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Dynamic light scattering during shear:
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D. Rust, D. Genoé, P. van Puyvelde® E. Peuvrel-Disdigt*, P. Navard, G.G. Fullef

®Ecole des Mines de Paris, Centre de Mise en Forme desrdate UMR CNRS 7635, BP 207, 06904 Sophia-Antipolis, France
PChemical Engineering Department, Stanford University, Stanford, CA 94305-5025, USA

Received 17 February 1998; revised 15 April 1998; accepted 6 May 1998

Abstract

A method for determining diffusion coefficients during shear by dynamic light scattering is presented. The direct determination of
diffusion coefficient during flow is hampered by the domination of the convection terms over the diffusion terms except in a very narrow
azimuthal scattering angle range that is impossible to reach experimentally. The method described here offers the advantage to this
constraint. The technique is based on a double measurement of homodyne spectrum of light scattered from small scatterers immersed in
a medium subjected to a simple shear flow. This can be applied to polymer solutions. Verification is provided using suspensions of
polystyrene spheres in Newtonian media and a transparent rheo@et@98 Elsevier Science Ltd. All rights reserved.
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1. Introduction the effect of flow and not the effect of diffusion. The mea-
surement must be performed in an extremely narrow range
Dynamic light scattering, also called photon correlation of scattering angles that cannot be achieved experimentally.
or quasi-elastic light scattering spectroscopy, is a non- In this article we propose a new method, based on a
invasive probe of diffusion in complex fluids. This techni- double measurement of the homodyne spectrum of light
gue enables the direct determination of the mutual diffusion scattered from small particles immersed in a medium sub-
coefficient of the scattering units [1-3]. In dilute solutions, jected to a simple shear flow, to determine diffusion coeffi-
this diffusion coefficient can be used to estimate the size of cients during shear. By this method, the scattering angle
particles and, in the case of macromolecules, the molecularmust remain in an angular range that is easily obtained.
weight. Its usual practical application is therefore in particle To illustrate this method and show its validity, we will
sizing. Very little work has concerned the application of this apply it to a case where the flowing material is known to
technique in the presence of a flow [4—6]. Edwards et al. [4] have the same diffusion coefficient with and without flow.
and Pike [5] showed that the mean velocity of the scattering We will then measure the diffusion coefficient during flow
centers can be accessed from the heterodyne mode of thavith our new method and show that it is the same as the one
scattering light whereas Fuller et al. [6] showed that the at rest, as expected. Any other measurement by a direct
homodyne mode leads to the determination of velocity method would have been impossible.
gradients. A potential application is the determination of  We will first give the theoretical basis of this new method,
the transverse diffusion coefficient of polymer chains during then describe the apparatus to perform the experiments and
flow. One of the possibilities is to use small Brownian detail the experimental results.
spheres that can serve as probes for measuring such coeffi-
cients. The difficulty that was readilly faced by previous
researchers is the near impossibility of measuring diffusion 2. Theoretical approach and origin of this work

coefficients during flow since the measure is dominated by
The basic experiment considered here is the light scat-

_—— tered by small monodispersed spheres which are immersed
* Corresponding author.

! Present address: Department of Chemical Engineeering, K.U. Leuven, in a liquid underg.m.ng a simple shear flow. The sphgres are
de Croylaan 46, 3001, Leuven, Belgium. assumed to be rigid and small enough so that their mean

0032-3861/98/%$ - see front matt€r 1998 Elsevier Science Ltd. All rights reserved.
PIl: S0032-3861(98)00366-8



1354 D. Rusu et al./Polymer 40 (1999) 1353-1357

translational velocity is indistinguishable from the velocity qy
of the suspending liquid. The concentration of particles is 1
low so that multiple scattering events can be neglected. The
size of the spheres is assumed to satisfy the Rayleigh—
Debye condition [1]. In order to simplify the development
of the correlation function [6], the parameters characterizing
the experiment must satisfy the fact that the transit time
scale for the spheres is large compared with the shortest
time scales characteristic of sphere displacement over a
length scaldql ™, which can be expressed as:

L2 W
Lo v

wherey is the shear ratej the scattering vectogy, dy, d. its
projections in the set of axes originated at the scattering
volume & being the axis parallel to the flow directiow,
being along the vorticity axis), anda characteristic length

of the scattering volume.

Under these conditions, Fuller et al. [6] show that the
homodyne correlation function of a suspension submitted
to a shear flow can be written as the following product of rig 1. small-angle light scattering pattern observed on a suspension of
two terms (Eq. (2)), a diffusive term due to the Brownian monodispersed polystyrene spheres (diameter 8. from Coulter Elec-
motion of the spheres in the shear flow and a convective tronics, Luton, U.K.) in a solution of polyacrylamide in water subjected to a
term related to the position correlation within the flow: shear rate of 27's.

F2(0,t, ) = exp{ — 2Dgow (1 + L/3(11)?) + Ftcyay

+0p + gt} IJJJd3x| (exp{ —ivaytH® (2)

whereDy,,, is the diffusion coefficient of the spheres sus-
pended in a liquid undergoing a simple shear flow §®jl
the light intensity profile.
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Flow direction

compared with the flow direction can be observed on the
light scattering pattern of a suspension of polystyrene
spheres in water subjected to a shear flow (Fig. 1). The
pattern obtained during flow exhibits a zone af 80m-
pared with the flow direction where the speckle vibrates in
a much slower manner than elsewhere. The influence of the
azimuthal angle is more precisely illustrated in Fig. 2, where

This correlation function varies on two time scales, 1/ correlation functions measured during shear at different
Dsowd? and 1#Lq,. The correlation function being domi-  positions are compared with one determined at rest. This
nated by the event with the shortest time scale, this equationfigure shows that even if the correlation function during flow
predicts that in most cases, the strongest contribution to thechanges drastically around 9@ompare 90and 90.8), as
correlation function arises from the mean velocity gradient also observed on the scattering pattern, the determination of
in the scattering volume and that measurements of diffusion a diffusion coefficient during flow is implied to Exactlyat
coefficients can only be performed at the azimuthal angle of 90° which is impossible.

9¢°, whereqy, — 0. The azimuthal angle characterizes the
angular position in thay plane (defined by the shear direc-

The convective term being the term with the strongest
flow dependence (around 90this term must be eliminated

tion and the vorticity axis) at which the scattered intensity is to have access to the contribution of the diffusive motion.

analysed. Dcorresponds to the axis. An estimate of the

Since this term only depends on experimental conditions

azimuthal angle required for the diffusive term to dominate (light profile intensity, applied shear rate), it can be can-

the signal is given by the relation:
1 1

o 3
Dflowq2 Loy ®)

celled by performing two separate measurements of the
correlation function in two experiments having identical
conditions with respect to the applied shear rate and spheres,
but using two different suspending media A and B. Giving

By taking characteristic values of our experimental condi- G(q,t,+) as the ratio of the two correlation functions, this

tions (see ‘Validation of the method’), the contribution of

random motions due to diffusion can only be determined in

a very narrow angle range of 90 0.0000%. This is a very

unrealistic condition and there is no way experiments can be
performed within this range. This has always been a

difficulty that was not overcome.
This weaker influence of the flow on the correlation
position when approaching an azimuthal angle of 90

ratio can be simplified to:
G(a,t,9) = exp{ — 2(Da,, — D, )G(1+ L/3(71)?)

+ Y00y + O + 2]t}

whereD,, , andDg, , are the diffusion coefficients of the
spheres suspended respectively in medium A and B and in
the presence of a shear flow.
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Fig. 2. Homodyne correlation functions measured on a suspension of polystyrene spheres in water subjected to a simple shear'flaw iffesent
azimuthal angles. Comparison with the correlation function measured at rest.

This can be rewritten as: Mechanical obstruction due to the fact that the device is
. 2 . 2 mounted under the rheometer restricts the range of polar
Gla.t.7)= exp{ ~ 2Dy, — Dy, AT+ Y0 and azimuthal angles which can be investigated. Typically,
+ 2372t} 4) the photomultiplier can be located at polar angles ranging
o o ] ) from 5 to 36 and azimuthal angles betweei®0 and+90°.
Fitting the Napierian logarithm of5(q,t,y) by a third- g he distance between the sample and the detector can be
degree polynomial on time gives access to the coefficient \4ried and as the position and orientation of the latter is
of the first degree monomial which is equal to: fixed on the bench by construction, a particular optical sys-
92D, -D 2 5 tem (pinhole+ lens + pinhole, developed by SEMATech)
( Attow Bflow)q 5) h ; Sl ; ;
as been set up in front of the photomultiplier (Fig. 4). This
Choosing one of the suspending liquids as a Newtonian optical system avoids any misalignement of the detector
medium (for example B), for which the diffusion coefficient towards the polar angle of the scattered light to be detected.
during flow @g,,, ) is equal to the one at redd¢ ), enables The photomultiplier is connected to the SEMATech
one to determine the diffusion coefficieDy,  in the pre- UNICOR correlator which analyzes and calculates the
sence of a shear flow. homodyne correlation (or auto-correlation) functions of
the scattered light with sample times ranging from 50 ns

3. Description of the apparatus LASER

A time correlation set-up to analyse the light scattered at
small angle by a sample submitted to a shear flow was SAMPLE HEAR CELL
designed in close collaboration with SEMATech (Nice,
France). This device can be used in conjunction with a 2
transparent rheometer (described in detail elsewhere [7]). /

The experiment comprises a laser beam illuminating the

sample contained in the shear cell and the time correlation
device to analyse the scattered intensity. A schematic draw-
ing of the global experiment is shown in Fig. 3. The light
beam is a polarized He—Ne laser that emits light with a
monochromatic wavelength of 632.8 nm in vacuum. The

X SCATTERED LIGHT

PHOTOMULTIPLIER

sample is contained in a transparent rotating plate-and- BENCH
plate shear cell, the thickness of the sample being

250pum. The scattered intensity is detected by a photo- MECHANICAL

multiplier fixed on a bench. This bench is mounted on a SUPPOR UNICOR
mechanical part which enables rotation of the bench around

the incident laser beam axis and changing the distance
between the scattering elements and the detector. Fig. 3. Schematic drawing of the global experimental set-up.
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/ Fig. 5. Comparison between correlation functions measured (on spheres
DETECTOR suspended in water) at rest, during shear and calculated according to Eq.
IN :i:i:i:i:i;‘ (4). In order to comparé(q, t, ¥) with the other functions, this function was
POSITION 2 multiplied by the correlation function measured in water at rest. This new
Lo . . 2
é function is notecH on the graphH(q,t,7) = G(a,t,7) .exp( — 2Dg_ a°1).

Fig. 4. 'Close_-up of the optical' system in front of the photomultiplier. o the correlation functions were around 50 ms. The applied
lgl:si;rit}:(;::;ét.s role when the distance between the sample and the detec shear rate was 215 (at the location of the investigated
scattering volume).

Fig. 5 shows an example of comparisons between corre-
to 160 ms. This is carried out in real time. The UNICOR lation functions measured (on spheres suspended in water)
correlator is a digital correlator which, used in the linear atrest, during shear and calculated according to Eq. (4). The
mode, has four sections with 18 channels each. diffusion coefficient during flow of the suspension in water

is determined by the use of Eq. (4) and the measurements of
different correlation functions (correlation functions during
4. Validation of the method shear of the spheres in water and in the solvent mixture, and
at rest of the same suspension in the mixture of water and
One way to validate the approach described above is toglycerol). The determination of the diffusion coefficient of
use a system for which the diffusion coefficient during flow the suspension in water at rest was used for comparison with
is the same as the one at rest. This is the case of a suspensiathe coefficient during flow calculated according to the pro-
of monodispersed hard spheres immersed in a Newtonianposed method. The diffusion coefficients of the spheres in
medium. We will thus measure the diffusion coefficient both media measured at rest and determined during flow
during flow and compare it to the diffusion coefficient at using the developed approach are summarized in Table 1.
rest. This will validate the proposed method. The difference between the diffusion coefficients mea-
This was performed by using suspensions of monodis- sured at rest is directly related to the viscosity difference
persed polystyrene spheres (diameterdrilfrom Coulter
Electronics Limited, Luton, England) in two different New- Table 1
tonian media, either water or a mixture of water and g|y_ Dif_fusion cqeﬁicients of the polystyrene spheres suspended eithe_r in water
cerol. The volume fraction of glycerol when mixed with ?L:slirr]]gthEeqm(lzg;Jre of water and glycerol measured at rest or during shear
water is 15%. The volume fraction of spheres in the suspen-

sion is, in all cases, 0.11%. Suspending medium
The experiments were performed at room temperature Water Water + glycerol
(23.5C). The auto-correlation functions at rest and during - P
flow were measured at a polar angle of,1@nd in order to Dres 4.3 107 ‘em'ls 2.6 10" ‘em’ls
P 9 ’ Da,, 4.0x 107°cm?/s? 2.6 X 107 cm?s®

minimize the relative importance of the convective term at
an azimuthal angle as close as possible fo @ative to the 2Using the solvent mixture as the reference Newtonian medium (fluid B in

flow direction. The 90position was determined experimen- the'developed approach) enables calcglatlon of the diffusion coefficient
during shear of the spheres suspended in water

ta"y _by Searchmg for the aZ|mUthaI angle at which the cor- PRespectively, the diffusion coefficient during shear of the spheres sus-
relation function measured during shear had the longestpended in the solvent mixture is determined using water as the reference

relaxation time. Sample times used for the determination Newtonian medium
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between the two suspending media. It was checked that bothAcknowledgements
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