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Measuring shear-induced self-diffusion in a counterrotating geometry
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The novel correlation method to measure shear-induced self-diffusion in concentrated suspensions of non-
colloidal hard spheres which we developed recehilyFluid Mech.375 297 (1998 ] has been applied in a
dedicated counterrotating geometry. The counterrotating nature of the setup enables experiments over a wider
range of well-controlled dimensionless timg@At in the range 0.03-3.5, compared to 0.05-0.6 in previous
experiments; heré denotes the shear rate aad the correlation timg The accessible range of timescales
made it possible to study the nature of the particle motion in a more detailed way. The wide radius geometry
provides a well-defined flow field and was designed such that there is optical access from different directions.
As a result, shear-induced self-diffusion coefficients could be determined as a function of particle volume
fraction ¢ (0.20—0.50 in both the vorticity and velocity gradient direction. A transition could be observed to
occur for yAt of O(1), above which the particle motion is diffusive. The corresponding self-diffusion coef-
ficients do not increase monotonically with particle volume fraction, as has been suggested by numerical
calculations and theoretical modeling of Brady and MofdisFluid Mech.348 103 (1997]. After an expo-
nential growth up tap=0.35, the diffusion coefficients level off. The experiments even suggest the existence
of a maximum aroundb=0.40. The results are in good agreement with experimental literature data of Phan
and Leighton[J. Fluid Mech.(submitted], although these measurements were performed for much larger
values of the dimensionless time\t.
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[. INTRODUCTION pension of noncolloidal particles, to which a tagged tracer
particle is added and after each full rotation in the Couette
Shear-induced diffusion of noncolloidal particles is of cell, the passage time of the tracer particle is detected. Fluc-
great importance for understanding the transport processes inations in the tracer position and its revolution time can be
concentrated suspensions under flow and has therefore @glated to shear-induced self-diffusion coefficients.
tracted a lot of attentiofl]. The major disadvantage of the technique is the fact that
The nature of the phenomenon is different from the morepbservations are only possible after full revolutions in the
familiar diffusion concepts of Brownian diffusion in colloi- Couette cell. Consequently, the effect can only be studied on
dal suspensions, which is caused by thermal fluctuations, anélatively long timesyAt~O(10) (the process is fully hy-
turbulent diffusion, driven by inertial effects. Shear-induceddrodynamically driven so that the straji\t is the appropri-
diffusion is the result of hydrodynamic interactions betweenate dimensionless time, whefjedenotes the shear rate and
suspended particles. In principle, this is a deterministic proAt the passage timeMoreover, the values gfAt cannot be
cess. Due to the complex nature of the hydrodynamics, howeontrolled externally, as is desirable when collecting detailed
ever, it can be described as a diffusion process. Sheamformation about the nature of the particle displacements.
induced diffusion has been studied on two different levels:The revolution time of the tracer particles in the Couette cell
self-diffusion of individual particles and the collective pro- depends on their location at the start of the rotation and on
cess of gradient diffusion, which is studied by the net migrathe diffusive motion during the revolution: a particle close to
tion of particles on the macroscopic le&]. In this paper the rotating outer wall of the Couette cell moves consider-
we address self-diffusion. By studying the results of hydro-ably faster than a tracer particle at the stagnant inner wall.
dynamic interactions on the particle level, we want to ac- To overcome the problem of ill-controlled strain values
quire information about the microscopic processes behind/At we have recently developed a correlation method and
shear-induced diffusion. applied it successfully in a Couette cell with rotating inner
Only very few experimental studies on shear-inducedcylinder[6]. The setup enabled accurate measurements over
self-diffusion have been reported up to n¢@-5]. These a controlled strain range fromAt=0.05 to circa 0.60.
measurements have all been performed by means of the sameln this paper, new results are presented, which have been
technique: a Couette cell is loaded with a concentrated susbtained with the same technique, but in a more sophisti-
cated counterrotating geometry. The new setup dramatically
enlarges the experimentally accessible rangeydf (now

*Email address: victor@engineering.ucsb.edu 0.03-3.5, bridging the gap between our previous experi-
TEmail address: H.T.M.vandenEnde@tn.utwente.nl mental result$6] and the literature data. In the next section
*Email address: R.J.J.Jongschaap@tn.utwente.nl the basic equations of the correlation technique are briefly
SEmail address: J.Mellema@tn.utwente.nl presented. A description of the apparatus and materials fol-

1063-651X/2001/6@)/02140310)/$15.00 63021403-1 ©2001 The American Physical Society



VICTOR BREEDVELD et al. PHYSICAL REVIEW E 63 021403

: O 00 00 @0~ O
Voo OO%O O 0000 0
' 0 %P0 4 lo ©-Cc°0 )
| Q0" 00 & T |L0g80 00
7o |05 00" 5 8% 00 0,
IT_X'OQ Q.QO 00 OCe0 ()
FIG. 1. Images of tracer particles in a concentrated suspensior 04
under shear.

lows in Sec. Ill. We present and discuss results in Sec. IV
and finally conclusions are drawn.

Il. CORRELATION TECHNIQUE

. . . . : . FIG. 3. Histogram of correlation vectord\k,Az) for an en-
This section contains a brl_ef review of the.ba3|c conc:ept_séembIe of 8000 imagesyht—0.72 andd—0.30): the units of the
of the novel correlation technique. For a detailed mathemati=, ; ) .

L : displacement axesAx and Az) are pixels and the vertical axis
cal description we refer to a previous papér.

. . . . ._represents the probabili§in arbitrary(non-normalizeglunits. The
The experlmental_ techr_uque is based on spatial Correlat'_oE'ontours of the projections along both axes are shown as well.
of a sequence of video images of the sheared suspension.
The majority of particles is refractive index matched with the
suspending fluid and only a small fraction of colored trace

particles is used, so that even concentrated suspen@0ns

o . . . .
50% volume fraction of particlesare optically accessible of image pairsat constant time intervait) and collecting

and images can be taken with a digital CCD camera at 4y, yectors in a histogram. A characteristic example is given
fixed position in the geometry. Due to the refractive index:

with the objective to eliminate the cross-correlation contri-
'butions. As described if6] this can be achieved statistically
by determining the correlation vectors for a large ensemble

1. The macroscopic flow field is drawn on the left. In accor
dance with common conventions,denotes the velocity di-

rection, y the velocity gradient direction arzithe vorticity The peak in Fig. 3 consists of all autocorrelation vectors

direction. " . . . (thick lines in Fig. 2 which are relevant to this study, while

The p05|'t|ons of tracer part!cles in the Images can be dethe noisy background is due to the cross-correlation vectors
termined with state-of-the-art image analysis software. Sub ashedl In other words, the peak contains the desired infor-
_sequently, the positions of the tracer particles in the Seconﬁgjation about the motiO’n of tracer particles. In particular its
%osition represents theveragedisplacement of tracers dur-
ing the correlation time steft. This property is used in
eE)article image velocimetry(PIV), a technique which is
nowadays frequently employed in experimental fluid dynam-
ics to measure the velocity profiles of complicated flow fields
O(f;,ee, e.g.[7,8]). In addition to this well-known feature, the
width of the correlation peak is a measure for the size of
fluctuationsin the particle displacements during time step
At, which are the signature of diffusion on the particle level.
Hence the width of the correlation peak is the quantity of
fhterest for studying shear-induced self-diffusion. This idea
forms the basis of our correlation technique.

“Projections along the axes of the three-dimensi¢d@) plot
are included to accentuate the shape of the peak.

first image by calculating the displacement vectag,Ay).
Figure 2 shows the set of correlation vectors for the imag
pair of Fig. 1. At this point it is important to note that only
the autocorrelation vectorghick lines contain information
about self-diffusion, since they represent displacements
individual particles. The cross-correlatigdashed vectors
have no contribution to self-diffusion and only comprise in-
formation about the spatial distribution of tracer particles
over the window of observation. The main problem is to
discriminate between auto- and cross-correlation vector

H As emphasized by the contours of the projections in Fig.
W PR \\ 3, the peak width is strongly amplified in thex direction.
AR /' VoY This is caused by the convective shear flow, because tracer
\\\\,' \\ /,@ particles on different stream lines experience differamt
\,\,\’\\ ra H displacements in the shear flow. Such a convective contribu-
FAT " | tion does not exist in the vorticityz) direction, where par-
@T@ 5 .: ticle motion is purely the result of fluctuations. Neglecting
A \\:\\ N \‘ ! the displacements in thex direction, which are obscured by
S RN N the convection, we can obtain accurate information about the
LAx @ Az fluctuations by summing the data along the axis. Such
a summation procedure results in the histogram of Fig. 4
FIG. 2. Correlation vectorsA(x,Ay) for the images of Fig. 1. which represents the probability of encountering a cerhain
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cross-correlation contributions, which could be subtracted
from the points withAx>0, using the flow symmetry. In this
case Eq(1) simplifies to

800}

600}
P(A7) P(A2) B(l Az F{ Azz) @
I z)= —|— |exp — .
400 H 207
2007 When making use of the advantage of counterrotating
flow, however, the plane of focus is located around the plane
?100 =0 P o 100 of zero velocity. Within the depth of focus of the camera

Az [pixels] optics, some of the tracer particles will experience flow dis-
placements to the left and others will travel to the right.
FIG. 4. Reduced histogram of Fig. 3, revealing the Gaussiaiconsequently, the peak of Fig. 3 is located around the origin
nature of the particle displacements in the vorticity directiar) ~ and symmetry arguments can no longer be used to subtract
for an ensemble of 8000 image¥4At=0.72 and¢$=0.30); the the cross-correlation contributions, since it would eliminate
curve shows the nonlinear fit of the data with €b); units of the  (part off the desired autocorrelation peak as well. In this
displacement axisXz) are pixels(particle radiusa=31 pixelg and  case, a more detailed analysis of the rolePe{Ax;At) is
the vertical axis represents the probabil®yin arbitrary (non-  required.
normalized units. The influence oP,(AXx;At) on the shape of functio@ in
Eqg. (1) is weakened by an averaging integt&lg. 2.15 of
value in the image ensemble. It was shahthat the peak [6]) as result of the finite depth of focus of the camera optics.
in Fig. 4 should have a Gaussian shape inAlzedirection, if ~ The two-dimensional image is in fact the projection of a
the particle fluctuations behave diffusivelgee Eqs. 2.15 three-dimensional volume element, its size being defined by
and 3.3 of{6]): the depth of focus. Thus any possible spatial structure in the
particle distribution functiorP, is smeared out by the pro-
Az AZ? jection.
1- H C+B- exp{ T 2,52 1) We have used a robust experimental analysis to clarify the
z effect of volume averaging on the observed shape of the
cross-correlation contribution. To this purpose the functional
shape ofC was determined foAt=0, i.e., whenP,(AXx;At)
matchesg(Ax). The cross-correlation vectors between dif-
ferent particles in every image were calculated and the col-
) o . ) S lected data were plotted in histograms like Figs. 3 and 4.
D,, being the d|ffu5|on_ coefficient in the vort|C|ty direction. These histograms showed that within experimental error no
B andC both are functions that depend on the time sip  gpatial structure could be detected. The distribution appeared
and on experimental parameters like image size, depth g pe random, most probably due to the volume averaging
focus, tracer concentration and particle detection efficiencyntegra| that represents projection. If no structure can be
of the image analysis procedure. For fixed experimental congyyng for g(Ax) at At=0, it is to be expected that this will
ditions, B has a constant valu€ on the other hand repre- pe even less likely foP,(Ax;At) at finite values ofit.
sents the cross-correlation contribution to the histogram and consequently, in our counterrotating experiments we
is a function of the distribution of the tracer particles. To becqy|g safely apply the assumption 6f being constant, so
more specificC depends oP,(Ax;At), the chance of find-  that Eq.(1) could be used directly to fit the experimental data
ing a particle at a certain position+ Ax, while another  of histograms like Fig. 4 and determine the width of the
particle resided at any possible positiora time At earlier.  gutocorrelation peak.
bution functiong(r). the process stops when the flow is stopped and Brownian
Because in generalg(r) can be expected to be motion is negligible. Furthermore the only important length
nonuniform—particularly at high volume fractions where scale is the particle radius Thus, dimensional analysis re-

particles are not necessarily distributed randomly—the funcguires thato, in Eq. (2) obeys the following scalingg,5):
tional shape ofP,(Ax;At) is a priori unknown. Therefore

P(Az)=

with H the size of the image in thedirection and

02=2D,At, 2

the exact theoretical shape of the curve in Fig. 4 is also o2
. z ay .
uncertain. gZZZDZZ’yAt, (4)

For the noncounterrotating Couette setup this theoretical
complication could be evaded. It was shol@hthat symme- .
try considerations are sufficient to eliminate the unknownwhereD, is the dimensionless diffusion coefficient, scaled
function C. The key feature in the derivation is the fact that, by ya?. D,, can be expected to depend on the particle vol-
because of the convective shear flow, the autocorrelationme fraction¢. These simple scaling arguments have been
peak was always fully located in the half-pladex>0 of  confirmed by several experimental studigs,§]. One of the
Fig. 3. Therefore the half-plane fakx<<0 only contained most remarkable differences between shear-induced diffu-
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sion and Brownian diffusion is the fact that the former is
independent of the viscosity of the suspending fluid.

The correlation technique can be used to investigate the
nature of the particle motion over a rangeyaft values. In
regions where the scaling of E() applies, the motion is

diffusive and the dimensionless diffusion coefficiént, can
be calculated directly from the slope irvd/a®— yAt graph.
This is a powerful feature of the method, since the self-
diffusion can thus be investigated on different timescales a
opposed to the technique employed by Leighton and Acrivos
[5] and Phan and Leightdi3] where single points after rela-
tively long times were used to derive a diffusion coefficient
without actually checking the diffusive scaling.

When the system is viewed from the vorticitg) direc-
tion, similar graphs are obtained and relations analogous tc
Egs.(3) and(4) can be derived for the width of the autocor-

relation peak in thely direction, oy, and accordingl;Dyy
can be measured.

Drive unit

FIG. 5. Design of counterrotating cone-plate geometry.

lll. EXPERIMENTAL WORK In our experiments we made use of a steel cone and a

The technique described in the preceding section has bedtiass plate for optical access from different directions. The
successfully applied and tested in a Couette geoniéfy —cone-plate configuratioiwith the extrapolated cone inter-
Due to geometrical restrictions, the range %kt in those  secting the plate at the rotational axigas only present over
experiments was limited from 0.05 to 0.6. For larger strain@ limited range of the radius, from 8.5 to 11.5 cm. This
values, the shear flow moved too many particles out of th&eometry was chosen in order to restrict the sample volume,
viewing window for obtaining reliable statistical informa- While maintaining a small cone angle=2° and a suffi-
tion. In order to circumvent this problem and to increase theciently large gap size to minimize wall effects for noncolloi-
experimentally accessible range §f\t, a counterrotating dal particles ofO(100um) (3.0 mm at the inner edge and
geometry was built, in which the images could be taken closé.0 mm at the outer edge of the truncated gofidie cone
to the plane of zero velocity. In this way particles were keptand plate were both polished with extreme care, so that ver-

within the field of view for much longer times. tical variations during a full rotation were only aboutn
for both cone and plate. The temperature was controlled with

a thermostat unit, which was brought into contact with the
rotating steel cone through a thin water layer.

Our experimental setup was designed with a cone-plane Numerical calculations were performed to check the in-
geometry, since it is characterized by a constant shear rafkience of the cone edges on the steady state flow field in the
even if the fluid is non-Newtonian. The value of the impor- tangential direction. The calculations led to an adaptation in
tant scaling parameteér could thus be controlled more accu- the design: the inner section of the cone unit was made flat in
rately and collective migration as a result of gradient diffu-order to minimize the influence of the sharp inner edge. It
sion could be neglected. In literature, the importance ofwas shown that with this layout the flow was not signifi-
gradient diffusion in cone-plate and plate-plate geometriegantly affected for both Newtonian and power-law fluids.
has been subject of debate for some t[@el1]. Conclusive The shear ratéy under the center of the cone deviated no
evidence was not available at the moment of designing oumore than a few tenths of a percent from the desired cone-
apparatus. Presently, the argument seems to develop in favplate value.
of the existence of outward particle migration in cone-plate The original idea was to have visual access to an obser-
flow due to curvature effectgl1,12. However, significant vation window under the cone from two directions, so that
particle migration could not be observed in our cone-plateall components of the diffusion tensor could be measured
geometry, possibly due to the small curvature of the wideunder exactly the same flow conditions. However, it turned
radius design. out that measurements from position B in Fig. 5 were impos-

Figure 5 shows a sketch of the apparatus, which is amsible. Despite extensive attempts to optimize the refractive
adapted version of the rheoscope that was developed to stuitydex matching of our suspensions, the optical penetration
the deformation of vesicles in shear flgd3]. The flow cell  depth could not be increased to more than 3 mm, while about
units were connected to independent drive uggtsp motors 7 mm would have been necessary for reliable measurements
with RS100 control, designed and built by Eltropneia pre-  from position B(see also Sec. Il B An alternative approach
cision fittings and play-free Oldham couplings. The unitswas therefore taken to measure diffusion inxhgplane: the
were further supported by aerostatic bearings so that excone was lowered toward the glass plate and the outer Cou-
tremely high accuracy could be achieved in the alignment oktte gap between cone and plate element was used for ex-
the flow cell. periments, with camera position C. The wide-radius Cou-

A. Apparatus
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ette gap has inner and outer ra@j=117.3mm andR, likely this is due to small variations in refractive index be-

=121.6 mm. The height of the fluid in the gap was chosen tdween different particles or even within particles. We have
be 8 mm, so that the influence of the cone-plate section oRoticed that changes in the fourth decimal of the refractive
the velocity profile was minimized, which was confirmed by index are sufficient to cause significant blurring effects of the

numerical calculations. The mechanical precision of the flow/!de0 images. The particles were sieved repeatedly to obtain
fairly monodisperse particles with a diameter of 90

elements was very high in the outer gap as well, the varia+ 15 .M. Spheres with air bubbles were removed by means
tions in gap width being no larger than 10n during a full déﬁsii s?e regation. The particles were sus en{ded in a
rotation. In essence we have used the same geometry for tf% Y Segreg ' P D
- ) _ water—glycerol mixture of a slightly lower density and the

measurements dd, as described ij6], but the counterro-  creaming fraction of light particles was removed. A small
tating character of the_ apparatus dramatically increases thgsction of the particles, typically 0.2 vol.% of the suspen-
maximum correlation time. sion, was colored with liquid fabric dyéRIT) to serve as

The conversion from rotational speeds to shear rates igacer particles in the transparent suspension; no changes
based on standard equations for cone-plate and Couette rhgs,id be found in their density after coloring. The suspen-

ometry: sions were homogenized by gently tumbling the components
om O overnight at low rotational speed. Then they were set to rest
ya= = — =3.00, (5)  to let the small quantity of air bubbles disappear. Measure-
60 ¢ ments were performed for particle volume fractiogsof
> 20-50%.
_277 R;+ R; 0289 ®
7c760 RS—R? B C. Image acquisition and analysis

the indices indicating the viewing position a6H[rpm] be- As shown in Fig. 5 Fhe transparent pIatQ _provided .optical
ing the relative rotational speed of cone and plate. For th&ccess to the suspension volume from position A, which was

Couette system, EdB) represents the shear raje at the Used to measurB,,. From position C we entere(jI the sus-
position in the gap where the tangential velocity equals zeropension through the free surface in order to fing,. A
since the images are collected at this location: digital CCD camergJAl M-10, 768 by 582 pixels, 25 im-
ages per secondvas mounted with optics to obtain a view
window of 1.10 by 0.83 mnidetermined by calibratiorand
connected to a PC. lllumination was arranged with a fiber
optic halogen illuminatofSchott KL1500 that provided op-
The drive units are capable of producing shear rates rangingmal contrast in the images.
from 3x 10" to 30 s %, but all experiments were carried out ~ The video images were stored directly on the PC through
for ¥ between 0.1 and 2.0, a frame grabbefMatrox Pulsay that was operated using a
Since both the initial positions and displacements of thespecial software too(Hispa, which enabled accurate and
tracer particles are available from image analysis and correzontrolled image acquisition of series of up to 200 images at
lation procedures, for the Couette geometobservation discrete time intervaldt of 40 ms(video rateé and multiples
window in thex-y plang it is possible to determine the ve- thereof. Since Hispa offered the possibility of automatical
locity field of the macroscopic shear flow experimentally repetition of the acquisition procedure, the total number of
from the data. The measured values were higher than thienages in a run was limited only by the hardware storage
Couette predictions of Eq6) for Newtonian fluids. For the capacity of the computer system. In our case, runs were
study presented in this paper, we have used the experimentalade of up to 8000 images.
values for the shear rate, since they accurately represent the All images were then analyzed with a commercial soft-
actual shear rate at the observation location in the gap. Theare package for image analysi®ptimas. Basic analysis
procedure to measure the velocity field is explained and distools provided the means to identify dark objects and extract
cussed in detail in14]. information about their properties. These properties—size,
sphericity and blackness—were compared to preset criteria
B. Materials in order to decide whether the object was a tracer particle. If
. . . so, its position(gray value weighted center of massas
Experiments were performed with suspensions of PMMAg5 e in a data file for correlation purposes. The accuracy of

(ch)JI)&methylrr:jethacr);llabgparticles (procfiudced by IICL glass the image analysis procedures was checked by changing the
4 ispersed in a fluid consisting of demineralized water, tti f the diff t lvsis st d itoring th
(9.2 wt.9%, zinc-ll-chloride (13.4%, and Triton X-100 . 95 OF "€ CITETENt anaiysis s:eps and monrornng the

. . : result. The error in the particle positions was estimated to be
(77.4%, following the recipe of 11]. The fluid was New- ;05 0 2 pixels under our experimental conditions. The sub-
tonian with a viscosity of 3.4 Pas at 23°C a2r15d matched bothyiy o) accuracy is the result of averaging over many pixels.
the density(1.172 kg/) and refractive indexr(5’=1.491) of
the particles. In our attempts to measure from camera posi-
tion B (Fig. 5), we have tried to improve the refractive index
matching by changing the fluid composition. However, we The data files with particle positions were used as input
never obtained penetration depths larger than 3 mm. Modgbr the correlation procedure. As described in Sec(sHe

202\ 1/2
2R2R:
Ro+R?

()

IV. RESULTS AND DISCUSSION
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FIG. 6. Scaling of the average squared displacement of the par-
ticles o?/a? with dimensionless tim&At for ¢=0.30; (a) contains 0.60
the raw fit data andb) the results of the weighted average.

also[6] for detailed descriptionthe correlation vectors were 0.40 [

calculated for all possible image combinations and grouped o

according to the correlation timgAt between images. a4 [
0.20

A. Correlation results

The resulting sets of correlation vectors for all values of ‘ . . .
yAt were collected in histogram.g., Fig. 4, which were 0 1.0 2.0 3.0 4.0
fitted with a nonlinear least square method to EL). The v At
peak widtho, obtained from the fitting was plotted against
the strainyAt in a Ug/aZ_ YAt graph in order to check the FIG.27. Sc_aling of th_e average ;quared _displacement of the par-
validity of scaling Eq.(4). t!C|eSO'Z/a2 with dimensionless tim&At for dlfferent_volume frac-

At each particle volume fraction, this procedure was re-ions (@ ¢#=0.20,(b) $=0.45 and(c) $=0.50; the lines represent
peated for different values of and At, thus covering the the linear it to the data points at long times.
entire range ofyAt between 0.03 and 3.5. Figuréah shows
the entire collection of data points fab=0.30. The error the YAt range was in practice limited by the number of
bars of the individual points represent the errors of the nonimages that could be stored and analyzed on the computer. In
linear fit. These statistical error estimates represent the sca@Ur case, the upper limit ojAt was circa 3.5. Increased
ter between different experimental runs very well. Since forhardware storage capacity and image analysis speed would
most yAt values several data points were collected at differ-extend the range of accessible strain values and decrease the
ent shear rates, standard statistical manipulation of the data®error bars.
was appropriate. Figure(l§) shows the resulting weighted ~ Figure @b) also shows linear scaling over most of the
averageswith 1/errof as weight factorand their associated range, which is the fingerprint of diffusidisee Eq.(4)]. In
standard deviations fap=0.30. this regime, roughly foryAt>0.7, the data can be fitted

The figure displays a number of interesting features. Ifinearly and the diffusion coefficient can be calculated di-
distinctly shows that for large values 9fAt the statistical ~rectly from the slope of the fitted line, the dimensionless
information becomes less accurate, since less and less tracarefficientD,, being half the slope. Figure 7 shows the ex-
particles remain within the field of view during the entire perimental data in the vorticity direction and fitted line for
correlation time. Although the counterrotating designvarious particle volume fractions.
strongly increased the range of accessible timescales and Measurements in the velocity gradigm) direction were
theoretically enables experiments at very large strain valueslightly more complicated, because the images had to be
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U§/a2 is presented for different volume fractions together
with the linear fit to the diffusive regime at long times. In
comparison to Fig. 7, the onset of diffusion in thdirection
occurs for larger values ofAt. The range of the linear fits
has been adapted accordingly.

B. Diffusion coefficients

Within experimental errors the diffusion coefficient
(slopes in Figs. 7 and)8s constant down tgz/At~ 1, which
implies that the concept of shear-induced self-diffusion is
applicable over a large range of timescales. In particular the
lower boundary of validity is rather surprising. Within the
framework of the collision model of Leighton and Acrivos
[5] it was generally believed that diffusive behavior could
only be attained on experimental timga\t>1, i.e., for
times large compared to the assumed collision time in simple
shear flow, so that a particle has experienced several interac-
tions with its neighbors. The early onset of diffusion is the
result of ensemble averaging. As soon as all particles have
experienced a single displacement step, the correlations with
previous moments in time are lost, since the direction of the
displacement is random due to the random starting condi-
tions of each interaction. As soon as the correlation has van-
ished, diffusive motion can be observed, although individual
tracer particles have not yet undergone multiple displace-
ments. The fact that characteristic time of the diffusion is of
the orderyAt=1 does not therefore automatically imply that
mechanistigcollision basedl models are inadequate.

For small values ofyAt, the curves in Figs. 7 and 8 are
nonlinear, so that diffusive motion cannot be assumed in this
regime. Our previous experimenit§] were carried out for
yAt varying from 0.05 to 0.6, where in the current experi-
ments linearity has not been reached. Within experimental
accuracy of the former measurements it seemed appropriate
to fit the data linearly, thus obtaining values for the diffusion
coefficients. The present study suggests that in this way we

FIG. 8. Sca“ng of the average Squared disp|acement of the pahave Underestlmated Shear-lndUCed Se|f-dlfoSIOn ThIS |S |I'

ticles ¢r§/a2 with dimensionless timé&At for different volume frac-

lustrated by Fig. 9. In the left graph, the data &+ 0.45 of

tions(a) ¢=0.20,(b) $=0.35, andc) ¢=0.45; the lines represent Fig. 7(c) are fitted linearly over two different ranges pAt.

the linear fit to the data points at long times.

The dotted curve represents the linear fit fokt between
0.1 to 0.6, consistent with the procedures[@], the solid

taken through the free surface in the Couette gap. In order tourve depicts the linear fit only over long timegAt>0.7,
eliminate surface effects, the camera optics was focused onamalogous to Fig. 7.

location 1.5—2.0 mm below the surface. With a particle di-

In Fig. 9b) the results of short-time linear fits of our

ameter of 100um this should be sufficiently deep. In some current data in the direction are compared to the diffusion
experimental runs we deliberately focused on the particles atoefficients reported ifi6] as a function of particle volume
the suspension surface to investigate the surface effects andraction ¢. Leaving out the data for 20%, which were not
significantly larger diffusion coefficient was found in those very reliable, the figure shows that the previous study indeed
runs. In addition to the surface diffusion, measurements ainderestimated the diffusion coefficient by up to 30% at the
the highest volume fractions are complicated by surfacénighest volume fractions. At the time of that study, we no-
“roughening” as particles are pushed out of the suspensioiticed deviations from the literature data of Phan and Leigh-
by strong hydrodynamic interaction forces. Thus the imageon[3], but the differences were not very large in comparison
quality deteriorates and the average number of detectedith the significant experimental errors and the scatter in
tracer particles per image decreases, so that statistical infoliterature data. With our new results in mind, however, we
mation becomes less accurate. Nevertheless we have bemmst conclude that the accessible range of timescales in the

able to obtain reliable results for diffusion in tielirection.

original Couette experimen{§] was insufficient to capture

In Fig. 8 the scaling of the average squared displacemerihe onset of shear-induced self-diffusion.
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FIG. 9. Comparison of the data {#] to the results of the cur-
rent study.(a) shows two linear fits fop=0.45, dashed lin¢---) FIG. 10. Coefficients of shear-induced self-diffusion as mea-
for yAt=0.10-0.60, solid ling—) for yAt>0.7. (b) contains g req by various researchers(@ the velocity gradienB,, and (b)

the associated diffusion coefficients in the vorticity direction as Bhe vorticity D, direction as a function of particle volume fraction

function of ¢; (@) and (O) represent data from this study of, re- . A f7 ;
spectively, the full and limited fit; &) denote earlier results $6]. tq:1|s( Siurgjresent data 48], (O) of [7], and(¢) were measured in

All available experimental data for shear-induced self-
diffusion as a function of volume fractiog are combined in
Fig. 10. The earlier result®] were left out for the reason
explained above. Even if the exper!mer]tal errors are SlgnlflEjimensionless diffusion coefficient in the velocity gradient
cant, we can safely say that there is fair agreement betwee . A . .
the results of the various experimental methods with differ-direction Oy,) is about a factor 1.5 larger than in the vor-
ent systems. In particular our results are in very good agredicity direction (D,,). This is in agreement with the theoret-
ment with the most recent data of other researchers[8., ical results of Brady and Morri§l7], who predict shear-
The results of Leighton and Acrivd$] deviate somewhat induced self-diffusion coefficients in  concentrated
from the other two studies, but in that study the authors haguspensions by analyzing the microstructure of the suspen-
problems with crystallization of the suspending fluid and thission, i.e., the contact values of the pair distribution function
could have affected their results. g(r). On the other hand the experimentally found anisotropy

The characteristic timescalgAt~1 above which we de- D y/If)ZZ for concentrated suspensions is significantly
termine diffusion coefficients—and which was also used insmaller than the results of theoretical models for dilute sus-
[15]—has recently been questiongtb]. In their Stokesian pensions that attribute shear-induced diffusion to the symme-
dynamics simulations these authors found that lineifu-  try breaking of particle collisions due to particle roughness
sive) scaling could only be observed fAt>5 in the re- [18] or to the presence of a third partidl&9]. Both models
ported cases. Unfortunately, even in our counterrotatingredict the anisotropy to be circa 10 and the discrepancy
setup we are unable to check this claim experimentally, beimplies that the behavior of concentrated suspensions devi-
cause too many tracer particles leave the observation windoates strongly from the dilute limit.
at long times. However, we can compare our data to the Second, in Fig. 10 there is clear experimental evidence
results of Phan and Leightd®8], who performed their mea- that both diffusion coefficients do not grow monotonically
surements over even longer timegAt>10, although exact with volume fraction, as has been suggested by previous
numbers cannot be reconstrudgtenhd calculated the diffu- measurementgs] and by theoretical workl17]. Up to vol-
sion coefficient by assuming a straight line through the origirume fractions of circa 0.35 the diffusion coefficients increase
in graphs like our Fig. 7. On these long times the offset carrapidly. Above this volume fraction they level off and even
indeed be neglected without problem. The agreement beexhibit a tendency to go down for the highest volume frac-
tween our data and the long-time experiments is very sugtions of 0.5 and 0.55, although this final decrease cannot be
gestive: it is hard to understand that the slope of our linear fitoncluded beyond experimental doubt. The measured diffu-

could be incorrect, while extrapolation of this line accurately
intersects the data points [8].
Figure 10 reveals some intriguing trends. First of all the
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sion coefficientD,, at 45% lies somewhat higher than the ~ The onset of self-diffusion could be observed and the as-
trend in our experiments suggests and underlines the dépuateq Iong-tlme_dlffusmn coefﬂmgnts were Qeterm_med as
crease in diffusivity at 50%. a function of partlclg volumg fraction. The dimensionless
In their theoretical study Brady and Moriii47] have ar-  diffusion coefficientsD,, andD,, were in good agreement
gued that shear-induced self-diffusion should scale as th@ith previous result§3,5] that were obtained with a different
product of the velocity fluctuationsyf) and the size of the technique based on the analysis of the motion of single tracer
displacementgO(a)]. Since in their model the frequency of particles over very long timegyAt~O(10)]. The results
particle collisions is directly associated with the pair distri- significantly differed from our previous results in noncoun-
bution function at contact, it should increase strongly withterrotating Couette flol], but these discrepancies could be
volume fraction, thus giving rise to growing self-diffusion fully attributed to the limited range ojAt in those experi-
coefficients as well. Our experimental results, however, rements(0.05-0.60.
veal a different qualitative behavior. We have no explanation The onset of diffusion occurs at a dimensionless tiye
for this difference, but apparently one of the above scalingpf O(1), ascould be expected, sinceylis the governing
arguments is oversimplified. It could very well be that thetimescale in shear flow. The onset changes with particle vol-
contact value of the pair distribution functiagy2), isinsuf-  ume fraction, shifting to shorter times at higher concentra-
ficient to describe the hydrodynamic influence of the manytions. In the velocity gradient direction, the diffusive regime
particle problem for modeling shear-induced diffusion, al-is reached for larger strain values than in the vorticity direc-
though it has proven its usefulness in modeling suspensiotion. Recent numerical resulf$6] suggest that much longer
viscosities. times are needed to reach diffusive motion. Although we are
Stokesian dynamics simulatiop0] have generally sup- unable to prove otherwise in our setup, the agreement with
ported the theoretical ideas. However, recent numerical cathe measurements of Phan and Leighi8hwould be very
culations of Foss and Brady{t5] and Marchioro and Acrivos peculiar if the regime of the linear fit in our experimental

[16] have shown a tendency fdd,, to level off at high ~data is incorrect. _ L _ _
concentrations, even if it is hard to draw strong conclusionsd The nt:easur:ements kprSIVIdbe rz]add_nlonfalhexg_?frlm_ental ef\;_"
on the basis of their work, especially sint:):ﬂ does not ence about the remarkable behavior of the difiusion coefii-

exhibit the same qualitative behavior. The diffusion in theClents as a function of particle volume fractignn contrast

e : Sl . to recent theoretical predictions of Brady and Mold¥]
vorticity direction clearly increases wité in both studies. and numerical results of Foss and Brdd$] and Marchioro

and Acrivos[16], experimental self-diffusion coefficients in
the velocity gradient and vorticity direction, respectivéyy

In combination with a Counterrotating flow geometry the and f)zzr do not increase monotonica”y as a function@f

correlation techniqugs] has proven to be a powerful method Up to volume fractions of 35% the diffusion rises strongly
to study shear-induced self-diffusion of concentrated noncoland then it levels off and even shows the tendency to go

loidal suspensions. Visual observation of tracer particle pogown again above 45%.
sitions in a refractive index matched suspension at well-  Furthermore, the experimentally determined values of the

con'grolled “F“e inter\'/alls enabled a detailed aqalysis of teyitfusion coefficient in the velocity gradient directioﬁ)§y)
particle motion. Statistical tools could be applied to accu-

rately characterize this motion. The most important featuré'® significantly larger than in the vorticity directioD ),

of the method is the fact that in the counterrotating coneNe anisotropy being circa a factor 1.5.

plate geometry used in this study the dimensionless experi-
mental timeyAt could be varied from circa 0.03 to 3.5, so
that different timescales could be probed. The upper bound- The research described in this paper was supported by the
ary of theyAt range is only limited by computer capacity for Foundation for Fundamental Research on MatEdM) in
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