PRL 99, 240602 (2007)

PHYSICAL REVIEW LETTERS

week ending
14 DECEMBER 2007

Dynamics of the Solid and Liquid Phases in Dilute Sheared Brownian Suspensions:
Irreversibility and Particle Migration
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Magnetic resonance measurements of migration and irreversible dynamics in the capillary shear flow of
a Brownian suspension are presented. The results demonstrate the presence of phenomena typically
associated with concentrated noncolloidal systems and indicate the role of many body hydrodynamics in
dilute Brownian suspension transport. The application of concepts from chaos theory and nonequilibrium

statistical mechanics is demonstrated.
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Transport of colloidal suspensions under shear forces
plays an elemental role in industry and biology. The dy-
namics of cellular bacteria in microbiology [1], red blood
cells in physiology [2], and colloidal contaminants in earth
formations [3] impact the system function and transport.
Understanding colloidal dynamics is also required for
design of products such as drug delivery agents and micro-
fluidic devices [4]. Brownian suspensions have been the
subject of many experimental and numerical studies [5].
Experimental studies have primarily tracked the particle
phase and to our knowledge no noninvasive direct simul-
taneous measurements of both the discrete particle and
continuous liquid phase dynamics under shear have been
reported. We apply pulsed gradient spin echo (PGSE)
nuclear magnetic resonance (NMR) methods to directly
measure the propagator of the motion [6] and diffusivity
[7] of each phase by spectral resolution [8,9], in dilute hard
sphere suspensions undergoing shear flow in a capillary.
Recent optical experiments and theory for colloidal parti-
cles in shear flow indicate the presence of particle migra-
tion [10], an effect thought to occur only in noncolloidal
suspensions. Additionally experiments and simulations for
concentrated noncolloidal suspensions in shear flow have
indicated chaotic particle dynamics leading to irreversibil-
ity [11]. The data presented here indicate the presence of
both particle migration and irreversibility in dilute, volume
fraction ¢ < 0.10, Brownian suspensions. These results
indicate that modeling of the transport and mixing due to
particle dynamics in sheared dilute colloidal suspensions
can benefit from adoption of tools from chaos theory and
nonequilibrium statistical mechanics [12].

Core shell oil filled particles [13] suspended in water
allow measurement of the particle and liquid phase dy-
namics using NMR spectral resolution [8]. The uncharged
polymer shell confers hard sphere behavior to the particles
[14]. PGSE NMR has been previously applied to measure
the oil diffusion within the particle and the particle
Brownian diffusivity for 1.51 wm radius spheres as a
function of particle concentration [15] and the nanometer

0031-9007/07/99(24)/240602(4)

240602-1

PACS numbers: 05.70.Ln, 47.57.J—, 47.61.Ne, 82.70.Dd

scale particle phase velocity in Couette flow of concen-
trated (¢p = 0.46) 185 nm radius spheres [14]. In this work,
the core shell particle and suspending water dynamics for
shear flow of dilute (¢ < 0.10) a = 1.25 = 0.46 um ra-
dius spheres in a R = 500 pum radius capillary are re-
solved independently by enhancing water 7' spin-lattice
magnetic relaxation to allow spectral resolution between
oil within the spheres and suspending water. The bulk
velocity in the capillary is imaged for a dilute suspension
of ¢ = 0.08 using PGSE NMR imaging of all the protons
providing the composite axial velocity of the oil and water
[9], and is shown in Fig. 1 to be nearly the parabolic
velocity profile of laminar Poiseuille flow for a
Newtonian fluid. The particle size based Reynolds and
Peclet numbers are Re, = pra*(y)/u; =57, Pe, =
a*(y)/Dsg = 39. Re is the ratio of inertial to viscous
forces while Pe indicates the rate ratio of advective to
diffusive mass transfer, indicating the experiments are in
the low inertia advective transport regime.

Using spectrally resolved PGSE, the propagator
P(Z, A), or probability distribution of displacements Z
over a time A, of the oil in the particles and the suspending
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FIG. 1 (color online). Composite axial velocity for ¢ = 0.08
suspension flow in 1 mm capillary, average velocity of
0.88 mm/s (Reyye = 0.88, Re, =5.7). (a) Image of spatial
distribution of velocity in plane perpendicular to flow, 14 X
14 pm resolution. (b) Velocity as function of radius across
various diameters (symbols) and the parabolic velocity profile
V.(r) = Vipax (1 = 72/R?) for Poiseuille flow (black line).
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water are obtained. The dynamics of each phase are thus
individually resolved as shown in Fig. 2. The propagator is
displayed as a probability distribution of axial velocities
v, = Z/A for a single displacement time A = 30 ms. The
normalized spin echo signal is E(g, A) = [P(Z, A) X
exp(i27qZ)dZ, and full displacement space is sampled
through the reciprocal wavenumber to displacement g =
(27)"'y,,8, which depends on the nuclei gyromagnetic
ratio, y,, and pulsed magnetic field gradient amplitude g (0
to 1.78 T/m) and duration & (3.5 ms). The propagators are
normalized to the total signal of the respective oil or water
phase. The velocity probability distribution for pure water
flow in the 500 um capillary is the hat function for the
parabolic spatial velocity distribution of pure water, indi-
cating equal probabilities of velocity from 0 to v,,,,, con-
volved with the Gaussian for water diffusion [16]. The
displacement observation time is short enough that
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FIG. 2 (color online). (a) Propagators for water (black line)
and ¢ = 0.08 suspension (blue closed squares suspending water,
red open triangles core oil particles) flowing at V,,. =
0.88 mm/s (Re, = 5.7, Pe, = 39) over an observation time
A =30 ms. The order of magnitude differences in D, and
Dgi gives the particle propagator sharper edges. (b) Corre-
sponding residence time distributions.

Taylor dispersion [17] does not impact the fluid, A <
R?/D,, ~ 10* s, or the particles, A << R?/Dgg ~ 10° s,
where the water diffusivity is D,, = 1.9 X 107° m?/s
and the Stokes-Einstein particle diffusivity is Dgg =
kT/6mpmra =1.76 X 10~'% m*/s. Comparing the water
propagator for the pure fluid flow and the suspending fluid
in the Brownian suspension flow, the dynamics are clearly
different with the suspending fluid skewed toward lower
velocities. The particle dynamics are biased toward the
fastest velocities, a direct consequence of particle migra-
tion to the faster streamlines, shown in Fig. 1 to be near the
tube center.

In averaged transport theory for two-phase flow, derived
from ensemble or volume averaging of the equations of
motion, additional stress generation terms due to velocity
fluctuations in the fluid v,/ = v, — (v;) and particle v, =
v, —(v,) phases and differences between the averages
(vy) —(v,) arise [18]. These terms are of the form of
Reynolds stresses generated by velocity fluctuations in
turbulent flow [18]. The velocity measured in the PGSE
experiment is averaged over time, space and ensembles of
the flow. Each experimental signal acquisition is encoded
for displacement 1/q over time A = 30 ms and the signals
are averaged 8 times. Since flow causes spins whose dy-
namics were probed during an acquisition to vacate the coil
region, a new ensemble is probed during each subsequent
acquisition. The flow is steady but exact initial particle
phase configurations vary. The displacement encoding
magnetic field gradient is incremented 128 times to sample
the entire reciprocal space to displacement. Fourier trans-
form in ¢ results in a propagator averaged over the entire
experiment time (~1 hour), the capillary volume within the
NMR coil and the ensembles of particle configurations.
The coincidence of the propagators for the solid particles
and suspending fluid on the axial velocity abscissa dem-
onstrates the particles and fluid have the same velocity
range but the overall average particle and fluid velocities
are different. The propagators characterize system trans-
port and mixing in terms of the residence time distributions
(RTD’s) [19-21], as shown in Fig. 2(b). The scale depen-
dent RTD’s depend on the experimental displacement en-
coding time and the average velocity, as if the tube length
were varied [21]. The impact of the particle migration
causes a significant variation in the residence time of
each phase within the system, even in dilute suspensions.

Measurement of scale dependent diffusion by
PGSE NMR has found broad application ranging from
polymer dynamics [22] to hydrodynamic dispersion
[16,23] and granular dynamics [24]. The nonequilibrium
time dependent Green-Kubo relation for the diffusion co-
efficient in the i direction is obtained in the long wave-
length hydrodynamic limit ¢ — O for diffusivity of the
m=s, f phase as D}; ,(A) = f@(vgm(r)vgym(O))dT [12,25].
The measured effective diffusivity characterizes the veloc-
ity fluctuations of each phase in the direction i of the
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applied magnetic field gradient. Figure 3 shows the effec-
tive axial diffusion for the solid D?, .(A) and fluid Djz’f(A)

2z,
at an observation time of A = 100 ms, scaling as a func-
tion of the average shear rate. The impact of Taylor dis-
persion on the oil particles due to diffusion across
streamlines [17] is minimal in this data since the radial
diffusion of 0.2 wm causes a velocity variation of less than
0.4 wm/s during the 100 ms observation time.

Dilute Brownian hard sphere suspensions are often
treated as reversible systems, in analogy with dilute gases
in kinetic theory, accounting only for two body interac-
tions. PGSE NMR is able to compensate for motions that
are reversible over the displacement measurement time
scale A [9,16,24-26]. Repetition of the motion encoding
magnetic field gradients with reverse polarity of the second
pulse pair results in reversal of the coherent spin magneti-
zation phase shift generated due to affine displacements
which are non fluctuating, or coherent, in each interval A.
Figure 4 shows the particle phase effective diffusion coef-
ficient measured as a function of displacement observation
time by flow compensated PGSE. The open symbols are
effective diffusion of the oil in the particles in the axial
(circles) D7, ((A) and transverse (triangles) Dy, ((A) direc-
tions in the absence of shear flow. The diffusion coeffi-
cients decrease with increasing displacement time due to
the dominant effect of the restricted motion of the oil
within the particle convolved with the Stokes-Einstein
particle scale diffusion [15]. Upon imposition of shear
flow the transverse diffusion (closed triangles), which is a
composite of the diffusivity in the vorticity () and shear
(r) directions, exhibits the same behavior as in the absence
of shear over the time range sampled. In contrast, under
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FIG. 3 (color online). Effective diffusion D" as a function of
average shear rate (y) = — 4<311’g> o« Pe, during flow of ¢ = 0.08
suspension for the suspending water D7,  (blue closed squares)
and particles D7, ; (red open triangles), as well as pure water flow
D7, (blue open squares) measured using single PGSE (inset)
which is sensitive to the distribution of reversible velocities, for
displacement time A = 100 ms.

shear flow the axial diffusivity exhibits a noisy decrease
due to variability in the reversibility of the dynamics,
followed by a transition to an increasing function of
time, or total strain as shown in Fig. 4(b). This indicates
that after a displacement time of 100 ms shear induced
particle dynamics are no longer reversible and nonequilib-
rium time dependent dynamics govern transport in dilute
Brownian suspensions.

The onset of irreversible particle dynamics in concen-
trated noncolloidal suspensions has been attributed to non-
linear many body hydrodynamic interactions through
experiment and simulation [11]. The velocity of particle
J is approximated as the sum of passive advection at the
location of the particle and the velocity distribution due to
the N particles, ; = ay; + a*y; Y., Ulr, —r)). The
particle interaction velocities are given by the summation
of the Oseen Tensor, or Green’s function for a point force
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FIG. 4 (color online). D" ¢ = 0.08 suspension obtained
using flow compensated PGSE sequence (inset in (a)), which
measures only irreversible stochastic motions. (a) For an average
velocity of 0.88 mm/s (Re, = 5.7, Pe, =39) D" for the
particle core oil as a function of observation time A in the
flow direction z, Dj, ; (black closed circles), in the velocity
gradient direction y, Dy, ; (green closed triangles), and in the
absence of flow in the z, D, ; (black open circles) and y, Dj,
(green open triangles) directions. (b) D" normalized by the
average shear rate () and the square of the particle diameter 4a>
as a function of accumulated strain y = (y)A.
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in the Stokes equations, and for N = 3 chaotic scattering of
the velocity fields is present [27]. Particle properties that
can impact reversibility are roughness and size. The core
shell particles are smooth, as indicated by scanning elec-
tron microscopy, and are in the size range for which Taylor
dispersion due to Brownian motion are negligible on the
experimental time scale. This along with the scaling of the
particle effective diffusion as predicted for shear induced
diffusivity [5], D%, ~ a*(y), indicates that three body
hydrodynamic interactions or chaotic scattering events
[27] are responsible for the irreversible dynamics in
Fig. 4. The increase in the diffusion with increasing accu-
mulated strain or time is associated with the exponential
spreading of particle trajectories, an effect characterized by
a positive Lyapunov exponent [11,27]. A current topic of
research interest is establishing the exact form of transport
coefficients based on time correlation functions from dy-
namical systems theory models of microscale dynamics
[12,28]. This has been done for scattering systems, such as
the Lorentz gas, using the escape rate formalism leading to
definition of the diffusion in terms of the sum of the posi-
tive Lyapunov exponents A; and the Kolmogorov-Sinai
entropy /s, D =limooL5(3 ~9A; — hs) [12,28]. As
demonstrated here, dilute colloidal systems present an
experimentally accessible model to further study the rela-
tionship between chaotic dynamics and transport
coefficients.

The data presented indicate that particle interactions
which generate irreversible non equilibrium dynamics
and particle migration are important in dilute Brownian
suspensions composed of particles of a size relevant to the
transport of microbes [1], contaminants [3] and blood cells
[2]. As in reference [11] our experiments exhibit a tran-
sition from reversible to irreversible dynamics dependent
on the accumulated shear strain applied to the suspension.
The order of magnitude and timescale of the diffusive
dynamics indicates shear induced hydrodynamic interac-
tions are responsible. The observation of strain induced
irreversible dynamics in dilute Brownian suspensions in-
dicates the applicability of chaotic dynamics and non
equilibrium statistical mechanics methods to model these
systems.
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