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Intermembrane spacing and velocity profiling of a lamellar lyotropic complex fluid
under flow using x-ray diffraction
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We report on the use of x-ray diffraction as a means of extracting velocity profiles from a non-Newtonian
complex fluid under laminar flow. In particular, we applied this technique to a concentrated undulating mem-
brane system flowing through a cylindrical capillary tube. The intermembrane sepatat@msmeasured as a
function of simple shear using a Couette flow cell. A logarithmic dependenta®f function of the shear rate
was observed, while there was a linear relationship between the fractional intermembrane spacing and the shear
stress. Subsequent measurement of the system’s intermembrane spacing as a function of position within the
cylindrical flow pipe allowed for the calculation of a shear-rate profile within the capillary. Simple numerical
integration then yielded an accurate velocity profile of the fluid flowing through the pipe. Both shear thickening
and plug flow shear thinning profiles were observed.
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I. INTRODUCTION include nuclear magnetic resonance velocity imagdiéigop-
tical particle tracking, and laser Doppler velocimefrg].

The study of the structure of complex fluids under flow is While these techniques are relatively straightforward, they
currently an area under intense investigafith In particu-  all impose some constraint on the fluid or flow vessel. For
lar, there is considerable interest in examining the orientatio@xample, optical particle tracking can only be performed on
of undulating lyotropic membrane phases under shear, whe@n optically transparent fluid in a transparent flow cell; in
three distinct shear-induced orientations have been observ@dldition, as the particles are tracked via cameras, there is an
[2,3]. These orientations include a lamellar phase with layefntrinsic upper limit on the flow velocities that can be re-
normal along the velocity gradient direction, which thenc0rded. Laser Doppler velocimetry, like optical particle
changes into a multilamellar spherical vesidf®nion”) tracking, also requires optical access to the sample, although

phase as the shear rate is increased. The onion phase ﬂ%f\ﬁlrger range of velocities may be probed. Finally, imaging

evolves into a structure with layer normals perpendicular to R requires that_ thg_flow cell be nonmagnetic and tha; th|s
the flow velocity. Considerable theoretical effort has beenceII, as well as a_S|gln|f|cant amount of fluid, be placed within
' a strong magnetic field.

devoted toward understanding these structural reorientations In this paper, we describe a method for measuring flow

[4,5]. Some of these stuqlles have not considered the effecﬁof"es via x-ray diffraction that may be applied to any com-
of concentration fluctuations, as they make the crude assey fiyid exhibiting shear-rate-dependent structural changes.
sumption, as pointed out by Wunenburggral. [5] that the  \we also describe the effect of shear on the intermembrane
concentration Is constant. spacing of a concentrated undulating membrane system. Al-
The structural transformations discussed above all havghough this method for determining the flow profile has ob-
important implications for the bulk physical properties of thevious limitations in terms of the types of fluids that can be
fluid as well as its behavior under flow. Thus an analysis ofstudied, it is worth noting that this technique, unlike optical
the velocity profiles of such fluids may allow one to gain particle tracking and laser Doppler velocimetry, can be used
considerable insight into such behaviors. However, while deto examine systems in which both the fluid and the flow cell
termining the velocity profile of a non-Newtonian fluid flow- are optically opaque. The method itself relies upon both the
ing through a channel is also of great importance for thecharacterization of the fluid’s structural changagermem-
petroleum and food industri¢4], it can be quite a difficult brane spacing in this casas a function of shear rate in the
task. While the profile of a Newtonian fluid can often be well-defined Couette shear cell geometry, and the subsequent
calculated due to its constant viscosity, fluids with shear-rateuse of this information in order to measure shear rates in
dependent viscosities are, in general, extremely difficult tanore complicated laminar flow geometries. The velocity pro-
predict. file can then easily be calculated from the shear profile using
In practice, there are several experimental methods thatumerical integration.
can be used to measure velocity profiles. Common methods

Il. EXPERIMENT
*Present address: Department of Physics, Hong Kong Baptist This method for velocity profiling necessitated the use of
University, Kowloon, Hong Kong. two different types of flow cell. The Couette cell, shown in

TAuthor to whom correspondence should be addressed. Electronf€ig. 1(a), consists of two concentric cylinders, with the inner
address: ldziak@uwaterloo.ca stationary cylinder having an outer radius of 19.5 mm, while
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(a) (b) surements such that scattering occurred in the horizontal
. plane. A beam size of 0.15 mm in the horizontal direction
and 1 mm in the vertical direction at the sample cell was
used, resulting in a diffraction resolution of 0.01®% 0.003
Sk vooA
r —_— The linear detector was oriented vertically for the pipe

flow experiments in order to maximize photon flux on the
horizontally situated pipe. The beam size was set to 0.1 mm
vertically and 1 mm horizontally at the sample position. This

(¢) @ 700 -
T ool relatively small beam size was chosen so that small vertical
= . .
> segments of the sample could be probed. This resulted in a
500} . ; :
g scattering resolution of 0.015°. X-ray exposures were taken
5 400¢ for 120 s for both types of measurement to ensure that all
5': 300} images possessed adequate statistics for fitting the peak po-
= 200} sitions. A typical diffraction peak is shown in Fig.(d,
E, 100} where the line represents the fit to the peak. The intermem-
£ brane spacingl is calculated from the diffraction peak posi-
00 02 04 06 08 1.0 1.2 1.4 tion 26, using\ = 2d sin . Peaks were fitted to an empirical
Scattering Angle, 20 (degrees) combined Lorentzian-Gaussian line shape. Measured
(d) No Shear Applied Shear changes ird spacing are reasonably small, so great care was

’W — taken in fitting the background, which was modeled with a

N\ % Lorentzian function centered a2 0 in conjunction with a

'\/\/ linear term. The background does not change significantly in

the central region of the capillary; reflection of the incident x
FIG. 1. () Sketch of the Couette flow cell, illustrating the two rays from the walls of the capillary does change the back-

concentric cylinders and the gabetween them. X rays enter the ground very close to the capillary wall, although, again, the
cell tangential to the cylinders as shown by the black squ@e. position of the fitted peak is not seriously affected.
Schematic of the pipe flow cell, showing a typical velocity distri-  The membrane systems examined in this work were made
bution of the fluid within the pipe. The x-ray beam passes througfrom sodium dodecyl sulfatéSDS), pentanol, water, and
the pipe as shown by the black rectangt®.Diffraction pattern for ~ dodecane. Much previous work has been done to map out the
S2 using a linear detector. A typical peak fit using a combinedphase diagrarf8] and shear behavi$®,9,1Q of this system,
Lorentzian-Gaussian line shapks] is shown. The direct beam at- which has a fixed water/SDS mass ratio of 1.552. In particu-
tenuated by the beam stop can be seenét @ (d) Undulating  |ar, three different samples were studied. Samp(81} con-
membranes under zero shear have an intrinsic separation which &sted of 18 wt % SDS, 18% pentanol, 27% water, and 37%
reduced when shear is applied. The membranes are oriented Witlhdecane. The respective weight fractions for sampi822
layers parallel to the pipe wal_ls or C_:oue_tte cylinder walls, with layer,yare 15%, 16%, 24%, and 45%, and for sampl&3 13%,
normal along the shear gradient direction. 15%, 20%, and 52%. The nominal intermembrane spacings

the outer rotating cylinder has an inner radius of 20.5 mm/for these three samples were 74.6, 90.2, and 110.7 A, respec-

This resultsm a 1 mmgap, or separation, between the cyl- Uvely. A schematic of the change id spacing as shear
inders in which the sample is placed. The cylinders themiS @pplied is shown in Fig. (&). Viscosity measurements
selves were made of Lex&rio facilitate x-ray access. The Were taken using a Rheometrics RFS-11 controlled strain
outer cylinder was rotated by means of a computer/heometer.

controlled servo motor in order to provide a smooth, step-

fr_ee rotation. The pipe flow cell, illustrated ip Fighl, con- Ill. RESULTS AND DISCUSSION
sists of a 1.3 mm diameter quartz x-ray capillary t@wéh a
wall thickness of 0.01 minglued into an aluminum holder In the case of the Couette cell, the shear rate in a New-

such that tubing may be attached to the otherwise extremelinian fluid is uniform between the two cylinders, and is
fragile capillary. The sample was circulated through the pipegiven by y=wR/ 8, wherew is the angular velocity of the
flow cell using a servo motor driven gear pump with anouter cylinder,R is the radius of the outer cylinder, ads
accompanying fluid handling system that allows total flowthe gap between the two cylinders. Figure 2 shows a plot of
rates to be measured. the change in intermembrane spacing of the undulating
X-ray diffraction experiments were conducted on Exxon-membrane system as a function of shear rate for lamellae
Mobil beamline X10B at the National Synchrotron Light oriented parallel to the rotating cylinder walls, near the outer
Source (NSLS) operating with wavelength=1.1208 A.  rotating cylinder, for samples 1, 2, and 3. Note that, as the
The resulting x-ray diffraction data were collected by meansntermembrane spacing decreases, dodecane is not ejected
of a Braun linear detector located 920 mm from the samplefrom between the layers. The spacing change can be accom-
The Couette cell could not be rotated from its upright posi-modated simply through a decrease in undulation amplitude,
tion since sample would leak out of the unsealed cell. Thustesulting in a flattening of the membranes and the maintain-
the detector was oriented horizontally for all Couette meaing of a constant volume of dodecane between the layers. A
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FIG. 2. Plot of the change in intermembrane spacing as a func- 0.01
tion of shear rate for samples($1, triangley 2 (S2, squares and 0.00 o ——05"800 1200
3 (S3, circles using the Couette cell. stress (dyn/cm?)

L. . . FIG. 3. (a) Plot of viscosity as a function of shear rate for
change in intermembrane spacing has previously been oRgmpies s1, 52, and S3. A power law viscosity profile was fitted to

served in very dilute membrane systefi4] where the vis-  the shear thickening region of S2 as well as to the shear thinning
cosity changes only slightly. A linear relationship betweenyegions of all the samples. These fits are shown as solid libgs.
fractionald spacing change and internal stress applied on theot of the fractionatl spacing change measured in the Couette cell
membrane was observed. We do not, however, know of anys a function of the shear stress, demonstrating a linear relationship.
models dealing with more concentrated systems.

A simple empirical logarithmic function was used to fit dence of the lamellar spacing on shear rate or stress for dif-
the data with the constraint that the fit must pass through théerent concentrated membrane dilutions. Unfortunately, the
point (0, 0). In other words, we constrain the measured spacinternal stress acting on the membranes cannot be easily de-
ing to equal the at-rest value when the shear rate is zereermined for these concentrated samples, unlike in the dilute
These empirical fits yieldedd(y)= —BIn(y/A+1), where systems studied by Yamamoto and Tan@k&|, where the
Ad denotes the observed changalispacing. The results of total stress was given hy= ¥+ o; and a constant viscosity
the fits areA=3.13,B=0.454 for S1;A=0.383,B=0.552 was assumed. Hereyy is the viscous frictional stress sup-
for S2; andA=14.48,B=1.614 for S3. Note that, in general, ported by the dodecane between the layers, whijlés the
the d spacing changes more for dilute samples, as presunexcess internal stress supported by the undulating mem-
ably the undulations can be more easily suppressed. Safinymanes. However, because the viscosity in our shear thinning
and co-workers have shown that a reduction in undulationsamples varies considerably over the range of shear rates
results in a decrease in intermembrane spa¢itif]. The studied, we expect that the viscous stress due to the Newton-
shear-rate range over which this method is valid is somewhaan component will not make a significant contribution at
limited, going to~200 s * for S1,~550 s * for S2, and 350 lower stresses but could contribute somewhat at higher
s~ 1 for S3. At higher shear rates, the fluid sample starts tatresses.
climb in the Couette cell, resulting in a nonuniform shear Linear fits to theseal spacing vs shear stress data are also
rate being applied to the fluid. Membrane orientations alonghown in Fig. 8b). It can clearly be seen that the slopes
different radial positions within the Couette cell have re-increase as the membrane dilution increases, although the
cently been studiefl 3], and it was observed that the parallel intercepts do not pass through the origin as in Yamamoto and
orientation which we observe is predominant along the outeTanaka's work, presumably because the measured stress is
cylinder wall. We therefore conducted our measurementsiot exactly equal to the internal elastic stress. These findings
with the x-ray beam close to the outer cylinder and otherimply that, as the membrane system is diluted or the solvent
wise, as is usually done, ignored the effects of the nonunifraction increased, less stress is required to suppress undula-
form shear rate present in the Couette cell. tions, resulting in a greater changedrspacing as intuitively

The viscosity as a function of shear rate is shown in expected.

Fig. 3(a) for S1, S2, and S3. The interesting behavior where Pipe flow measurements are shown in Fig. 4, wherealthe
the material is first seen to shear thin, then thicken, and thespacing change is presented as a function of radius within the
thin again has previously been obsenj&d with the shear pipe for two different total flow rates: 0.007 ml[§ig.
thickening corresponding to the onset of onion formation.4(a)] and 0.059 ml/$Fig. 4(b)] for sample 2. These measure-
The viscosity in the shear thickening region of S2 and thements were taken by translating the flow pipe through the
shear thinning regions at higher shear rates were fitted to #00 um tall x-ray beam and thus acquiring a new diffraction
power law dependence as shown by the solid lines, whiclpattern every 10Qum. Some measurements were also con-
will be used later. A plot of the fractional change in the ducted with a Mar two-dimensional image plate detector on
membranel spacing Ad/d) derived from the data in Fig. 2 the ExxonMobil beam line X10A at the NSLS. These
as a function of shear stressis shown in Fig. 80). To our  showed that a large fraction of the sample was oriented under
knowledge, these are the first measurements of the depeflew with membranes parallel to the pipe walls. Isotropic
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08— @ . ) down near the very center of the cell.

E 04 ", o, In the case of a Newtonian fluid flowing through a cylin-

g 00 . "u drical pipe at total flow rat€), the velocity profile can easily

3 o i be shown[14] to bev=4Q(R?-r?)/7R* whereR is the

o4, m A . radius of the pipe andis the radial position within the pipe.

o8l ' This yields the standard parabolic flow profile with maxi-
20 T g 0 8, 0 Ee 20 mum velocity at the center of the pipe and zero velocity at
ange in d spacing (R) e . .

0.8 the walls, characteristic of Poiseuille flow. In the case of a
£ . "a (@ .- =@ non-Newtonian fluid with nontrivial dependence of viscosity
% 04 o Iy on shear, however, analytical solutions of the flow differen-
S oo} & : tial equations of motion are considerably more difficult to
- B . obtain. Alternatively, provided the local shear rates are

" . known throughout the pipe, the velocities may be determined

O T 6 8 10 12 0 100 200 300 400 500 by integration after making the reasonable assumption that

Shear Rate (s™1) no slipping occurs at the walls.
08 © Since the change id spacing as a function of position
E 04 " within the flow pipe[Ad(r)] has been measured and the
go.o shear-rate dependence of tlespacing changéy(Ad)] is
§2 known from the Couette cell experiments, the shear rate
t-04 throughout the flow pipe may be calculated &\ d(r)).
0B This yields the points shown in Figs(c} and 4d) for the

two flow rates. Already, it can be seen that the fluid is non-
Newtonian, since the shear rate of a Newtonian fluid would
FIG. 4. Plots of intermembrane spacing, shear rate, and veloci'@//ary linearly with radius. .
distributions through the pipe flow cell for sample 2 at total flow On.c,e the local shear rates have ,been determined, the Iogal
rates of 0.007 ml/(a), (c), and(e)] and 0.059 ml/g(b), (d), and vglocmes_can be calcula_ted knowing that the shear rate is
(f)]. Note the changing shape of the velocity profile as the total flowdiVen by y=dv/dr. Starting at one edge of the flow pipe
rate changes, going from a characteristic shear thickening profile 4f 0= —0.65 mm in this cageand assuming that the velocity
low flow rate to a shear thinning profile at higher flow rates. ThelS Zero at the very edges, the velocity of any point within the
solid lines in(e) and (f) are calculated using a power law depen- Pipe can be calculated using a simple integralr)
dence of the viscosity with no adjustable parameters, while the= fﬁo'y(r)dr. In the case of discrete sampling, this can be
dashed lines represent_ the case where the total flow rate was ad'pproximated by the sum(r;)=3,%(r;)or;, wheresr; is
lowed to vary, as described in the text. the distance between adjacent measurements, which, in this
case, is equal to the 0.1 mm width of the x-ray beam, and
scattering that could imply the existence of an onion struc#y(r;) is the shear rate determined from thepacing change
ture was not observed. Because of the relatively low resoluat positionr;. In practice, the measurements at the very
tion of the diffraction experiments, the uncertainty in the edges of the flow pipe are weighted by 1/2 because the beam
measured! spacing is approximately 0.3 A. In addition, as at those points does not completely intersect the flow pipe.
one may observe in Figs(a@ and 4b), the measurements This then yields the velocity profiles shown in Figée/and
near the edges of the capillary are somewhat inconsisterd(f) for the two flow rates. No symmetry of the cylindrical
due to the overwhelming anisotropic absorption of x rays byflow cell is assumed here; the sum is carried over all posi-
the side of the quartz tube near the edges, which makes aonsr; in the range—0.65 to+0.65 mm. At the very center
curate peak fitting difficult. It is also important to note that of the pipe, symmetry would dictate that the shear rate
both curves are reasonably symmetric about the center of thghould be zero, which is not seen here. This occurs because
flow pipe, as expected. the x-ray beam has finite thickness and samples material
It should be pointed out that, although the position of thethroughout the pipe, both close to the edges and near the
pipe in the x-ray beam is easily varied, resulting in differentcenter. While we have observed that the lamellae are parallel
sections of the pipe being probed, the x-ray beam samples dlb the walls at the edges of the pipe, we cannot make a
the material in the 10@m thick horizontal slice of the pipe. conclusive description of the orientation closer to the center,
Therefore, as the x-ray beam passes through the center of théhich could affect the diffraction peak shape, which will
pipe, structures near the walls, near the center, and in be&lter thed spacing in these regions, thereby affecting the
tween are all simultaneously probed. By rotating the pipeobserved shear rate.
with respect to the incident x-ray beam, it was observed that To verify that this approach is valid, the measured total
the membranes close to the edges of the pipe were orientdldw rate can be compared to the flow rate calculated from
parallel to the walls and no evidence of a perpendicular orithe velocity distributions derived in the above paragraph. If
entation was seen. Therefore the assumption that most of tilbe measurement is valid, these two numbers should be
sample consists of lamellae oriented with layers parallel teequal. The total flow rate is thus obtained fro@yy.
the pipe walls is reasonable, although this presumably breal@f’mev(r)dr, which may be approximated bf.,.c

Velocity (mm/s})
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momentum equation for an incompressible liquid. This

é yields  (0¥") y=no(dv/dr)"**=(r/2)(Ap/AL)  [15],
g O where Ap/AL is the pressure gradient across the pipe and
n;ﬁ % o the power law dependence of the viscosity is explicit. This
2 ° expression can easily be integrated to generate an expression
5 001 A st for the velocity as a function of radial position within the
g )y % 08 pipe as follows:
[o]
© 0.001 . L 1U(n+1)

0.001 0.01 0.1 _ 1 1 Ap

Measured Flow Rate (ml/s) v= 1+ 1/(n+ 1) 2770 AL
FIG. 5. Plot of the calculated flow rate as described in the text as X (R<l/[n+ ip+1_ r<1/[n+1])+l)_

a function of the actual measured flow rate for samplésidngles,
2 (squarep and 3(circles. The solid line represents a slope of

unity, as the two quantities are expected to be the same. The constant (1/2)(Ap/AL) can be determined using the

calculated flow rates from the diffraction measurements. The
=S arv(r;)dr; for discrete data. Note that this sum takesresults of these calculations are shown in Figs) and 4f)
place over the full diameter of the flow pipe and that noas solid lines. Note that there are no adjustable parameters
radial symmetry is assumed. A plot of calculated versus medor this line; all values are derived from our experimental
sured flow rates for all three samples studied is shown in Figneasurements. The agreement with the diffraction measure-
5. A line of slope 1, along which all points are expected toments is quite remarkable. If (14g) (Ap/AL) is allowed to
lie, has been plotted for clarity. Results for S3 are shown fovary slightly, a near perfect fit shown by the dashed lines
completeness, although error bars have not been includeggen in Figs. @) and 4f) results. The flow rates derived
because of a technical difficulty with the detector, which dis-from this fit deviate from those calculated from the diffrac-
torted the line shape and prohibited the accurate fitting of th&on experiments by 19% and 8%, respectively, a relatively
diffraction peaks for this sample. The agreement is quite resmall amount, again reinforcing the consistency of the mea-
markable considering the many sources of error in this exsurements.
periment. These errors include the low resolution of the dif- This paper describes two important findings. The first is a
fraction experiments, as well as the uncertainty innear linear relationship between fractiomespacing change
determining the absolute position of the edge of the flonand shear stress ina@ncentratedindulating membrane sys-
pipe (about 50um). Note that the effect of most of the un- tem. The second result is a method for noninvasively obtain-
certainty could be greatly reduced by performing these medng Vvelocity profiles of a particular undulating membrane
surements with a high-resolution instrument coupled with e8ystem. This method can be generalized to any fluid that
considerably narrower x-ray beam. This would have theexhibits some kind of structural or orientational change as a
added advantage of also providing greater spatial resolutiof¢nction of shear rate. The use of third generation synchro-
in the velocity profile. The error bars for S1 and S2 aretrons with microfocusing optics on undulator beamlines
relatively large as the effect of each of these errors is cumushould result in a spatial resolution of 142, while high-
lative. energy x-ray diffraction will also allow the measurement of
Note that the velocity profile given in Fig(d is charac- flow profiles in technologically relevant metal and plastic
teristic of a shear thickening fluid, while the plug flow profile flow pipes.
seen in Fig. &) is indicative of a shear thinning fluid. In-
deed, the Vviscosity measurements _shown in Fig\. Gonfirm ACKNOWLEDGMENTS
that the viscosity of S2 increases in the shear rate range of
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