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A rheooptical method proposed rapidly determines the aspect ratio and polydispersity
of small axisymmetric, nonspherical particles. The time e®olution of the a®erage orienta-
tion angle of optically isotropic, nonabsorbing particles upon inception of a shear flow
was monitored by a polarization modulation method by using dilute suspensions of the
particles. Since the orientation angle is a geometric property of the particles, no arbitrary
assumptions on the scattering mechanism had to be made to analyze the data. The
period of the damped oscillatory response of the orientation angle is related to the
a®erage aspect ratio. In the limit of strong flows the damping only depends on dispersion
in particle shape. An analytical expression to relate the polydispersity of the equi®alent
hydrodynamic aspect ratio to the damping function is presented, as well as the applica-
bility of the technique by studying the hydrodynamic aspect ratio and associated polydis-
persity in a sample containing ellipsoidal hematite particles.

Introduction

It is often important to know the size and shape of col-
loidal particles, as they have a strong effect on the rheologi-
cal, optical, andror mechanical properties of suspensions
Ž .Hiemenz and Rajagopalan, 1997 . However, rapidly deter-
mining the geometrical aspects of small nonspherical parti-
cles is not straightforward. Preparation of samples for elec-
tron microscopy is often laborious and expensive and the
analysis of the images is not trivial. Special problems occur
when the particles aggregate during evaporation of the dis-
persion medium. In addition, it is sometimes desirable to de-
termine the geometry of particles in a fluid, with the possible
formation of doublets or aggregates. Light-scattering meth-
ods, as used in many commercial particle-sizing instruments,
are not designed to assess particle shapes. Special methods
requiring multiple detectors are needed for this purpose, as
the angular dependence of the scattered light needs to be

Ž .analyzed Kaye, 1998 . Measurements of changes in the po-
larization state of the scattered light provide a possible alter-
native for nonspherical particles with a given orientation.
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Here a method is presented based on the analysis of the
particle dynamics in a simple shear flow of dilute systems.
The particle dynamics are governed by their geometry, which
determines their manner of rotation in the flow. For a given
particle, the angular velocity is not constant in time. The par-
ticle slows down as its orientation approaches the flow direc-
tion. As a result of variations in angular velocities of different

Žparticles, preferred orientations develop Okagawa et al.,
. Ž .1973 . Frattini and Fuller 1984, 1986, 1987 and Johnson and

Ž .Fuller 1988 have shown that polarimetry measurements of
birefringence and especially linear conservative dichroism can
be used to study the dynamics of dilute colloidal suspensions
in simple shear flow. In the present work it is attempted to
invert the problem and use the rheooptical response and the
particle dynamics to extract information about particle geom-
etry.

Linear conservative or scattering dichroism is a property
related to anisotropic scattering of light. It is defined as the
difference in the principal eigenvalues of the imaginary part
of the refractive-index tensor. For the case studied here it
corresponds to the volume average over the difference in

Žscattering cross sections in two orthogonal directions van de
.Hulst, 1981 . In a dilute system of nonspherical particles, the
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magnitude of the linear conservative dichroism reflects the
degree of alignment induced by the shear flow.

In order to deduce quantitative information about the as-
pect ratio and the size distributions from measurements of
the time-evolution of the linear conservative dichroism, as-
sumptions about the scattering mechanism must be made in
order to calculate the scattering cross sections. The selection
of a scattering theory will depend on the refractive-index dif-
ference between the suspending medium and the particle, on
the particle size and the shape of the particles, characteristics
that are not known in advance. Even for the given type of
scattering theory, the magnitude of the conservative dichro-
ism depends in a complex manner on the size, especially when
the particle size is comparable to the wavelength of the light
Ž .Meeten, 1981; Yang et al., 1998 . Hence a precise calcula-
tion of size and polydispersity becomes difficult. Many of
these problems can be overcome by considering the evolution
of the average orientation angle x . The latter is given by the
projection of the principle axis of the imaginary part of the
refractive-index tensor in the flow-velocity gradient plane. It
is a purely geometrical property, the determination of which
is not affected by the size for samples with uniform optical
properties. For that reason it is more suited to characterizing
suspensions of nonspherical particles. This is the basis of the
approach followed in this article. It will be shown that an
analytical expression for the time evolution of the orientation
angle can be derived. The resulting equation contains only
the equivalent hydrodynamic aspect ratio and the associated
polydispersity as unknowns. They can be obtained from a fit
to the experimental data, as will be demonstrated for a model
system containing ellipsoidal hematite particles.

Theoretical Background
Single particles

Ž .In a classic paper, Jeffery 1922 solved the equations of
motion for a rigid, non-Brownian ellipsoidal particle in a vis-
cous flow at low Reynolds number. It was shown that the
forces acting upon a particle reduce to two torques: one that
makes the particle rotate with the vorticity of the fluid, and
one that makes the particle rotate around the principal stress

Žaxes of the surrounding fluid. In a simple shear flow ® sg t,˙x
.® s0, ® s0 the principal axis of a single, neutrally buoyant,y z

spheroid with aspect ratio r describes a motion in an Eule-
Ž .rian frame given by Jeffery, 1922

C ? r
tan u s 1Ž .0.52 2 2r cos f qsin fŽ .

2p t
tan f s r ? tan qk , 2Ž .ž /T

where u is the first and f the second Euler angle; C and k
are two integration constants that depend on the initial con-
ditions of u and f; the constants C and k determine the
specific orbit a particle will follow; and the period of rotation
Ž .T f s0™2p is determined by the particle shape and the

shear rate ġ

2p
y1T s r q r . 3Ž . Ž .

ġ

It can be noted that the period of rotation of the particles
will increase as the aspect ratio of the particles increases.

Ž .Breherton 1962 showed that the rotation of a rigid axisym-
metric body is mathematically identical to the result obtained
by Jeffery, only r no longer represents the geometric aspect
ratio of the particle, but an equivalent hydrodynamic aspect
ratio defined by Eq. 3 in terms of the period of rotation.

Ž . ŽNote that r can be larger prolate particles or smaller ob-
.late particles than one.

Equations 1 and 2 indicate that an axisymmetric body will
rotate in a periodic manner, the trace of the particle being an

Ž .ellipse a Jeffery orbit . The details of the orbit will depend
on the value of the so-called orbit constants C and k . There
are different particle trajectories or Jeffery orbits possible.
For a dispersion containing many particles, an orientation
distribution function is used.

Orientational distribution function
Ž .Okagawa et al. 1973 derived the evolution equation for

the nonequilibrium, two-dimensional orientational distribu-
tion function for a suspension of monodisperse, neutrally
buoyant, noninteracting rigid ellipsoids in a Newtonian
medium. For an initially randomly oriented state, the time-

Ž .dependent orientation distribution function p is given byt

sin u
p u , f , r s , 4Ž . Ž .t 3r22 2 2w x4p cos u qL sin u

where L is a function defined by

1
2 2 2L sL sin f q L sin 2f qL cos f , 5Ž .1 2 32

with

1 4p t
y2 y2L s 1q r q 1y r cos 6Ž . Ž .1 2 T

4p t
y1L s r y r ? sin 7Ž . Ž .2 T

1 4p t
2 2L s 1q r q 1y r cos . 8Ž . Ž .3 2 T

Through convenient projections and averages of the orien-
tational distribution function, a number of mechanical and
optical characteristics of the suspension, such as, viscosity,
normal stresses, or linear conservative dichroism, can be cal-

Ž .culated Okagawa et al., 1973; Frattini and Fuller, 1984 . For
monodisperse particles this results in material properties that
will oscillate indefinitely in time during shear flow. In real
systems the oscillations of the mechanical and optical proper-
ties display damped rather than undamped oscillations. Vari-
ations in particle shape and size, which lead to a polydisper-
sity of the equivalent hydrodynamic aspect ratio, can cause
these variations, as was demonstrated by Okagawa et al.
Ž .1973 . When a sample is polydisperse, so-called phase mixing
will occur, given the fact that bodies with a larger aspect ratio
rotate more slowly. Gradually the correlation between the
motions of the particles will be lost, as the angular velocities
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of small and large particles differ. In the present work it will
be assumed that the polydispersity is small and that it can be
represented by a Gaussian distribution function and a stan-
dard deviation is assumed, with s small compared to the
average aspect ratio r

21 y r y rŽ .
g r s exp . 9Ž . Ž .0.5 22s2p sŽ .

The resulting orientational distribution function is then given
by

`
p u , f , r s p u , f , r g r dr . 10Ž . Ž . Ž . Ž .Ht , s t

0

If the properties of the dispersion upon inception of flow are
calculated using p the oscillations will be damped in at, s

well-defined manner. Other causes of damping in the bulk
properties include Brownian motion and particle]particle in-
teractions. The former effect can be minimized by making
measurements in the limit of high Peclet numbers.´
Particle]particle interactions are reduced by working with
sufficiently dilute suspensions.

Rheooptical properties
The time evolution of both the linear conservative dichro-

ism and the average particle orientation of suspensions con-
taining model spheroids has been calculated previously in the

Ž . ŽRayleigh Frattini and Fuller, 1984 , Rayleigh]Gans Frattini
.and Fuller, 1987 , and anomalous diffraction approximations

Ž .Frattini, 1985 . As mentioned in the Introduction, the con-
servative dichroism is, however, ill-suited for treating the in-
verse problem, that is, to determine geometrical aspects of
particles of unknown geometry and size. First, there is the
need to select a scattering theory and make a priori assump-
tions about the particle geometry. Second, when a system is
polydisperse, both variations in size a and shape will con-
tribute to variations in the dichroism. A priori the probability

Ž .distribution p a, r cannot be simplified, assuming that varia-
Ž . Ž .tions in size and shape are independent and p a, r s p a ?1

Ž .p r . Often, but not always, changes in the size entail a2
Ž . Ž . Ž < .change in aspect ratio and p a, r s p a ? p r a . In addi-1 3

tion to the need for the selection of a scattering theory and
assumptions about the particle geometry, scattering dichro-
ism as a characterization tool requires independent informa-
tion about the probability distribution, rendering it less ap-
propriate for this purpose.

Fortunately, the predictions for the evolution of the orien-
tation angle have been shown to be insensitive to the choice

Ž .of the light-scattering treatment. Frattini and Fuller 1987
demonstrated explicitly that the calculations in the Rayleigh

Ž .and Rayleigh]Gans]Debye RGD produce essentially the
same results. It has been verified that this also holds for the

Ž .anomalous diffraction approximation Frattini, 1985 . This is
not surprising, as the orientation angle is a geometric prop-
erty. The independence of weighting factors involving, for ex-
ample, the size, will be demonstrated by briefly recalling the
calculation for the orientation angle in comparison with con-
servative dichroism.

A particle will interfere with the incident light wave and
Ž .modify its propagation. Following van de Hulst 1981 , the

electric vector of the scattered light at a distance z from the
particle, E can be related by the forward-scattering matrixz
Ž .S 0 to the the electric vector of the incident beam E , by0

eik z

E s S 0 ? E , 11Ž . Ž .z 0ikz

where k is the wave number, and for the components of the
forward-scattering matrix we follow the classic notation by

Ž .van de Hulst 1981

S 0 S 0Ž . Ž .2 3
S 0 s 12Ž . Ž .

S 0 S 0Ž . Ž .3 1

The optical properties of the suspension can be modeled by a
complex refractive index tensor n. The imaginary part of this
refractive index tensor is related to the forward-scattering
matrix per particle by van de Hulst 1981

2p
w xIm n s n N Re S 0 , 13Ž . Ž . Ž .s3k

where n is the refractive index of the medium and N is thes
w Ž .xnumber density of the scatterers. Re S 0 denotes the real

part of the components of the forward-scattering matrix. The
dichroism is defined as the difference between the eigenval-
ues of this imaginary part of n. In terms of the real part of
the components of the scattering matrix, this gives

2p 2Y
Dn s n N Re S 0 yRe S 0w x w x� 4Ž . Ž .Žs 2 13k

0.52
q4 Re S 0 . 14w x� 4Ž . Ž ..3

An orientation angle, specifying the principal axes of the
imaginary part of n can be defined with respect to the labo-
ratory frame

2ReS 0Ž .3
tan 2 x s . 15Ž .

Re S 0 yS 0w xŽ . Ž .2 1

For our purpose, it is important to note that, whereas the
dichroism contains a sum of the components of the scattering
matrix, the orientation angle is defined as a ratio of the lat-
ter. Since the most important effects of particle size are typi-

Ž .cally contained in the prefactors to the components of S 0 ,
the dichroism will depend on particle size whereas the orien-
tation angle will be largely insensitive to this property.

For the case of Rayleigh scatterers, the forward-scattering
Ž .matrix was derived by Stoimenova et al. 1980 . Substituting

the components of the scattering matrix in Eq. 15 and averag-
ing over the distribution, the time-dependent orientation an-

Ž .gle can be calculated from Frattini and Fuller, 1984

² 2 :sin u sin 2f
tan 2 x s , 16Ž .2² :sin u cos 2f
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( )Figure 1. Evolution of average orientation angle x as
( )a function of dimensionless time trrrrr T for a

suspension of monodisperse prolate spher-
oids with different aspect ratios.

² :where . . . denotes an average according to

p 2p² :. . . s . . . p u , f , r df du . 17Ž . Ž .H H t , s
0 0

This integration can be carried out numerically, but is rather
cumbersome, as most of the integrals are oscillatory. Figure 1
shows the evolution of the orientation angle, as a function of
time, normalized by the average tumbling period, T , for dif-

Ž .ferent aspect ratios prolate spheroids after a startup of a
shear flow. In these calculations, the particles are assumed to
be monodisperse. As can be seen in Figure 1, the intrinsic
shape of the curve changes when the aspect ratio is larger.
On the average, the particles spend more time close to the
flow axis when the aspect ratio is larger.

( )Figure 2. Evolution of average orientation angle x as
( )a function of dimensionless time trrrrr T for a

suspension containing spheroids of aspect
ratio 0.9 and different degrees of polydisper-

( )sity s .

With a distribution of hydrodynamic aspect ratios, the os-
cillations will be damped. The full numerical calculation is
rather time-consuming, and is not very practical for dealing
with the inverse problem. Therefore two approximations were
used in order to obtain an analytical expression relating the
time evolution to aspect ratio and polydispersity.

Approximation for Near Spherical Particles. When the par-
< <ticles are nearly spherical, r y1 is small, and from Eqs. 5]8

it follows that L2 approaches unity. The probability distribu-
tion given by Eq. 4 can then be simplified using a series ex-

Ž 2 .pansion with respect to L y1 , to yield:

sin u 3 22 2 2p u , f , r s 1y L y1 sin u q OO L y1 .Ž . Ž . Ž .t 4p 2

18Ž .

Ž 2 .Because L y1 is assumed to be small, the higher-order
terms can be neglected. Using this simplified form for the

Ž .probability distribution function Eq. 18 , the integrations
Žover u and f in the calculation of the orientation angle Eq.

.16 can be carried out analytically. After some algebraic ma-
nipulations, one obtains an integral equation in r :

4p t`
y12 r y r sin g r drŽ . Ž .H T0tan 2 x s . 19Ž .4p t`

2 y2 2 y2r y r y r y r cos g r drŽ . Ž .H T0

This integration still needs to be carried out numerically,
but requires only about 5% of the time required to solve Eq.
16. Typical results are given in Figure 2, comparing the ap-
proximation with the full result for a prolate spheroid with an
aspect ratio of 0.9 and different degrees of polydispersity. The
time axis is rescaled with respect to the period of oscillation
of a monodisperse system with the same average aspect ratio,
T .mono

Figure 2 shows how the oscillations become more strongly
damped as the polydispersity increases from 0 to 0.25. Poly-
dispersity also has a small effect on the average period of the
oscillations. As the degree of polydispersity s is increased, T
slightly increases as well. This effect is most pronounced, as
the aspect ratio is close to 1. In Figure 3 the ratio between

Ž .the average period T and T is plotted as a function ofav mono
the degree of polydispersity, expressed as a standard devia-

Ž .tion Eq. 9 for various aspect ratios. In the worst case calcu-
lated here, that is, r s1.1 and s s0.6, the deviation amounts
to 10%. For larger aspect ratios this increase of T with s
can be neglected for all practical purposes.

Approximation for Small Polydispersities. When the as-
sumption of nearly spherical particles is combined with an
assumption that polydispersity is small, an analytical expres-
sion can be derived. Using

r y r
ys , 20Ž .

s

Eq. 9 can be written as:

1 y2

g r s exp y . 21Ž . Ž .ž /2ps 2
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Figure 3. Ratio between average tumbling period for a
( )polydisperse suspension T and oscillationav

( )period for a monodisperse system T ofmono
ellipsoidal particles as a function of degree of
polydispersity for various aspect ratios.

It is now assumed that s is small compared to r. The nonlin-
ear terms in r appearing in Eq. 19 can be substituted by their
approximations using terms up to the second order in y:

ry1 y r s Ay ByqCy2 q OO y3 22Ž .Ž .

r 2 y ry2 s Dy Eyq Fy2 q OO y3 23Ž .Ž .
4p t

3 3sn ty a yq a y q OO y , 24Ž .Ž .2 3T

where

2ġ
n s . 25Ž .y1r q r

The coefficients, a , a , A, B, C, D, E, and F, are given in2 3
the Appendix. Using these approximations, the integrations
in Eq. 19 can be carried out analytically. The resulting equa-
tion for the orientation angle is given by :

2 K
tan 2 x s . 26Ž .

L

The numerator K in Eq. 26 reduces to

1 a2
2

K s exp y 24 ž /2q8a2 3's 1q4a3

w x= A sin n t cos a qcos n t sin y aŽ . Ž .

a2 w xy B sin n t sin y b ycos n t cos y bŽ . Ž .
2'1q4a3

21 a2
qC sin n t cos b y cos gŽ . Ž .

2 2½' '1q4a 1q4a3 3

2a2
qcos n t sin y b y sin yg . 27Ž . Ž . Ž .

2 5'1q4a3

The coefficients a , b , and g are given in the Appendix. The
denominator L in Eq. 26 reduces to

1 1
2 y2 y4 2Ls r y r q 1y3r s y M , 28Ž . Ž .'s 2p s

with M

2'2p a2
Ms exp y 24 ž /2q8a2 3'1q4a3

w x= D cos n t cos a ysin n t sin y aŽ . Ž .

a2 w xq E cos n t sin y b qsin n t cos bŽ . Ž .
2'1q4a3

21 a2
q F cos n t cos b y cos gŽ . Ž .

2 2½' '1q4a 1y4a3 3

2a2
qsin n t sin y b y sin yg . 29Ž . Ž . Ž .

2 5'1q4a3

Once r is estimated from T , the polydispersity s is the
only unknown in Eq. 26 and can be used as a fitting parame-
ter to describe the experimentally observed curves.

To evaluate the different calculation procedures, the re-
sults of the full numerical calculation of Eq. 16 are compared
in Figure 4 with the different approximations for a suspen-
sion containing particles with an aspect ratio of 2 and a shape
polydispersity of 0.2. The approximation for near-spherical
particles, given by Eq. 19, still has to be solved numerically.
The results are nearly identical to the exact result with a re-
duction of the computational effort. The analytical expres-
sion obtained by furthermore assuming small polydispersity
and approximating the non-linear terms up to the second or-

Ž .der Eq. 26 gives very good results. It will be referred to as
the second-order approximation.

To test the limits of the applicability of the second-order
approximation in a more detailed manner, the results of the
full numerical calculation were compared with the results ob-

Ž .tained by using Eq. 26 for various sets of values r, s . Figure
5a gives the evolution of the orientation angle upon startup
of a shear flow for an initially random oriented system with
an average aspect ratio of 5 and a varying degree of polydis-
persity. The symbols in Figure 5 give the results of the full
numerical calculation of Eq. 16. The lines represent the ana-
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Figure 4. Calculations of the evolution of orientation
( )angle x as a function of dimensionless time

( )trrrrr T using the full numerical solution of Eq.
16, numerical solution of Eq. 19, and analyti-
cal solution using second-order approxima-
tions of Eq. 26.

lytical expression of Eq. 26. Even beyond the strict limits of
validity of the second-order approach, the curves generated
by this approximation describe the evolution of the orienta-
tion angle very well. At the highest degree of polydispersity
calculated here, s s0.6, the agreement between Eq. 26 and
the full numerical result becomes slightly less accurate, espe-

Ž .cially at longer times trT )1.5 . The analytical result then
predicts an evolution that is less damped than the full numer-
ical result. However, the first period of the damped oscilla-
tion is well described. Figure 5b compares the analytical ap-

Ž . Ž .proximation lines with the full numerical results symbols
at a given degree of polydispersity of 0.2. Even up to aspect
ratios of 10, the second-order approximation gives good re-
sults.

Particle characterization method
The method proposed in this work is therefore to use the

rheooptical response of a dilute system, and the analytical
equations presented earlier to determine the equivalent hy-
drodynamic aspect ratio and polydispersity of nonspherical
particles as they are dispersed in the fluid. The shear rates at
which the dispersions are sheared must be such that the hy-
drodynamic forces dominate the thermal forces associated
with Brownian motion, that is, in the high Peclet regime. The´
sample should be sufficiently dilute to avoid two-body inter-
actions, but still provide sufficient scattering contrast. The
equi®alent hydrodynamic aspect ratio of the particles and the
associated polydispersity can be obtained by using Eq. 26 to
fit the evolution of the orientation angle upon inception of a
shear flow at high Peclet numbers.´

Conservative dichroism can be applied in another way to
productively characterize the particles. The size can be ob-
tained from the measurement of the rotational diffusivity, D .r
The latter can be obtained from the relaxation of the dichro-

Žism or orientation angle after cessation of flow Frattini and
.Fuller, 1986 . The orientation will be gradually lost, due to

Brownian motion. The relaxation behavior will be described
by a decreasing exponential, the relaxation time being
Ž .y16D . The rotational diffusivity is related to the aspect ra-r
tio and particle size, and a detailed discussion is given by

Ž .Brenner 1974 . Relating the diffusivity to the particle size
requires the knowledge of the medium viscosity.

The use of the method for determining the equivalent hy-
drodynamic aspect ratio and polydispersity will now be
demonstrated by considering a dispersion of a spindle-type
hematite.

Materials and Methods
Materials

A hematite suspension was synthesized according to the
Ž .method of Ozaki et al. 1984 . The synthesis involved the pre-

( )Figure 5. Evolution of average orientation angle x as
( )a function of dimensionless time trrrrr T .

Comparison of the full numerical calculation and the sec-
Ž .ond-order approximation: a at a given aspect ratio of 5 and

Ž . Ž .varying degree of polydispersity s of 0.05, 0.2, and 0.6; b
at a given degree of polydispersity of 0.2 and aspect ratios
Ž .r of 2 and 10.
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cipitation of hematite from an aqueous solution of 4=10y4

M sodium phosphate and 0.02 M ferric floride by forced hy-
drolysis of the ferric salt. A volume of 5 cm3 of 1.0 M HCl
was added to 200 cm3 of the dispersion, aiming for an aspect

Ž .ratio of 2 to 3 Ozaki et al., 1984 . The samples were aged at
1008C for 72 h in an air oven. Precipitates were subsequently
centrifuged and washed several times with bidistilled water
and stored. Subsequently, dispersions were prepared in mix-
tures of glycerol and water. Glycerol is added to increase the
medium viscosity in order to reduce the particle diffusivity,
rendering the regime where the hydrodynamic forces domi-
nate more accessible for our experiments. The viscosity of
the glycerol]water mixture is only important when one wants
to obtain the particle size from the measurement of the rota-
tional diffusivity. It was observed that stable dispersions could
be prepared in a slightly acidic medium by sonicating the dis-
persions with regular intervals, as demonstrated by Boger and

Ž .coworkers Solomon and Boger, 1988, Gason et al., 1999 .
The hematite particles can be approximated as being intrinsi-
cally optically isotropic, the difference between the principal
refractive differences being smaller than 10%, as was shown

Ž .by Johnson and Fuller 1988 .
The physical dimensions of the particles were investigated

Ž .by scanning electron microscopy SEM . Figure 6 shows a
typical scanning electron micrograph of gold-coated particles,
indicating their ellipsoidal nature. A geometric aspect ratio
was defined as the ratio between the lengths of the major
and minor axis for each particle. Such a definition does not
account deviations in particle shape from ellipsoids, which
are nevertheless present. The distribution of these aspect ra-
tios could be described by a Gaussian curve with a mean value
r of 2.50 and a standard deviation s of 0.25, averaged over
60 particles. The particles had an average major axis of 430"
50 nm and a minor axis of about 170"20 nm.

Experimental Method
A polarization modulation method was used to measure

simultaneously the linear dichroism and the orientation angle
Ž .as a function of time. A rheometrics optical analyzer ROA

was used for this purpose. It is based on a rotary polarization
modulation principle as suggested by Fuller and Mikkelsen

Figure 6. SEM micrograph of hematite particles.

( Y)Figure 7. Conservative dichroism D n and orientation
( )angle x as a function of shear rate for a

35-ppm suspension of hematite in a 5% wa-
terrrrrr95% glycerin mixture.

Ž .1989 . The optical train consists of a polarizer and a half-
wave plate rotating at a frequency v of 2 kHz, which pro-
vides a modulation of the incoming light at a frequency of 8
kHz. For a dichroic sample, in the limit of small anisotropies,
the intensity of the light transmitted by the sample is given by
Ž .Fuller, 1995 :

I0 Y YwIs cosh d y cos 2 x sinh d cos 4v tŽ .
2

Y xy sin 2 x sinh d sin 4v t , 30Ž . Ž .

with I the intensity of the incoming light, x the orientation0
angle, and d Y the extinction. The ‘‘DC’’ part of the transmit-

Ž Y.ted light intensity I r2 cosh d is filtered out by using a0
Žlow-pass filter. Phase-sensitive detectors lock-in amplifiers,

.Stanford Research Systems Model 530 are used to deter-
mine the in-phase and out-of-phase components of the light
intensity transmitted by the sample. From the measured val-
ues of I , I , and I , the orientation angle x andDC cos 4v t sin 4v t
the magnitude of the dichroism DnY can be determined si-
multaneously. The high modulation frequency makes it possi-
ble to study fast time-dependent phenomena. Other optical
trains using photoelastic modulators are possible. More de-

Ž .tails on this technique are given by Fuller 1995 . A Couette
cell is used here to probe the anisotropy in the flow-velocity
gradient plane as light is sent down the vorticity direction.
The path length of the beam through the Couette flow cell is
2.44 cm.

Results
Steady state

Figure 7 shows the conservative dichroism and orientation
angle observed under steady-state flow conditions for a dilute
suspension of about 35 ppm of the hematite sample in a 5r95
water]glycerin mixture. At low shear rates, the effect of
Brownian motion is to render the orientation distribution
more isotropic. The magnitude of the dichroism is small and
the orientation angle differs from zero. As the shear rate is
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increased, the shear flow is capable of orienting the particles,
the magnitude of the dichroism increases, and the orienta-
tion angle decreases gradually down to 08. This indicates the
regime where the hydrodynamic forces dominate. In the fol-
lowing, we will only present results that were taken in this
regime. At very high shear rates, at particle Reynolds num-
bers approaching 1, the particle inertia will become impor-
tant. From an experimental point of view this can be assessed

Ž .from the transient behavior see below . The steady-state data
are hence useful in determining the lower shear-rate limit at
which the high Peclet regime is reached. For the present´
sample the lower shear-rate limit was found to be 1 sy1.

Transient data
In the transient experiments, flow is started up from an

initially randomly oriented sample. This initial state can be
produced in the current samples by allowing the sample to
relax over a sufficient time scale, being rendered isotropic by
Brownian motion. The random orientation state can be de-
tected from the rheooptical response, as all optical anisotropy
should vanish. The damped oscillatory response for the con-
servative dichroism in the high Peclet regime together with´
the evolution of the orientation angle are shown in Figure 8
for startup experiments at five different shear rates between
1 and 7 sy1. The dichroism was re-scaled with respect to its

Ž Y .steady-state value Dn . The data for both dichroism andSS
orientation angle obtained at different shear rates superim-
pose when plotted as a function of the strain. At higher shear

Ž .rates not shown here , this scaling fails, indicating the point
at which particle inertia becomes important or instrumental
artifacts due to the motor and drive belt occur. For the pre-
sent sample this occurred at about 15 sy1. A damped oscilla-
tory behavior is observed in the shear-rate range between 1
and 10 sy1, and up to three oscillations are clearly visible.

The evolution of the orientation angle could be described
fairly well by Eq. 26, and the resulting fit is shown in Figure
8b by the full line. The best-fit parameters yielded an equiva-
lent hydrodynamic aspect ratio of 1.75 and an associated
polydispersity of 0.65. The value of 1.75 for the equivalent
aspect ratio is lower than the value of 2.5 obtained for the
geometric aspect ratio from the SEM images, and the associ-
ated polydispersity of 0.65 is larger than the value of 0.25
obtained from the SEM analysis. This discrepancy is not sur-
prising, as the aspect ratio and polydispersity given by the
rheooptical method are the equivalent hydrodynamic ones.
Deviations from an ellipsoidal shape will lower the equiva-
lent hydrodynamic aspect ratio and increase the associated
polydispersity. As can be observed in Figure 6, some of the
particles are not perfectly ellipsoidal. Additionally, the pres-
ence of small aggregates consisting of two or three particles
in the dispersion cannot be excluded. These aggregates will
have a smaller effective aspect ratio. The particles used in
the present work were not sterically stabilized, and a com-
plete dispersion is not assured, especially not in
glycerinrwater mixtures stabilized by electrostatics only. Both
variations in shape and the presence of small aggegrates will
result in a lower effective hydrodynamic aspect ratio and lead
to an increased polydispersity as compared to the data ob-
tained from the SEM analysis.

( ) ( Y) ( )Figure 8. a Conservative dichroism D n and b ori-
( )entation angle x as a function of strain for

35 ppm suspensions of hematite in 5/////95 water/////
glycerin mixtures at five different shear rates.
Only one out of four data points is shown; the full line is a
fit of Eq. 26.

It should be pointed out that the rheooptical method pro-
duces the more relevant characteristics, the experimental as-
pect ratio and polydispersity referring to the hydrodynamic
rather than the purely geometric properties of the particles.
For many practical applications, it is only these equivalent
hydrodynamic factors that govern the suspension behavior,
for instance rheology or sedimentation. Relating geometric to
hydrodynamic properties is not straightforward for real
particles, which cannot be described by perfect mathematical
bodies.

Conclusions
A method has been presented to determine the equivalent

hydrodynamic aspect ratio and associated polydispersity for
axisymmetric nonspherical particles dispersed in a medium.
The time evolution of the average orientation angle of dilute
suspensions of nonspherical particles upon inception of a
shear flow is monitored by means of the polarization modula-
tion method. Because the orientation angle is a geometric
property, the time evolution of the orientation angle is essen-
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tially dependent on two parameters: the equivalent hydrody-
namic aspect ratio, and associated polydispersity. An analyti-
cal expression has been derived under the assumption that
the particles are axisymmetric, have isotropic optical proper-
ties, are sufficiently dilute, have aspect ratios that are below
10 and relatively small polydispersity, and that the suspension
is sufficiently dilute. The advantages of the present method
are that it is rapid, and that the experimentally determined
aspect ratio refers to the hydrodynamic properties of the par-
ticles pertaining to the dispersion as such; these are the rele-
vant properties for a number of applications. The usefulness
of the technique has been demonstrated by determining the
aspect ratio and polydispersity in a model hematite sample.
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Appendix
The coefficients used to evaluate Eq. 26 are :

y22 g t 1y r sŽ .˙
a s A1Ž .2 2y1r q rŽ .

y2 22g t 1y3r sŽ .˙
a s A2Ž .3 3y1r q rŽ .

y1As r y r A3Ž .
y2Bs 1q r s A4Ž . Ž .

y3 2Cs r s A5Ž .
2 y2Ds r y r A6Ž .

y3Es 2 r q2 r s A7Ž . Ž .
y4 2F s 1y3r s A8Ž . Ž .

a2 a arctan 2 aŽ .2 3 3
a s y A9Ž .2 21q4a3

a2 a 3 arctan 2 aŽ .2 3 3
b s y A10Ž .2 21q4a3

a2 a 5 arctan 2 aŽ .2 3 3
g s y A11Ž .2 21q4a3
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