Coarsening of solid-liquid mixtures in a random acceleration field
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The effects of flow induced by a random acceleration figkitter) are considered in two related
situations that are of interest for microgravity fluid experiments: the random motion of isolated
buoyant particles, and diffusion driven coarsening of a solid-liquid mixture. We start by analyzing
in detail actual accelerometer data gathered during a recent microgravity mission, and obtain the
values of the parameters defining a previously introduced stochastic model of this acceleration field.
The diffusive motion of a single solid particle suspended in an incompressible fluid that is subjected
to such random accelerations is considered, and mean squared velocities and effective diffusion
coefficients are explicitly given. We next study the flow induced by an ensemble of such particles,
and show the existence of a hydrodynamically induced attraction between pairs of particles at
distances large compared with their radii, and repulsion at short distances. Finally, a mean field
analysis is used to estimate the effect of g-jitter on diffusion controlled coarsening of a solid-liquid
mixture. Corrections to classical coarsening rates due to the induced fluid motion are calculated, and
estimates are given for coarsening of Sn-rich particles in a Sn-Pb eutectic fluid, an experiment to be
conducted in microgravity in the near future. ®97 American Institute of Physics.
[S1070-663(197)00305-X

I. INTRODUCTION the residual acceleration field. Based on available accelerom-
eter data and their associated power spectra, it seems neces-
With recent frequent access to a microgravity environ-sary to distinguish between frequency components that can
ment, more attention is being paid to a precise characterizaze modeled as systematior deterministi¢, and thus traced
tion of the effective acceleration environment onboard spaceyzck to some mechanical device producing a periodic distur-
craft (g-jitter), as well as to the analysis of potential effects yance of known amplitude and frequency, and random com-
of such an environment on a number of experiments, COMponents arising from a number of independent sources with
pared to an ideal zero gravity sﬂqaﬂbﬁ‘. We study in this  \ariaple frequencies and intensities. We further note that
paper the motion induced on particles that are suspended §,ysical sources of accelerations contribute to the overall
an incompressible fluid by an externally imposed randomLotcceleration environment in two ways: directly, and indi-

gccglergtlon f'.GId' As. an extension, coarsening 9f a So“.dfectly by exciting some of the natural vibration modes of the
liquid mixture is considered, and the effects of g-jitter eSt"spacecraft

mated for the case of a Sn-Pb eutectic. This system will be Most of the studies to date have focused on a determin-

studied in microgravity in the near future. . o o -
o2 . . istic acceleration field modeled as a superposition of periodic
Whereas qualitative information on the residual accel—]c nctions of fixed amolitudes and frequendled Also
eration field onboard spacecraft has been available for somé tudies h P idered the eff qt f h' ' ,d .
time, it is only recently that a systematic effort has bee pome studies have considere € etiects of short and 1so-

made to collect long temporal sequences of acceleration d;[gted pulses. The appr9ach presented in this paper, on the
other hand, models g-jitter as a random process in 1.

over a fairly wide frequency rangé In the frequency range s o
we study (10— 10? Hz), the SAMS project now routinely We assume that the process obeys Gaussian statistics, con-

determines for each mission the three components of the réiSteént with the assumption that many independent sources

sidual acceleration field at selected points in the spacecraftontribute to the acceleration field, thus requiring the knowl-

This includes. in some cases. sensor heads at the same lo&8l9€ of only the first two statistical moments of the effective

tion where an experiment potentially susceptible to this kinccceleration fieldj(t). We choosgg)=0, where() denotes

of disturbances is being conducted. an ensemble average. In general, a nonzero average can be
From a theoretical point of view, the first issue to beincorporated into a steady component, ancbdefined to be

addressed concerns the introduction of a suitable model ghe deviation from the average. We do not consider here the

1336 Phys. Fluids 9 (5), May 1997 1070-6631/97/9(5)/1336/8/$10.00 © 1997 American Institute of Physics

Downloaded-22-Sep-2010-t0-161.116.168.227.-Redistribution-subject-to-AlP-license-or-copyright;-see=http://pof.aip.org/about/rights_and_permissions



effect of this component. To model the statistical behavior of
the second moment we chose a Gaussian process called nar-
row band noise, defined by the correlation function,

Cij(t—t")=(gi(t)g;(t"))

= j(g®e " cos (-1, (1)
(=)
whereg;(t) is any of the three components of the accelera- * Y
tion field, and(g?), 7, and Q are three constants which 10

characterize the process: its intensity, a correlation time, and
a characteristic angular frequency. A particular advantage of
this process is that it allows interpolation between two well
known limits: the white noise limit wher(lr—0 with
(g?)7=D finite, in which no frequency component is pre-
ferred, and monochromatic noise wh@m— o, (g?) finite,
in which each realization of the noise is a periodic function
Of ar_lgul_ar frequenc_ﬂ' In this case, the er_]se_mble_ refers to aF|G, 1. Power spectrum as a function of frequency averaged over a six hour
distribution of amplitudes and phases, with identical angulafterval during the SL-J mission. The curves shown correspond to spectra
frequency for each realization. Monochromatic noise is akircalculated over windows of sizéfrom top to bottom N=64, 512, 4096,
to the deterministic studies in Whidﬁ‘(t) is modeled by a and 32 768. The _amplitude of the peakfat17 Hz is independent df, ‘
periodic function, but still retains random values of the am_whereas_ the‘amphtude of the peaks at both 22 Hz gn(_j 44 Hz decreases with

. N. Also in this latter case, the shape of the peaks is independeéxt of
plitude and phase.

In Sec. I, we present a statistical analysis of a long time

series gathered by the SAMS team during the recent SL-J . h f th idual leration fiel
mission. A window of approximately six houtsampled at tain the steady component of the residual acceleration field

250 H2 is analyzed to determine the existence of determin-?crom the linear drift O_f a su_spended pa_rt|cle. N_Ot surpris-
it has proved difficult in actual microgravity condi-

istic and random components, and to calculate the values §f9Y: > Pre _ : :
the parameters needed to characterize both. A given timons to maintain a well defined alignment of the container

series can appear to be deterministic or stochastic dependitfyth respect to tlhe r(;zldual accheler?rtlon f'?ld'_,
on the range analyzed: If a random function is correlated  >ection lll also addresses the effects of g-jitter on coars-

over times of the order of, its time series will appear de- ening of a solid-liquid mixture. In principle, a random accel-

terministic when analyzed over time windoWs< 7, and ran- eration field may induce a random velocity field in the fluid

dom otherwise. In the case of the SAMS time series that wéhat may lead in turn to enhanced coalescence and solute

have analyzed, we find that there is a systematic or determir]i[ar,‘Sport’ and therefore inFroduce deviations from purely dif-
istic component of frequency 17 Hz. The rest of the spectru usion co_ntro!led coarsenlng._The _anaIyS|s f_ocu_ses on the
is comprised of a superposition of random components witts°!1d-liguid mixture Pb-Sn which will be studied in micro-
small correlation time, and a white noise backgrognih a gravity in the nea_r_future. We find _that g-jitter gffects are
correlation time no longer than the sampling period ofsmall for the (;ondltlons_of the experiment, and with the val-
1/250 3. We also find significant deviations from Gaussian-U€S ©f the noise found in Sec. Il.
ity, mainly in the larger amplitude impulses. It may be nec-
essary to introduce other stochastic models that are an
Gaussian to study these contributiogshot noise, for ex- ;
ample.

Section 11l considers the motion of a particle suspended The analysis described in this section is based on actual
in an incompressible fluid of different density, when the fluid g-jitter data collected during the SL-J missi®AMS-259
is subjected to the acceleration field described in Sec. Il. Ithat flew on September 13-20, 1993. We have focused on
the residual acceleration field is deterministic and periodicthe head A SAMS detector, and studied the series during the
the suspended particle performs an oscillatory motion, withime window MET 0017 to MET 0023, roughly a period of
both velocity and displacement bounded. If, on the othesix hours. All three Cartesian components of the residual
hand, the acceleration field is random, the mean squared vacceleration field have been included in the analysis. The
locity of the particle is bounded, but its mean squared dissampling frequency is 250 Hz. The data used was gathered
placement grows linearly in time. The effective diffusive co- continuously throughout the period mentioned, with auto-
efficient is given as a function of the parameters of the fluidmatic re-calibration of the sensor heads when nedded
and noise. In particular, we note that measurement of theections for the signal gain have been taken into account
mean squared displacement of a suspended patrticle in a maccording to the calibration data also gathered during the
crogravity environment would provide an independent datamission.
set from which one could infer the parameters that charac- We do not focus here on some basic statistical properties
terize the residual acceleration field. A similar principle hasof the signal which are already automatically monitofisl
been used to design a passive accelerometer s¥sterab-  running mean and root mean square valplest address two

f(Hz)

TIME SERIES ANALYSIS OF g-JITTER DURING
THE SL-J MISSION
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basic points:(a) the existence of deterministic and random a Fourier series,
components during this particular observation period, (@hd
the Gaussian nature of the time series.

Consider first a temporal serig¢t) and its power spec- nt/T
trum over a finite window — T,T] defined by CT(I):n;x Pr(n)e™ ™, S

o

1 (7 :
Pr(n)=-=| C(t)e "™ dt, 2
() 2T f—T ® @ where we have introduced the notatiGr(t) to indicate that

Cq(t)=C(t) in [—T,T], and is periodic outside of this in-
whereC(t) is the autocorrelation function defined in Ed).  terval. The integral in Eq(2) can be evaluated explicitly to
The autocorrelation function can be obtained frBg(n) as  yield

e —x cod o — 0| T+ X —0lsin 2| T]+x
(0% T T PN
Pr(n)= oT nor )
CI
o
e M| -\ co n—W+Q T+ n—Tr+Q s'nn—Tr+Q T|+A
T T N
+ 2 ) (4)
AN+ —+Q

where A=1/7. In the white noise limit P(n)=D/T, consider windows comprisindN data points, withNAt
whereas in the monochromatic limitP(n)= ({g?)/ = 2T where 1At=250 s !is the sampling ratéurther de-
2){0nm1.0F Onmt,—af- In the first case, the dominant con- tails on various methods to estimate power spectra can be
tribution comes from the term #/n Eq. (4), whereas in the found in Ref. 15. Briefly, the power spectrum for a station-
second case it comes from the term proportional taary process, one in which its statistical properties are inde-
sin(n7/T) — Q]T. The important point to notice is that in the pendent of time, is calculated by averagiRg, also known
white noise limitP+(n) is inversely proportional to the win- as the periodogram. The relative statistical error associated
dow sizeT, whereas in the monochromatic linftr(n) is  with a single periodogram is 100% for all frequencies. Re-
independent off. Thus, we argue, an analysis of the powerduction in error by a factor proportional toNy can be
spectrumP+(n) as a function of the window size can pro- achieved by averaginly,, periodograms calculated over dis-
vide information on the existence of deterministic or randomjoint time intervals. The estimate of the power spectrum pre-
contribution, at least within the available rangesTofand sented here is obtained from approximate|y 6 hours of data,
7. sampled at 250 Hz. Each periodogram is calculated for a
These results are in fact more generally valid and notixed number of sample pointdeginning with 64 and in-
restricted to narrow band noise. Consider the integral creasing by factors of twaand then averaged over the entire
11 6 hour period. The resulting estimates of the power spectra
9r(n)= _f dte  "™Tg(t). (5) are summarized in F-lg. 1. The power spectrum is broaQband,
2TJ v with a few peaks at fixed frequencies. The background inten-
sity does decrease with increasiNg indicating its random
If g(t) is a random process, with a correlation tim&T,  nature.
then for eachn gr(n) is the sum of approximately 27 To further elucidate the scaling with, we show in Fig.
statistically independent variables. Therefore, according t@ the value ofP; at selected frequencies as a function of
the Central Limit Theorem, the integral will obey GaussianT. The frequency components shown in this figure include
statistics, with variance”(T/7). As a consequence, the peaks of Fig. 1, and one intermediate value. Three types
gr(N) ~ [ (UM\TI7]=(1T) or Py(n)=|g(n)|>  of behavior emerge. First, the value B (f=17 Hz) is
~ @(1T), in agreement with the result obtained for narrowindependent ofl for the range of window lengths studied.
band noise in the limit of short correlation time. On the otherTherefore, and within this range, this component appears to
hand, for most deterministic functiogs(n)~ (1) instead, be deterministic in nature with an amplitudgg?)=3.56
and P+(n) is independent of the window siZe X 10 “4ge, wheregg is the intensity of the gravitational
We have obtained an estimate Bf(n) for the time field on the Earth’'s surface. There are two additional
series ofg(t) obtained during the SL-J mission and for a components that have a finite correlation time. We have
range of values off. Since the time series is discrete, we fitted the amplitude of the peak tég?)7(1—e "'7)/2T
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FIG. 3. Histogram of amplitudes of the residual acceleration along a par-
FIG. 2. Amplitude versus window size for a few selected frequencies to ticular direction, and a fit to a Gaussian distribution. The distribution is
display their deterministic or random nature. The amplitude of the 17 Hzhearly Gaussian for small values gf but deviates significantly near the
component remains independentf indicating its deterministic character Wings. Values of the gravitational field intensity are given relativgdo
for the range of window sizes analyzed. Two other components display
mixed behavior, with a finite correlation time of the order of 1 s. There is

also a clear white noise background, exemplified by the amplitude of the= C,(t) andC;(t). Also note thatC,,(0)=C,;(0) reduces

power spectrum at 8 Hz. to the standard definition of skewness of a distribution, and
C.y(0) to its kurtosis. Again, significant deviations from
Gaussianity are found. Further analysis is needed to elucidate

and estimated for the component at 22 H#(_92§ whether the deviations from Gaussianity in both Figs. 3 and

= 3.06X 10 “gg, and7=1.09 s, whereas for 44 Hz we find 4 originate entirely from the deterministic component at 17

\/(—95 = 5.20X 10 %gg and7=0.91 s. As an estimate of the Hz, or are a more intrinsic feature of the random compo-

white noise background, we obtain from the slope of thenents.

intensity of the 8 Hz component versud the value

D=8.61x10"* cn?/s’. Ill. COARSENING OF SOLID-LIQUID MIXTURES

In summary, assuming that the various frequency com-

ponents can be studied independently, and that they are irﬁﬁix

cepencent of he broadhan backyoun: e concuce 8l ype descrbe n Sec. . Such 2 stuy i reevant i

. . i ) Wonnection with an experiment that will be conducted in mi-

(i.e., a component with a correlation time larger than the

I t wind tudied a few isolated ts of | crogravity in the near future. For purely diffusion controlled
argest window stuciegia few 1Sorated components ot farge coarsening, larger precipitate particles grow at the expense of
amplitude but small correlation time, and a fairly constant

. . smaller ones by solute diffusion through the liquid matrix, so
background, of smaller amplitude, and very small correlation y 9 q

time.
To further investigate the statistical nature of the accel-

We consider in this section coarsening of a solid-liquid
ture being subjected to a fluctuating acceleration field of

. . . 10 T T
eration we calculate a number of statistical moments of
g(t). We first present théone-poinj probability distribution
of g obtained from a histogram of the time series. The his- 10° Ly G—© C11: variance=4.6e-7 ]

togram comprises 200 bins of width 0.@8 The result is C12: skewness=61.2
shown in Fig. 3, together with a fit to a Gaussian distribution.
It is apparent that the distribution is substantially of Gaussian
form at low amplitudes, but there are significant deviations
near the tails. We only show in the figure theomponent of
the acceleration field. The distribution for the other two com-
ponents is virtually identical.

Figure 4 presents the results of higher statistical mo-
ments. Normalized cumulants have been introduced as fol-
lows:

i C21: skewness=61.2
55— C22: kurtosis=1.1e4

Absolute Cumulant Amplitude

m n 10"‘ L 1
Cr(D)= M (6) -0.01 0.09 0.19 0.29
mn <<92>>(m+n)/2 ' t(s)
Where<< e >> is the standard CumulaiLﬁ.For a Gaussian FIG. 4. Higher order moments of the distribution of the residual acceleration
process, all cumulants should be zero except @gg(t) showing deviations from Gaussianity.
Phys. Fluids, Vol. 9, No. 5, May 1997 Thomson et al. 1339
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as to minimize the overall free energy of the system. Under s 1
these conditions, the system is known to reach a statistical Ap“(g)| v+ P

self-similar state in which the scaled distribution of particle ~ (v?),.= > 8

radii is independent of tim&.*® Particle radii are scaled by Al y+ =] +02

any linear scale of the structure, such as, for example, the T

average particle siz®,,(t). The average particle size fol- |n the white noise limit, one has,

lows a power law in timeR,, =A($)t",2° with n=1/3, and 0 o )

the amplitudeA being a function of the volume fraction of Iim<v2>w=Ap (9 >T: Ap°D 9

the precipitate phase. The microgravity experiment will 0 Y y

attempt a precise determination of the scaled distribution . )

function, as well as the dependence of the amplitude of th&/Neréas in the monochromatic case

growth law on the volume fraction of the precipitate phase. _ Ap%(g?)

The absence of gravitationally induced sedimentation is ex-  lim <02>w:—2ﬁ2‘- (10
s . w Y

pected to allow a careful quantitative study of these two im- ™~

portant theoretical issues. (An average over phases of the deterministic forces is as-

A residual acceleration field can produce a number okumed in the monochromatic noise limit, otherwige)..
deleterious effects on otherwise purely diffusive controlledwould be an oscillatory quantityln the white noise limit,
coarsening, which we address in this section. We focus her@?),, is given by a fluctuation-dissipation relation since
on two such effects: random motion of the suspended parA p?D is the intensity of the fluctuations, andthe intensity
ticles induced by the effectiveandom buoyant force and of the dissipation. In the monochromatic limit, however,
the concomitant increase in the likelihood of particle coales{v?)., « 1/ (for low frequencies{}/ y<1). This is precisely
cence, and additional convective mass transport in the fluithe overdamped limit of Eq(7). In all cases the mean
phase caused by g-jitter. squared value of the velocity saturates at a finite value at

We first briefly review the motion of a single particle long times. In the monochromatic noise limit, this is the case
suspended in an incompressible fluid of different densityeven in the limit of small viscosity— 0. In the white noise
when the fluid is subjected to an effective acceleration fieldimit, on the other hand, viscosity is essential for saturation.
of the type described in Sec. Il. This type of motion has also  We turn next to the displacement of the particle. At long
been termed inertial random walk, because of the similarittimes (yt>1), the motion of the particle is diffusive, with a
with Brownian motion. The difference, of course, is that thediffusion coefficient given b3
random motion of the particle is not induced by thermally .
induced collisions with the molecules of the fluid, but it re- Deff:f (v(0)v(t)) dt. (11)
sults from an effective random buoyancy force acting on the 0
particle. A qualitative analysis of this process was alreadyyne finds
given in Ref. 20. i

Consider a spherical particle of radils and density _ Ap“(g)\ (12
pp submerged in an incompressible fluid of dengity If the e 2(\2+ 0%
fluid is enf:Iosed by perfectly rigid bound.ariesl the4buoyancyAS expected, the diffusion coefficient vanishes for oo
force acting on the submerged particle s=3m(p, For the monochromatic case, the displacement of a par-
— pr)R3Y(t), whereg(t) is the effective acceleration field. ticle with x(0)=0 and v(0)=0 can be easily obtained.
In the frame of reference co-moving with the container en-Square the deterministic solution fgi(t) =g, cos@Qt+ ¢)
closing the quidg(t) is a body force, with intensity equal to and average over the phasg. With the identification
the value of the acceleration of the container. For containerég?)=g3/2 and foryt>1, we obtain

of reasonable size in a microgravity environmej1tcan be Ap¥g?) y\2 [y 2 y
assumed to be spatially uniform. Viscous friction will act on ~ (X3(t))= —5—~55|1+| ~| +| =+ —] —2| =

: : : (y°+ Q%) Q Q Q
the particle. Neglecting memory terms and corrections due to
the finite size of the container, the viscous force is given by Q\ [y .
Stokes’ formulaF,=—675Rv, where 5 is the shear vis- + Yy qeosQt+sin Ot (13

cosity of the fluid, and the velocity of the particle relative
to the fluid at infinity. For simplicity, we consider in what
follows a one dimensional case and write

In this case the mean square displacement of the particle is
bounded. For the particular case ¢&0, Eqg. (13) is not
valid and the mean square displacement of the particle may
be unbounded. Since the correlation time of the noise di-
verges{x2(t)) retains an oscillatory contribution originating
from the initial condition. We also note that, in the mono-
chromatic limit, the system is no longer ergodic.

with y=9n/(2ppR2) andAp=(pp,—ps)/pp. This is a stan- In order to obtain numerical estimates we consider ex-
dard Langevin equation for the particle displacement. Atperimental parameters for a solid-liquid mixture of Sn-rich
long times (t>1), the particle reaches a steady state inparticles in a Pb-Sn eutectic liquid, the system that will be
which the mean squared velocity is given by, used in the microgravity experimefft?® The density of the

X+ yx=Apg(t), (7
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precipitating solid phase ip,=7.088 g/cm, whereas that dr 2(pp—p1)

of the liquid isp;=8.074 g/cm. The kinematic viscosity of FTi T(Rg_ RD)a(t)

the liquid isy=2.48x 102 cn¥/s, and the solute diffusivity

is Dg=5.6x10"% cn/s. It is anticipated that coarsening (pp—p)(RI-RY) 1[rr 1 | -
will be studied for a period of 5 hours, with an average + 34 Tlyzts -7—r—2 -g(b),

particle size at the end of that period dR,,=7
X 103 cm=70 um. Given the size of the particles and the (15
small values of the residual gravitational field, inertial effectswhere .7 is the identity tensor. The first term in the right
will be completely negligible. In what follows, we focus al- hand side describes the relative motion of two independent
most exclusively on Stokesian dynamics for the suspendepgarticles of different size, and therefore its magnitude has
particles? In addition, the solution is not mono-disperse, butalready been estimated above. Both the longitudinal and
rather a scale invariant particle size distribution evolvegransverse components of the second term in the right hand
dynamically}” with particles sizes ranging from 0 to side of Eq.(15) are of the form
~1.5R,, . In all the estimates that follow, the average size at
the end of the 5 hours is used, an overestimate for most of — = —q(t), (16)
the duration of the experiment, and a slight underestimate at r
the latest times. As will be seen below, a factor of two inwhere, for the longitudinal componenA,z(pp—pf)(Rf
Rg, would not modify our conclusions. — Rg)/3,u.

For the case of monochromatic noitfexed frequency Consider an initial inter-particle separatiog>R;. In
and random phagethe average quadratic displacement ofthis case, and for times shorter than the average time needed
each particle remains bounded, and is given by(E8).. For  for the two particles to coalesce, the quanijty r?/2A is a
the parameters of the fluid givep=260 s 1, and by using Wiener process ifj(t) is Gaussian and white, and therefore
the amplitude of the 17 Hz component of the power specthe conditional probability for is
trum in Sec. Il Q=27 17 s%, (g?)=1.27x10 g2), we

find that max{(x?)}~10"8 cn?, and hence negligible. At P(r tro.te) = r o (P=r3)2116DA(t—tg)
the other extreme, we find that for white noigeultiplying Y |A|V47D(t—ty)
by a factor of 3 the expression for the effective diffusion 17)

coefficient corresponding to diffusion in three dimensionalt,o ansemble average of (r
space, the mean squared displacement after five hours i%ally:

(x?)(t=5 hr)=8.85x10"° cn? or \(x?)=30 um. Clearly

the average square displacement induced by the white noise \/W —r430A2D (11,
component of the residual acceleration field is much larger (= T[ZD(t_tO)]e ° °
than that induced by the monochromatic component, but it is

), can be computed analyti-

still about one-half of the average particle size. Therefore D _ ré (19
random motion of particles induced by g-jitter will not lead 32 2|A[\2D(t—tg) )’

to significant coalescence during this time period. As a ref-
erence, we quote the average squared displacement induc&fere Dp(2) is a parabolic cylinder .functi&ﬁ (formula
by thermal Brownian motion:(x?)=kgTt/37R,,» or 9-240. For short times, the asymptotic form 8f,(2) for
J(x2)=39 um, for the same time span and takiRg,=70 largez allows the computation ofr)
um. Both effects are therefore expected to be of the same AZD(t—ty)
order of magnitude during the experiment. (r)=r0( 1- r—4)’

We next turn to hydrodynamic interactions between 0

pairs of spherical particles. The relative displacementf  Which decreases in time regardless of the sigiofrhere-

particle 2 with respect to particle 1 immersed in an incom-fore g-jitter induces an effective hydrodynamic attraction be-
pressible fluid satisfié¥?® tween pairs of particles. However, for the experimental val-

ues given above, and takirig;=1.5R,, and R,=0.5R,,,
A=1.8x10"° cm s. Ifry=200 um, then after 5 hours the
. inter-particle separation would have decreased by approxi-
dr - -
a:(“’ﬂ_ 01 E1+ (a9 @030 - Fo. (14 ;n;r;ieg?/e Za,zérl? and therefore would be small compared to
The attractive interaction is not confined to short times,

but it arises directly from the d/dependence in Eq16). By
taking the average of Eq16), using the Furutsu-Novikov

whereF; is the force acting on theth particle, andw;; are  thegreni® and the fact that the noise is Gaussian and white,
hydrodynamic mobility tensors, given, e.g., in Refs. 25 andyne finds

26. After some straightforward algebra, the leading contribu-

(19

tion at distances large compared to the particle radii is given  d{r) o1/ (t)
by dt og(t)
Phys. Fluids, Vol. 9, No. 5, May 1997 Thomson et al. 1341
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where 6/ 6g(t) stands for functional derivative with respect distribution. The cut-off distance is typically of the order of
to g. Directly from Eq. (16), we find that &(1/r(t))/ the inter-particle separation.

8g(t)=—A/r3, and therefore, Fluctuations inu., due to the motion of the ensemble of
particles(again, fast compared to coarsening tijniesd to
d(r) 1 an effective increase in diffusive mass transport, and hence
7 = —AD( 2D toani d diffusivity. F i h
dt 3/ o0 an increased diffusivity. For a quiescent system, the aver-

age velocity of the quid]aU and the average velocity of the

identical to Eq.(19) with 1/r$ replaced by(1/3). Sincer is  Particlesvg, are related by

a positiye quantityd(r)/dt<0 for gll values .ofr..lt is aIsp ' B0 ay+ (1= $)Uay=0, 22)
interesting to note that the effective attractive interaction is

not confined to the term proportional tor Iih the hydrody- Where ¢ is the volume fraction of the system, which we
namic mobility, but that attractive contributions arise fromassume to be small. The subindax indicates an average
higher powers of 1/as well. In fact, this attraction is generic OVer Ehe Qarticle distribution at fixed time. In mean field, we
for overdamped motion and multiplicative noise providedtakeu..=u,,, and also

that the mobility is a decaying function of the inter-particle

) s
separatiort? - _2Ra,(pp—pr)9(V) 4 23

. . . . Uav + (¢)! ( )
The question naturally arises as to the behavior of pairs 979

of particles near .con_tact, or of particles near a soljd wall. Inyith hydrodynamic interactions contributing ta’( ).

either case, lubrication theory allows the calculation of theTherefore,

mobility tensor. The longitudinal component vanishes lin- .

early with inter-particle distance whereas the transverse com- . 2¢R§U(pp— po9(t) )

ponent becomes non-analytidiverges logarithmically at Ueo = — 97 +O(¢%). (24)

short distances® In both cases, the mobilityncreaseswith , S a1

inter-particle separation leading to an average repulsiod "€ far field effective diffusivity is thett

(d{r)/dt>0) following the same arguments given above. 1 (> . . Ap?¢?D
Estimating the effect of g-jitter on convective massDeft=Dst §fo (Us(t) - U (t+17))dt =Dt ——5—

transport in the fluid phase and therefore on coarsening ki- Yau (25)

netics is far more complex, and we will not attempt a com-. ) o i

plete solution here. We show below that the order of magniln the white noise limit. For the parameters of the experiment

tude of this contribution to coarsening is also smalldiven above

compared to diffusive mass transport, and therefore a de- A p2¢?D

tailed calculation is not necessary. However, and in order to 2D,

motivate the analysis that follows, let us define an effective Yas

Peclet number as WR/DS, wherel is the character- and therefore g-jitter induced mass transport by diffusion is

istic velocity of the fluid.(The velocityd is of the order of Negligible compared to molecular diffusion.

the velocity of the particles because the motion of two-phase [N summary, even though anticipated Peclet numbers

interfaces due to phase change is small in the time scale 2sed on the scale of the flow are of order unity, mass trans-
change ofg(t).) We find for monochromatic noiséEq. port due to convection is expected to be negligible during the

(10)) that (u2)=3.48x 10 8cr?/s2 or Pe=0.23. For white solid-liquid coarsening experiment. Since the time scale of
noise, on the other hand, according to E8), (u2)=6.39 acceleration variations is short compared to coarsening
% 10-8 e/ or Pe=0.32. Therefore it would appear that times, and leads to zero average velocity, the contribution

convective transport of mass is not negligible in front of from g-jitter to mass transport is diffusive and leads to a very
diffusive transport. small correction to the solute diffusivity. We note, however,

. . . 4 .
Such a calculation, however, overestimates convectiv1at the correction is proportional toylf,  Rj, and hence it

transport. Since the system is statistically uniform and thdncreases quickly with the average particle size of the pre-

effective acceleration field averages to zero, the average y&ipitate phase. Therefore, either under different experimental
conditions, or in the strict asymptotic limit of very long times

locity of the fluid has to be zero. Hence no overall convec- -
(and hence larg®,,), transport due to transient accelera-

tive motion would result in thellongep time scale over \ ; e . .
which diffusive transport occurs, once the fluctuating com-ions would dominate molecular diffusion leading to a dif-

ponent is averaged over times much larger than the correld€rent asymptotic growth law for the average particle size.
tion time of the noise. Sincg)=0 but(u?) # 0, the lowest
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