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Steady light transport under flow: Characterization of evolving dense random media
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We describe in this letter a new rheo-optical apparatus able to measure the photon transpott larayth
evolving random medium. First, the appropriate solution of the diffusion equation for oil in water, stable,
micron-sized emulsions is compared successfully with the measured spatial distribution of incoherent back-
scattered light given by the new apparatus. Further validation is provided using stable samples of varying sizes
and volume fraction$1% to 64% and comparing measurements with Mie-Percus-Yevick calculations based
on independent small-angle light scatteritf®ALS) measurements. As a typical example application of the
system, the emulsification of a different oil in water system is stuitiesitu and dynamically. The continuous
temporal measurements show the decrease of the average size versus time, in excellent quantitative agreement
with independent SALS measurements. This evidences that this system is able tocpntibeouslyand
nonintrusivelythe microscopic and macroscopic flow-induced organization of suspensions.
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[. INTRODUCTION ments are not easy to perform, first because of the need for a
specific calibration using a reference sample in the appropri-
HQte range. More importantly, this method cannot separate
‘scattering and absorption, which forbids its use in systems
that are even slightly absorbing.

We propose a system that is designed for the simultaneous
microscopic and macroscopic characterization of evolving-
and optically dense media such as perturbed concentrated
; ) o suspensions, a system that must be as general and flexible as
ing system under varying external conditions. For examplepqssiple. The basic idea of the optical part of this technique
the temporal evolution of the microscopic structure of an Oilig 15 yse a steady collimated light source and to deduce from
in water emulsion can be monitored while shearing the solug,g gpatial distribution of the incoherent backscattered light
tion, gvolutlon that is currently inaccessible to the abovey,, microscopic properties of the random media while vary-
techniques. o , _ing the external conditionén our example: shearThe op-

_At the time of writing this paper, there are threée quitejca| nart of the method has been through quite extensive
different types of systems that use light as a probe of thgnegretical developments and could be coined as “steady
mes_oscopic structure of materialg. The first cate_gory is esﬁght transport.” (SLT) To our knowledge, there are no ex-
sentially based on SALS, from which, in the very dilute caseqiments showing the validity domain of the method, nor its

information about the size of the suspended objects can Bgnerimental potential to study evolving concentrated media.
extracted. The second category consists of dynamic lighfne aim of our paper is to fill this gap.

scattering(DLS) and its multiple scattering extensions, €.9., e first describe the experimental setup and methods as
DWS, that measure the diffusion coefficient of the suspendegl,q|| a5 the test materials used for validation purposes. Exist-
particles. Those techniques have some limitations that impajfy theoretical results are then briefly summarized. Finally,

their use in experiments on gvolving den;e media. First, they, o experimental system is validated and applied to flow-
are generally difficult to use in systems with a large unknown,4,ced emulsification.

macroscopic velocity since the speckles have to be averaged
over long enough times at a given position. Also, the use of
DLS is limited to low enough concentrations so that the pair Il. EXPERIMENTAL SETUP

interactions are negligible. Finally, in the case of DWS, the 114 experimental setup is sketched in Fig. 1 and con-
system under investigation must be ergodic. This condition i$3ins three main parts. The first part consists of a laser
very often not met in concentrated colloidal systems as theY)\:632.8 nm, an optical fiber with its collimator, and a sys-

exhibit solidiike behavior§6—8. The third category of Sys- 1o of mirrors. It produces, guides the laser light, and colli-

tems evaluates the optical thlcknegs of the mediuen, the mates, it into the sample. The output intensity is stable within
INVerse of the mean free pathmainly by reflectance or 5o, (manufacturer datashegtsand is circularly polarized.

transmittance measuremeitesg., Ref[6]). Those measure- The second part consists of one circular glass plate of thick-

ness 2 cm, optically treated to avoid reflections. This plate is

placed on an AR2000 TA Instrument rheometer. This rheom-

*Electronic address: christophe.baravian@ensem.inpl-nancy.fr eter controls the vane geometry rotation rate as well as the

The past two decades have seen the development of no
invasive optical techniques for the quantitative study of ran
dom media, ranging from optical tomograplig.g., Refs.
[1-4]) to small-angle light scatteringSALS) and diffusive
wave spectroscop§DWS) (e.g., Ref[5]). This paper is con-
cerned with the presentation of a new tool that allows mea
surements of the light transport lendth) in a dense, evolv-
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distance between the plate and the vésee Fig. 1 This can § 01 / \ \
be used to make the SLT measurements during emulsifica§ /l\ \ \
tion experiments, with complete control of the flow param- ¢ o008 Fi
eters. The vane geometry is chosen in order to avoid slipg ; / \ \ \
effects in the emulsification of the oil in water solutitsee, > 006 H s
e.g., Ref.[9]). The third part of the system consists of a .z ] / i \
digital image acquisition system. An Adimec MX12P digital ﬁ 0.04 / T
camera(1024 pixels, 12 bits, 30 frames)ds linked to an / Y \ \
Imasys digital image acquisition card, with a 100 Mo/s 0@ / i
transfer rate, controlled by the PC computer. This image ac- 4
quisition system is also synchronized with the rheometer ac- 00.1 1 10
quisition system. The acquired image size of the backscat(p) D (um)

tered light is approximately 5 mm, very large compared to

the impinging laser spd60 um). The experiments were per- FIG. 2. (8 Two examples fit of experimental curves with Eq.
formed in a climatized room at 20 °C. Thus, the camera3). (b) Diameter distributions for the three emulsions.

noise was held constant within one gray level.

For experiments at rest, ten images are acquired and ayngnks to its application to optical tomograpf8] and pos-

eraged in order to decrease the speckle and numerical noisgp|e application to laser light amplificatigao]. It is usually

This was less necessary for sheared experiments sin_ce theodeled—when neglecting coherence and polarization

qu“fects—by the radiative transfer equation for the radiance

is then detected and an angular average taken with this bary- P -
o . S also called specific intensityfsee Refs[11,12). Assuming

center as origin of the polar coordinates. This yields the ra; : . . :

dial (p) distribution of the angular averaged intensity. Equa-that the anistropic part of the radiance is much smaller than

tion (3) is then fitted on this radial distribution, giving a the isotropic part, this radiative transfer equation can be re-

measurement df for each samplgsee Fig. 2a)]. All these Suceg toa dlffju_;s_mn e%uatmiﬂ fc;lr the qu_ent;:]e Ta:e W'tlh ROb'n”
operations are performed using a home-baitt- program. ooundary condition, where he fluence Is the integral over a

The adjustments of theoretical curves were performed usin olid angles of the rad@ncﬁRef. (11], C_hap.‘J. Haskelle.t_al.. .
standard least-square fit methods. 2] _showed that the rigorous solution to the semi-infinite
The validation of the system described in this paper wagnedium problem with a collimated source can be well ap-
performed on three different industrial oil-water emulsions,Proximated using the so-called extrapolated boundary condi-
prepared “Firmenich S.A” with three different emulsifiers. tion and the method of images. The solution is written in
The three emulsions, noted STT063, STT046, and STT02%3ylindrical coordinates, with the origin of coordinates chosen
had respective mass fractions 010.02,0.60,0.38 as the point where the beam enters the medignis the
(0.03,0.60,0.3%7 and(0.04,0.50,0.46in (emulsifier, Neobee radial coordinate and the height(See Fig. 1 Neglecting
0il®, and watey and used as emulsifier, respectively, citrem,the absorption for simplicity, the steady-state fluencel®
solutol 80 K, and rice lecithin. The oil refractive index is
1.4564. The size distribution of all three emulsions is plotted D(p,2) = 3 ( 1
in Fig. 2b) and was determined by SALS using a Malvern Al \ ((z=1")% + p?) L2
Mastersizer S. The angular intensity distribution was in-

verted to give a size distribution using Malvern’s proprietary - . 1 ) with z, = z|*_1 hl Reff_
software. (z+1"+z)%+ pAY2) 3 1-Re
lll. THEORETICAL BACKGROUND 1)

The theoretical study of the propagation of light in denseRer is the fraction of photons internally reflected at the
(turbid) media has recently been through much developmeripoundary(calculated according to R€fL2]). I” is the “trans-
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port length” and is the only parameter necessary to describihis length forpolydisperse and concentrateanulsions, in
the diffuse light transport in the mediufsee the next para- which case it is not clear if an analytical calculatiorGf,)
graph. The measured backscattered signal corresponds tand(g) is possible, even if the pair structure factors for the

the reflectance different particle classes can be calculated. So, we resort to
1-R (0) the followir)g two-step approximation. Firgt, neglectin_g the

R(p) = ﬂ{@p,z:o) effect of high concentrations, we determine an equivalent

2n Am monodisperse medium accounting for the polydispersity.

Second, we apply the Percus-Yevick correctj@s] to this
cos(e)}cos(e)d(), (2) monodisperse equivalent medium.

The first step starts by calculating the effect of polydis-
where Reendt ) is the usual unpolarized Fresnel reflection Persity on the transport length. For a histogranhaflass of
coefficient. In our case, since we use a 2 cm thick glass platg@rticles sizes, the average scattering parameterfsi éfe

that has been treated to avoid reflections at the laser wave- N

length, and the suspending medium is always water, we will {ttscad = (N(i)Cocafi)) = > tscall); (4)
consider that there is no index mismatch. The solution for i=1

our experimental system then is

. I*z?@(p,z= 0)
gz

N
1 0.0398 0.0928 : :
R(p) = L p\2\2 " p\2\32 m g{ PLO.DHscall)
(1+<—*> ) (5.444 +<7> ) (g>:27-rf —— coq6)sin(6)do,
I I 0 <:Uvsca>
+0.059 _ 1 whereCg,i), n(i), andP(6,i) are, respectively, the scatter-
' p\?\? p\2\Y2 | ing cross section, the number density, and the phase function

1+ I 5.444 + I for particles of size within the clagsThe transport length is

3 then(I")=1/[{usap(1—(g))], this expression accounting for
) the polydispersity of the sample. The equivalent monodis-
This theoretical expression is fitted to the experimental dat@erse medium is determined in the diluted regime by finding
to obtain a measurement Bf BesidesR(p)(I")2 is a nondi- its equivalent size(a)y) for which I"({a))=(I"), for constant
mensional quantity that yields a universal curve when theotal volume fraction, optical indexes, and wavelength.
radial coordinate is scaled with”. This scaling provides a The second step of the calculus applies the standard
strong test for the validity of the model. Note also that ab-Percus-Yevick correctioff] to this monodisperse equivalent
sorption can be easily included in the model and is thenmedium to evaluatélggg(a)) andg™¥((a)), from which we

simply an additionnal fit parametgt3], allowing easy dis-  geducel*”'((a)). In the following paragraph concerning the

crimination of scattering and absorption. validation of the measurement method, experimental SLT
We present in the following the validation of the measure-,qasurements df are compared to this value.

ment method using the stable nonabosrbing micron-sized
emulsions described in detail previously. The technique is
then used to characterize the emulsification of an oil in water B. Mean size variations

solution under shear. . . .
In all experiments, a constant medium thickness of

40 mm was used. This thickness is large enough compared to
IV. VALIDATION the measuredf to ensure that the semi-infinite medium ap-

As we wish to validate the measurement method’of Proximation is valid. _ _
proposed above, we need to compare it with another ac- We show that the steady light transport technique deter-

cepted evaluation of this length. The simplest experimentalines! in a very robust manner, first by varying the mean
way is to measure by SALS the size distribution of the emul-SIZ€ of the suspended partlc;les. Steady light transport experi-
sions (using a Malvern Mastersizer) &nd their concentra- Ments were performed with the STTO063, STT046, and

tion (by dry extract and, knowing from the manufacturer the STT025 emulsions at a respective volume fraction of 63.8%,

refractive indexes of the phases, to calculdtérom those 64.7%, a_nd 58:9%- ] )
data. Equation(3) is fitted on each experimental curve using a

least-square fit, giving a measurementlofsee, e.g., Fig.

2(a)]. Each experimental curve is then rescaled(by’ and

plotted againsp/l", as suggested by the scaling of Eg).

The three curves obtained for the three different sizes are
In dilute monodisperse systems, the transport lergth shown in Fig. 3 along with the theoretical curf&q. (3)].

can be calculated using Mie theory, and is defined"as The experimental curves and the diffusion model agree per-

=1/[nCsea(1-9)], with Cg, the scattering cross sectiog, fectly over more than 3 decades of intensity, collapsing

the scattering anisotropy parameter, anthe number den- nicely on a single curve from/l" =1 to . This excellent

sity of particles(see, e.g., Refl14]). We need to calculate rescaling validates the diffusion model.

A. Evaluation of I" using SALS data: Mie-Percus-Yevick
calculations
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FIG. 3. Scaled experimental data and diffusion model.

C. Successive dilutions
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Fig. 4@], further confirming the robustness of the method.

D. Comparison with SALS measurements

Finally, we compare the variation ¢f measured above
and the theoretical values computed by the polydisperse
Percus-Yevick approximation using the size distributions
measured by SALSFig. 2b)]. In all three figuregFigs.
4(b)—4(d)] the thick straight line corresponds to polydisperse
dilute Mie calculations, the dashed curve corresponds to the
polydisperse Mie-Percus-Yevick approximation. The con-
tinuous curve corresponds to the same calculation with an
increase of 1% of the refractive index of the oil given by the
manufacturer.

The general agreement is very good, being excellent for
concentrations smaller than 10%. Anpriori surprising re-
sult is the large sensivity of the method to small differences
in refractive indexes. Recalling that we usbackscattering
geometry, we are sampling tieholephase function, includ-

In order to assess the robustness of the measuremeing large angles. This part of the phase function is more
method, we also conducted a series of light transport expersensitive to small differences in the refractive index than the
ments for successive dilutions, yielding volume fractionssmall angles part used in the standard SALS techniques.
ranging from a few percent to the random packing volumeSince the emulsifier added to the oil to stabilize the solution
fraction. As in the previous paragraph, the curves collapsare polar molecules, it is to be expected that the refractive

very well when rescaled bif*)? and plotted againgi/|” [see
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FIG. 4. (a) Rescaling of experimental data from successive dilution experiments and of the diffusion sahjtiSA.T025 SLT mea-
surements versus Mie and PY calculatiof®$.STT046 SLT measurements versus Mie and PY calculatioh$STT063 SLT measurements
versus Mie and PY calculations.
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tion of the relative concentration in polymer, which explains 23
the necessity to adjust slightly the refractive index.

The validation presented here is an extensive comparisor 2
between the measured spatial distribution of backscatteres + Volvern messmemens
light and the theoretical curves when varying two of the A1‘5-Jﬁ

three parameters controlling light scattering. Indeed, both theg
size and the volume fraction were varied, the latter in a con-x |
siderable rangél.2% to 63.8% The consequence of this

large variation is an even larger variationlinover nearly 2
decades. Also, we should underline that no specific calibra-
tion of the apparatus is needed, unlike optical thickness mea
surements. Moreover, as is clear from diffusion theld§, 00 500 1000 1500 2000 2500
this method can discriminate between absorption and diffu-(a) Time (mn)
sion, information that cannot be obtained from optical thick-
ness measurements. Finally, it is noteworthy that the indus-
trial samples we used were not tailored for validation
purposes, showing the excellent flexibility and versatility of
the method.
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A i !
E===a
=
=S

V. APPLICATION: SHEAR INDUCED EMULSIFICATION

We now apply the new technique to study flow-induced
oil in water emulsification. Steady light transport measure-
ments were performed at regular time interv@8 min) dur-
ing the first day after the start of the experiment, the experi-
ment lasting approximately 2 days. After simply filling the
system with 50% hexadecane oil and 48% water premixed
with 2% modified dextrane, a constant rotation rate of F|G. 5. Shear induced emulsification of the hexadecane and wa-
100 rad/s was applied to the vane geometry. This experimefér emulsion.(a) Transport length” versus time.(b) Equivalent
was performed twice, yielding identical results. The emul-average droplet size versus time.
sion was sampled at one time during the experiment and also
at the end to perform Malvern measurements in order Qangard SALS measurements, we have demonstrated that
compare the SLT measurements to polydisperse Mie-Percugsis too| allows continuou# situ monitoring of an emulsi-
Yevick calculationgFig. 5@a)]. First, we observe an excellent fication process, and in particular allows one to measure the
agreement between the SLT measurements and pondlsper@nporm evolution of an average droplet size.
Mie-Percus-Yevick calculations, further validating our appa- e pelieve that this tool is of considerable interest since it
ratus and methods. In Fig(& a clear decrease ¢f versus s mych more versatile than optical depth measurements as it
time is observed, a decrease that converges to a constgat not Jimited by evolving concentration, size, or optical
value. From those data, since the experiments are performegdonerties. As it still uses light as a probe, this tool should
at constant volume fraction and constant refractive indexes,qeed be very useful to analyze the relationship between the
the Mie-Percus-Yevick problem can be inverted to obtain thenicroscopic to macroscopic organization of fast-evolving
e\_/olutlon of t_he equivalent average size, which is plotted inondensed matter, applicable to suspensions, powders, or
Fig. S(b). This shows that this apparatus may be used tqyams. Conversely, this system could also be implemented

study or monitor quantitatively the emulsification process ingor onjine quality monitoring in industrial production batches
a continuous and nonintrusive way. or flows.

HTpRE i § i -
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0 500 1000 1500 2000 2500
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VI. CONCLUSION
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