beneath shallow capillary waves,to predict the existence of boundary layers near the bottom

boundary. Linet al? developed a solution for the-direction

JAuthor to whom correspondence should be addressed. Electronic maiVeIOCit_y ﬁ_elq in thes_e boundary layers using Miche’s second-
jrsaylor@ces.clemson.edu order inviscid solutiohand the work of Nodé,

sini{ 2a(H - y)Jcoq2ax)sin(2bt),
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Hereuyy, is the maximum velocitythe velocity outside the
boundary layer,

2bh

- sinhaH)’ @

Usm

d is the Stokes characteristic length,

2v
=% @

v is the kinematic viscosity and is the distance from the
bottom boundarynote that in Eq(3) the sense ot is op-
posite that used in Eq$l) and (2)]. Equation(3) provides
the oscillating boundary layer profile versusz) at different
lateral points beneath the wave.

8 sin(aH)

3

ible in Fig. 2 due to overlapping during the course of a single
wave cyclg. Note that in Fig. 1 the profiles exhibit a slight
leftward asymmetry, in Fig. 2 the profiles are symmetric
about the vertical axis, and in Fig. 3 they exhibit a slight
rightward asymmetry. Thex locations which exhibit an
asymmetric set of boundary layer profiles are locations
where there is a net horizontal flow of fluid over an integral
number of wave cycles in the thin liquid film. Figure 4 pre-
sents this net flow as a function efThe values presented in
this figure were obtained by integrating the boundary layer
profiles over one wave period. In the computations used to
create Figs. 1-4, the working fluid was water and the param-
eters were A=5 mm, the fluid thickness was 0X%55
(2.75 mm), and the wave amplitude was/10 (0.5 mm).
Note that these numbers differ slightly from the work of

Boundary layer profiles are presented in Figs. 1-3 foWright and Saylof, where the fluid thickness was 2.5 mm.

X=\/8,\/2, and A/8, respectively. In each figure, 40 pro-

files are plotted over the entire wave cyétly 20 are vis-

Figure 4 shows that there are regions beneath the wave
where the net flow results in a collection point. For example,
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FIG. 2. Boundary layer profiles at
=\/2 plotted over a single wave
period.
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atx=\/2, the flow is negative to the right of this point and experiments presented in Wright and Sayleonfirmed the
positive to the left of this point, indicating that a particle in existence of the aforementioned accumulation points. This
this locale would migrate toward/2 as it settled. In contrast work indicated that settling particles deposited in patterned
at locations such as=\/4, the flow is negative to the left of films where the two-dimensional pattern of collection points
this point and positive to the right of this point, which would mimicked the standing wave fielFaraday waves in this
cause particles to be swept outward from this point. Thecase that existed on the liquid surface. A sample image of

10 T T T T T T T

z/3
(9]
T

E FIG. 3. Boundary layer profiles at
=7\/8 plotted over a single wave
period.
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such a pattern is presented in Fig. 5. This image of the driedreat promise to a variety of appIicatio‘ﬁéAn ability to
particulate film appears very much like the Faraday waveattain better control over the quality of Faraday films like
field that produced it. those presented in Fig. 5 may enable the development of

The ability to create patterned particulate films is impor-nanoparticulate films. Deposition of particulate photonic ma-
tant in several fields. One area is the generation of templat@grials in regular patterns is critical to the development of flat
for the development of scaffolds in tissue engineering, Wher@ane| displays and other display technologies providing yet
these scaffolds serve as a support structure during tissUgother application of the Faraday films described hétein.
growth.” The Faraday films described here may be used tginally, the characterization of potential catalytic materials
create such scaffolds via the repetitive deposition of thesgequires the controlled deposition of particles in a structured
particulate films. Another application of Faraday films is in pattern which may be achieved using Faraday ffims.
nanoscience where the manipulation of nanoparticles shows

B. Control of particulate films

The patterns generated in Faraday films can be con-
trolled in several ways. First, the resulting particulate pattern
mirrors the standing wave field, and the wavelength of the
particulate pattern can be changed simply by changing the
wavelength of the Faraday waves excited on the liquid sur-
face. This can be done by varying the excitation frequency,
providing a very simple means of controlling the particulate
pattern scale. Even finer control of the particulate pattern
may also be attainable. A particle settling through the oscil-
latory boundary layers shown in Figs. 1-3 will experience a
fall path, or trajectory, that depends on its initialocation,
diameter, density, the wave field and the liquid film thick-
ness. For example, Fig. 6 shows how the net flow can be
varied with the fluid thicknes&ll other variables being held
constankt This plot indicates that for constant wave ampli-
tude, the magnitude of the net flow decreases as the fluid
thickness increases. Since this flow determines, partially, the
FIG. 5. Sample image of a particulate film created when talc particlesjng| |gcation of the particles, the fluid thickness can be used
settled in a thin film of water having a standing field of Faraday waves on its . . ..
surface. The talc covered region is 222 mn? in extent. Obtained from &S @ tuning parameter to adjust the characteristics of the re-
Wright and SayloRef. 1). sulting particulate film. Another way in which the particulate
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FIG. 6. Plots of the net flow vg lo-
cation for a range of fluid thickness.
The symbols presented in the legend
are the thickness of the liquid film.
The integration used to obtain the net
flow is the same as that described in
Fig. 4.
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film characteristics can be tailored is by changing the particléghese simulations are then presented. Parameters which are
diameter. As the particle diameter increases, the degree t@ried in these simulations are particle diameter and film
which it follows the oscillatory flow changes, causing par-thickness. The wavelengthis set to a fixed fraction of the
ticles of different diameter to settle in different locations, film thickness, so while. changes for each case, it is not an
even if they start at the same initial position. The ability toindependently varied parameter. The reason for keying film
tailor characteristics of the particulate film by changing thethickness to wavelength is that the fluid flow caused by the
thickness of the liquid film or the diameter of the settling standing waves is only significant near the bottom boundary
particles has not been addressed and is the subject of thehen the liquid thickness is comparable to the wavelength.
present work. Having liquid thicknesses several in extent would have
Patterning particulate films as the particle size gets veryninimal effect on particulate deposition.
small raises a problem concerning the ability of the particles
to settle. The particles used in creating the sample film pre-
sented in Fig. 5, were relatively large talc particles that; comMPUTATIONAL METHOD
settled quickly. Very small particles will not settle due to
gravitational forces alone in any reasonable period of time. To study the deposition behavior of particles beneath a
Accordingly, an alternative settling force must be imple-standing wave field, a set of initial locations was required for
mented, such as an electric field. In this scenario, the settlinthe particles considered. Because the net transport of par-
velocity would be controlled by the field strength. Normally, ticles is due to the asymmetries of the oscillatory boundary
when patrticles settle due to gravity, the time that a particldayers that are prominent near the bottom boundary, an array
would spend in the oscillatory boundary layer is determinedf particle initial conditions was located just outside of the
by the particle mass and diameter, which would determine itboundary layer region. Ninety particles were investigated,
terminal velocity. However, if the particles are forced to organized initially in a rectangular grid, as shown in Fig.
settle via a user-controlled velocity, the time that the particles(a).
spend in the oscillatory field is set by the user. In the work ~ Two particle types were considered. The first particle
presented herein, the particle settling rate is arbitrarily settype has a density twice that of water, which is the liquid
for each film thickness considered, so that all particles settlesed in all simulations. These are referred to as “SG2 par-
at the same rate, regardless of their diameter or density. Iticles” hereinafter since they have a specific gravity of two.
this way the effect of the oscillatory velocity field is sepa- A range of particle diameters were considered for the SG2
rated from the effect of terminal velocity which, as noted particles. The second particle type considered were massless
above, may be arbitrary. particles, i.e., particles that followed the flow perfectly and
In the following section the computational method usedsettled at the same rate as the SG2 particles. These massless
to simulate the deposition of particles is described. The traparticles show the limiting case of an actual particle as its
jectories of a set of particles are simulated, and the results ahass approaches zero. The goal of these simulations was to
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FIG. 7. Locations of massle$®) and SG2(O) particles.(a) Initial locations of particles(b) after 200 wave cycleggc) after 300 wave cycles, and) after
400 wave cycles. In this sample simulatiors 5 mm and the diameter of the SG2 particles was ARQ

show the effect of particle diameter on the deposition patterticles reside in the boundary layers, the greater the degree of

of SG2 particles. The massless particles are used as a basecumulation

line for comparison.

Since there are no inertial effects present for the mass-

As described in Sec. |, the settling velocity for all par- less particles, their positions were determined by a simple
ticles is artificially set so that all particles spend the samdorward differencing of the velocity field. Hence, tReandy
amount of time in the oscillatory boundary layer. Hence, thdocations of the massless particles,,y,) were determined
time required for the particle to “fall” to the solid substrate is by
not determined by the particle mass and diameter as would
normally be the case. In _this way we separate out the sett_ling Xt + At) = X (1) + U(Xp Vi) At
time effect on the resulting deposition pattern. The settling
speed was set so that the upper layer of particles fell to the
solid substrate in 400 wave cycles. Since the upper layer qud
particles was located at=4.255, the settling speed was

_4.255
"~ 4007

()

Ym(t + At) = Y () + vg(Xm, Ym) AL, (8)

Us (6)

whereu is determined from Eq.3) andvg from Eq.(6). For
The choice of 400 cycles was made based on a trade-ofhe SG2 particles, the particle positiofs,,y,) were deter-
between computational efficiency and permitting a signifi-mined as follows. First the drag on the particle was com-

cant amount of particle accumulatidthe longer the par- puted according to
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Fa(Xp,Yp) = %pCdA|UA|UA. 9 Simulation of the above equations provides an accurate

trajectory of the particle paths, assuming that the forces act-

where u, is the difference between the particle and fluiding on the particles are due solely to drag from the surround-
velocities, ing fluid. It is implicitly assumed that other influences do not

Us(Xp,Yp) = U(Xp,Yp) = Up(Xps V), (10)  occur, such as particlel-lparticle interaqtions,'investigated, for
example, by Vothet al.”~ Hence, the simulations presented

up is thex component of the particle velocity is the fluid  here may not be accurate in high-concentration slurries. Also

velocity according to Eq(3), andA is the projected area of jgnored are shear induced particle motion such as that inves-

the spherical particleCy is defined a¥ tigated by Ecksteiret al? and Leighton and Acrivo§*°
24 6 This is left for future work.
Cq 0.4, (11 For all of the simulations presented here, the wave am-

=+ ——+
Re (1+VRe plitude was B=0.1\, the liquid thickness wald =0.55\, and

where Re is the Reynolds number based on the particle dthe liquid was water. A characteristic velocity can be com-

ameter: puted as Bf wheref is the wave frequency, computed from
q the shallow water limit of the dispersion relationship for cap-
Re =% (12)  illary waves,
14
. . . . . 27 [yH

Equation(11) is valid for 0<Re<2X 1(°. The x-direction f=—F+/— (17)
SG2 particle acceleratioa, was then computed according to A P

ap(Xp Yp) = Fa(Xp, Yp)/my, (13 whereH is the liquid layer thicknessy is the liquid surface

wherem, is the mass of the particle. The SG2 particle Ve_Fensmn, and s the wave frequency. Using this character-

. . . istic velocity, a value for Re can be computed for each of the
locity u, and positiorx, were updated by forward differenc- . . :
ing according to particle diameters computed. This yalue _of Re was less than
2 10 for all wavelengths and particle diameters presented
Up(t + At) = uy(t) + ap(Xp,yp) At (14) here. Hence, Eq11) is valid for the results presented herein.
Smaller particle diameters required smaller valueaof
to maintain computational stability. The range &f was
Xt + At) = Xp(t) + Up(Xp, Yp) At. (15  7/100 000< At< 7/750. The appropriate value was deter-
They locations of the SG2 particles are determined as forthénlnecj k_)y convergence plots, an _example O.f. which IS pre-
. Sented in Fig. 8 which shows the final deposition location of
massless particles, namely, : . ' .
a particle as a function of the number of iterations per wave

Yp(t+ At = yu(t) + vy(X, Yp)At. (16) period. For this particular particle diamete=100 «m) and

and
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FIG. 9. Standard deviatiorr/\ vs
SG2 particle diameter. The standard
deviation is computed using thelo-
cations of those particles lying closest
tox/A=0.5. Each plot is for a different
wavelength: ©- A=5um, -X- X\
=50 um, -*- A=500um, and -+- \

=5 mm. The horizontal dashed line is
the standard deviation of the massless
particles,a/A=0.082 141.

/A

004 el C o nnl vl vl el o nanl vl vl

10 10
d (m)

wavelength(A=5 mm) combination, the result approaches the particle group about the accumulation point. To facilitate
an asymptotic value at about 1000 iterations per period focomparison among cases, the standard deviation was scaled

both the massless and SG2 particles. to the wavelength, i.eg/\. Since the particles migrate to-
ward a final location at either of the three accumulation
Ill. RESULTS points in the domainx/\=0, 0.5 or 1.0, each of which be-

An example simulation is presented in FiggaZ7(d) haves the_same as the (_)ther, only the standard deviation of
those particle accumulating about one of these nodes needs

showing the locations of 90 massless particles and 90 S Zn ted. The standard deviati ted usi
particles as they travel vertically downward through the os-0 D€ computed. The standard deviation was computed using

cillating boundary layers. The initial locations of both sets of®"Y those particles closest igA=0.5. Plots ofo/) versus
particles are identical, as indicated in Figa)7 The positions J '€ presented in Fig. 9 for the four different wavelengths
of these particles after 200, 300, and 400 wave cycles ariat were simulatedh =5 um, 50 um, 500um, and 5 mm,
presented in Figs.(B)—7(d), respectively. In this simulation which correspond to liquid layer thicknesses &
the wavelength is 5 mm, the fluid thickness is 2.75 mm, and" 272 #M, 27.5um, 275um, and 2.75 mm. Note that, as
the diameter of the SG2 particles ds=170 um. The SG2 described above, the fluid .th|ckness was seHto0.55\.
particles follow a different path than the massless particlesBecause the massless particles cluster in the same way re-
clustering closer together at the accumulation points. As wildardless of the SG2 particle characteristics, the value/af
be shown below, this behavior changes with the diameter diéMains constant for them. The horizontal line in Fig. 9 is
the SG2 particles and with the liquid layer thickness. Note?/\ for the massless particles which does not change with
that the domain presented in Fig. 7 and subsequent figuréhe plots presented in Fig. 9 display a global minimum, the
which show particle locations, is a very small fraction of the Significance of which is discussed below. To the right of this
total liquid layer thickness; it is this region where the bound-minimum, the particle diameters eventually extend into a
ary layer profiles presented in Figs. 1-3 show significanfionphysical region, i.e., a region where the particle diameter
changes with depth and have a significant effect on partici@xceeds the liquid film thickness. The plots are extended into
deposition. this region solely to illustrate the limiting infinite diameter
As noted in Sec. Il, the settling velocities of the SG2 behavior.
particles and the massless particles are forced to be the same. Figure 9 reveals several important characteristics of par-
Figure 7d) reveals that, in spite of this, the final locations of ticle settling. First consider the behavior of very small and
the massless particles and the SG2 particles differ due to theery large particles. Using the=5 um plot as an example,
effect of inertia on the SG2 particles. For the case presentefgr small particle diameter&d— 108 m), the values ofr/\
in Fig. 7(d), the SG2 particles cluster closer together than thdor the SG2 particles and massless particles are identical.
massless particles. To quantify the degree of clustering, th&his is expected, since the SG2 particles are themselves ap-
standard deviatiomr was computed for both groups of par- proaching massless behavior. For large diametéais
ticles. Hereo is the standard deviation of thelocations of — 1072 the oscillatory boundary layers have a smaller and
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smaller effect on the particle trajectory until the particles fallfiles, and also to the fact that the motion of a finite mass
straight down and display a value of A independent ofl. particle is driven by the drag force which is proportional to
This only occurs in a nonphysical regime whetés larger  the square ofi, [Eq. (9)]. Hence, the fact that the velocity is
than the liquid film thickness. Therefore, for all practical larger in the forward direction than the reverse direcfiimn
purposes, the oscillatory boundary layers have some finitexamplé has a magnified effect on the net rightward motion
effect on the particle deposition locations for all diameters, abf an SG2 particle when compared to a massless particle.
least for a particle having a specific gravity of 2.0, as con-This idea is further illustrated in Fig. 12 where the results of
sidered here. a simple simulation are presented showing the net motion of
Another important characteristic of Fig. 9 is the exis-an SG2 particle in a one-dimensional oscillatory flow where
tence of two local minima in each of the four plots. The for the first part of the oscillation cycle the velocity is set to
global minimum appears to be of equal magnitude for all+1 m/s for 1 s and then set to —0.01 m/s for 100 s in the
four \ considered. The existence of a global minimum indi-second part of the oscillation. The net fluid motion is zero,
cates that settling particles are maximally clumped togethefience a massless particle experiences no net displacement
by the velocity field when the particle diameter is at neitherfor an integral number of cycles. Figure 12 shows the net
its largest or smallest value, but rather at an intermediat@isplacement of an SG2 particle for 10 oscillation cycles as a
value of d. The other local minimum appears to be morefunction of the diameter. This displacement increases with
pronounced as\ increases, however, this minimum is of diameter when the diameters are small. The net displacement
purely academic interest since the diameter at which it ochegins to decrease around a diameter of 1 m due to the dif-
curs is in the region where the diameters are nonphyéical ficulty in accelerating such a large mass in the fixed amount
diameters are comparable to or larger than the film thickof time provided by 10 oscillation cycles. The net motion for
ness. a particle having the specific gravity of go{d9.3 is also
Finally, all four of thea/\ versusd plots are very simi- presentedgold particles are frequently used in nanoparticle
lar in appearance and it seems that by scatinth some research
value, all four would overlap. Such a scaling is not achieved  |n Figs. 11d) and 11e) the SG2 particle trajectories be-
using\, however, since the location of the global minimum gin to get closer to those of the massless particles again. This
shifts by less than a factor of 10 when moving from plot tojs due to two factors. First, as the particle mass gets larger,
plot, while A changes by exactly 10. To ascertain the simi-the trajectory moves away from the curved path of Figs.
larity of all four plots, the diameted,;, at which the global  11(b) and 11c) and more toward a straight vertical path. This
minimum occurred in each plot was used to schfer each s even more true in fram@). A second factor has to do with
plot. Figure 10Qa) presentsdy, plotted against\. Figure g3 detail of the asymmetric velocity profiles. Referring to Fig.
10(b) presents the data from Fig. 9 replotted witscaled to 3, for example, the velocity profile shows a net rightward
dmin- As the figure illustrates, the data collapse quite well,asymmetry. However careful observation reveals that this is

with only small deviations observed at larde in fact true forz/6=1. For z/ <1 there is a very slight
leftward asymmetry. This will contribute to forcing the SG2
IV. DISCUSSION particles to curve back toward the path of the massless par-
ticles for smallz/ 8. This is seen in Figs. 1d) and 11e).
A more detailed picture of what causes the\ behavior The above explanation of the particle trajectory behavior

presented in Figs. 9 and 10 can be obtained using particlis necessarily imperfect in providing an intuitive feel for the
trajectories. Sample trajectories of particles were stored duiparticle behavior. The path taken by these particles is a com-
ing the settling process and are plotted in Fig. 11. In each oplicated function of the mass and diameter of the particle and
Figs. 11a)-11(f) a different SG2 particle diameter is consid- the complicated velocity profiles which vary with y and
ered, ranging from 1@&m to 1 cm. The trajectories of the time.
massless particles are, as expected, identical for each frame. The deposition results presented here are all one-
Note that framesge) and (f) present trajectories for a 1 mm dimensional while the actual Faraday film patterns created
and a 1 cm particle, which are nonphysical results since thby the process described here are two-dimensional in nature
film thickness is only 2.75 mm. They are included to illus- (e.g., Fig. 5. Extension of these results to two dimensions
trate the limiting case behavior. would require simulation of two components of the oscillat-
Figure 11a) shows patrticle trajectories that are identical ing boundary layer velocities, rather than just the one com-
for both the SG2 and massless particles. Hence, for an SGibnent. Hence, extension of tlhiedirection boundary layer
particle having a diameter of 10m, the particle behaves as equation of Linet al® [Eq. (3)] would be necessary. One-
if it has no inertia and follows the flow perfectly; the trajec- dimensional simulations were performed to avoid the addi-
tories and final locations coincide for both particle types. Thetional complexity and computational time necessary to ob-
trajectories show a general sweeping of the particles towarthin two-dimensional results. The one-dimensional results
the accumulation points as they fall, which is caused by theresented here, however, are useful in that they show the
asymmetries in the velocity profiles described earlier. Insame qualitative behavior that would exist for the two-
frames(b) and(c), the SG2 particles deviate from the mass-dimensional case. If one imagines concentration profiles cor-
less particle trajectories, and are swept closer to the center oésponding to line sections through the image presented in
the accumulation points than the massless particles. This b&ig. 5, one can see that the accumulation patterns for the
havior is due, again, to the asymmetries in the velocity protwo-dimensional case would be much like that presented in
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10 FIG. 10. (a) Plot of the diameter at
A (m) which a global minimum ins/\ is ob-

(b)

servedd,,, plotted againsh. (b) o/\
from Fig. 9 replotted againsd/d,,.
Symbols are the same as in Fig. 9.
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Fig. 7, with each successive line section modulated in intenlength, as described in Sec. (thickness,H=0.55\; ampli-

sity. tude Zh=0.1\). This was done to provide a clear view of
This paper focuses primarily on the performance of thishow the particle deposition behavior was affected by the

method as determined by such fluid mechanical characterisnain length scale of the system. In a practical application of

tics as liquid film thickness, particle diameter, etc. Actualthis method to micron-scale patterns, adhering to these val-

implementation of the method requires attention to certairues of liquid thickness and wave amplitude becomes unreal-

practicalities that go beyond the scope of this work, but arastic, however. Table | presents the values of wave frequency,

explored in a preliminary fashion below. amplitude and fluid thickness that correspond to each of the
Four different wavelengths were explored in this work: four values of\ considered in this work showing that MHz

5 um, 50 um, 500 um, and 5 mm. The liquid film thickness frequencies are needed to achieve micron scale patterns.

and wave amplitude were set to fixed fractions of this waveWhile MHz frequencies have been used to generate Faraday
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FIG. 11. Trajectories of massle&®) and SG2O) particles in a water film having a thickness of 2.75 mm and a wavelength of 5 mm. Each frame shows the
positions of the particles in the process of falling toward the surface. Each frame differs only in the diameter of the SG2(gatticiem, (b) 50 um, (c)
170 um, (d) 500 um, (e) 1 mm, (f) 1 cm. Framege) and(f) present results for a nonphysical particle diameter, but are shown to illustrate limiting behavior.

waves(e.g., Eisenmenggr), such frequencies result in ac- does not create a significant oscillatory boundary layer near
celerations that are unrealistic if the wave amplitude is fixedhe solid substrate, unless the liquid layer thickness is also
to a value of 0.4. This can be ameliorated by reducing the reduced. Hence, in order to practically realize the patterning
wave amplitude, but then one risks creating a wave field thadf particles at the micron scale using this method, one would
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require wave amplitudes and liquid layer thicknesses thatare | = \|pt (19

significantly smaller than those used in the simulations pre-
sented here.

One of the practical applications of this work, mentionedis apout 2um under these conditions for a time interval of
earlier, is the patterning of nanoparticles, which present somgne second. This would blur a Faraday film pattern created,
challenges. One of these is Brownian motion. When dealing,, example, using Sum Faraday waves to pattern 100 nm
with nanoscale particles, the spreading of particles due t9icles. However, it is possible to create these films in a
Brownian motion can potentially blur any pattern, such asjme period significantly less than one second. Again, for the
one formed using the method described here. In liquids, Weaqe of 5,,m Faraday waves, the liquid thickness used in the
can apprpan_ate Brovymangmotlon of nanoscale particles “Sf)resent simulations was only 2.76n (see Table ) and
ing the diffusion coefficient; could be smaller. Forcing the particles to settle in a time

period significantly less than one second could be achieved
=£ (18) without requiring large settling velocities. For example, in
3mud’ these simulations the settling velocity was set according to
Eqg. (6) giving vs=0.018 m/s for thev.=5 um case. Accord-
wherek is the Boltzmann constant, is temperaturey is the  ingly, the settling time would only be 0.15 ms ahdfrom
absolute viscosity of the liquid film, andlis the diameter of Eq. (19) would only be 0.3 nm foD=4.4x 1012 m?/s, re-
the particle. Using water as the liquid and considering a parsulting in negligible blurring of a Faraday film comprised of
ticle having a diameter of 100 nm, one obtaiBs=4.4 100 nm particles. Of course further Brownian motion could
X 10'2m?/s at T=300 K. The characteristic diffusion occur once the particles were deposited, but adhesion of the
length particle to the substrate due, for example, to electrostatic
attraction could be used to prevent this.
As the particle diameter becomes smaller, Brownian mo-

TABLE |. Parameters used in simulations. From left to right, Wavelength,tlon becomes progressively more important and will eventu-

frequency, liquid thickness, and wave amplitude. ally prevent the use of this method. Hence Brownian motion
will serve to set the minimum diameter particle which could
A (um) f (H2) H (um) 2h (um) be used in this method for a given A measure of this
5000 11 2750 275 mlnlmum_dlam(_eteldrmn for the condltlons con&dergd in the
500 3540 275 275 current smulaﬁpns can be obtained by settirrgh in Eg.
50 111x 1P 275 275 (19). By combining Egs(5), (6), (18), and(19), and solving
5 8.67% 10P 275 0275 for d, one obtains the diameter at which Brownian motion

results in a diffusion length comparable to the pattern scale,
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TABLE Il. Values ofd,,, for the four wavelengths considered in the current /. CONCLUSION

work. . . . .

Computational simulations were presented of particle

A (um) i (NM) deposition beneath shallow, standing capillary waves. The
simulations showed that the characteristics of the pattern cre-

5000 0.000 77 ated by particles settling in thin liquid films can be controlled

500 0.0013 by the particle diameter, the particle density, the wavelength,

50 0.002 and the liquid film thickness. It was shown that an optimal

5 0.003 particle diameter exists for a given liquid thickness and

wavelength for which the accumulation of particles is maxi-
mized in the final particulate pattern. The accumulation of
these particles was quantified by the standard deviation of
thereby insuring complete blurring of the pattern. The resultthe final particle locations about the accumulation points.

ing equation is This standard deviation was plotted against particle diameter,
showing a minimum value. These plots showed similar be-

(0.55(400 kT \/? havior and were easily scaled to overlap with each other.

Ornin = 425 3mu\ s (200 This method has been implemented by creating a Faraday

wave field on the surface of a thin liquid/particulate
; 1
Table Il presents the values df,, obtained using Eq(20) ~ Mixture: The present work shows that there are many ways

for the four cases considered herein using water as the quuiEP control the characteristics of the particulate films obtained
and a temperature of 300 K. from this method. Some complications associated with the

Another practical problem associated with applying thisPractical implementation of this method were discussed.

method to nanoparticles is that a charged field would be "1, L Wright and J. R. Savior. “The pattermning of particulate fi _
. . iy - . H. Wright and J. R. Saylor, “The patterning of particulate films using

quired in qrder to for_c_e deposm_on. In order fqr the field to Faraday waves,” Rev. Sci. Instrurii4, 4063 (2003.

cause particle deposition, charging of the particles would bew. miche, “Mouvements ondulatoires de la mer en profondeur constante

required. This can be achieved via a variety of methods, ou décroissante,” Ann. Ponts Chaussdd, 25 (1944).

however, obtaining the same charge for all particles is diffi- C- Lin. D. S. Jeng, and C. N. Jeng, “An experimental study on the flow
It. Hence. even for a monodisperse distribution of particle characteristics of a standing wave: Application of FLDV measurements,

cult. , . perse distr Tp Ocean Eng.29, 1265(2002.

diameters and uniform shapes, variations in charging would*H. Noda, “A study on mass transport in boundary layers in standing

result in a distribution of settling rates. The consequence of waves,” inProceedings of the 11th International Conference on Coastal

his woul lurrin f the Far film . For Engineering (LondonJASCE, Washington, DC, 1968pp. 227-247.
this would be a blu g of the Fa aday patte 0 °K. F. Leong, C. M. Cheah, and C. K. Chura, “Solid freeform fabrication of

e>§a.mple, '_f one were to Sele_Ct a partlclg diameter that 'glve'S Athree-dimensional scaffolds for engineering replacement tissues and or-
minimum in the rms of particle spreading, as shown in Fig. gans,” Biomaterials24, 2363(2003.
9, for the expected settling rate and liquid film thickness, ®M. C. Roco, “Nanoparticles and nanotechnology research,” J. Nanopart.
ot ; ; ; ; Res. 1, 1 (1999.
‘\‘/arlatl(_)ns” in the aCtuaI. _SGttllng velocity WO_UId result in a M. C. Roco, “Towards a US national nanotechnology initiative,” J. Nano-
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