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Nuclear magnetic resonance (NMR) pulsed gradient stimulated echo (PGStE) techniques 
were used to observe anomalous transport phenomena for flow of a non-Newtonian 
wormlike micelle solution through a model porous media. Understanding the flow 
behavior of wormlike micelle solutions in porous media is important due to the growing 
interest of these solutions in enhanced oil recovery. NMR velocity imaging was unable to 
discern differences in the flow field between shear-thickening wormlike micelle solution 
and water due to spatial resolution limitations. However, the probability of displacement, 
i.e. the propagator, was skewed towards slower velocities and long tails at high 
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fluctuations in velocity and spatial position, termed elastic insta-
bilities in relation to flow irregularities observed above a critical
value of the Weissenberg number (>1). In a porous medium, both
shear and extensional forces are important and for semi-flexible
polymers shear effects dominated at low Reynolds numbers result-
ing in a decrease in the resistance function with increasing flow
rate (Gonzalez and et al., 2005). At higher Reynolds numbers,
increased resistance occurred as extensional components of the
flow dominated. Similar effects could be expected for self-
assembling micelle structures, although this has not been explored
extensively in the literature. Muller et al. (2004) did measure
extensional viscosities for shear-thickening cetyltrimethylammo-
nium p-toluenesulfonate (CTAT) via opposed jet flow measure-
ments. They found no enhancement in extensional viscosity over
that of water for dilute concentrations (<0.23 wt%) and enhanced
extensional viscosity but no extensional thickening for higher con-
centrations. However, an enhanced viscosity or resistance was
observed for flow in a porous media at all concentrations that
was markedly larger and occurred at lower flowrates than would
be expected from the shear rheology alone, presumably due to
elongational effects on shear-induced structures (Muller et al.,
2004; Rojas et al., 2008).

Non-invasive and non-destructive Magnetic Resonance (MR)
techniques, however, can monitor macroscopic phenomena such
as the spatially resolved flow field and full probability distributions
of displacement in opaque porous media, instead of relying upon
bulk pressure drop. MR velocity imaging can map fluid velocity,
providing micron scale spatial resolution of the flow field
(Fukushima, 1999; Callaghan, 1991), while Pulsed Gradient Spin
Echo (PGSE) MR techniques can measure diffusion or dispersion
(Stejskal and Tanner, 1965) in porous media as well as provide a
link between macroscopic generalized transport phenomena and
microscopic dispersion (Seymour and Callaghan, 1997; Seymour
and Callaghan, 1996; Seymour and et al., 2004; Callaghan and
et al., 1992; Callaghan and et al., 1991; Hunter and Callaghan,
2007). Through direct imaging of preferential flow paths
(Sheppard et al., 2002), measurement of the probability distribu-
tion of fluid displacement (the propagator) in the pore space due
to flow (Seymour and Callaghan, 1997), dispersion measurements
(Seymour and et al., 2004; Stapf and et al., 1998) and diffusive
diffraction type analysis at the pore scale (Seymour and
Callaghan, 1997; Seymour and Callaghan, 1996; Callaghan and
et al., 1991), the dynamics of fluid flow through porous media
can be well-characterized (Manz et al., 1999). Most recently,
Scheven et al. (2007) measured intrinsic dispersion coefficients
for non-inertial flow through random porous media which agree
with Saffman’s capillary model (Saffman, 1960) and LB simulations
(Maier and et al., 2000). Manz et al. (1999) used 3D MRI to obtain
pore structure information directly inputted into LB simulations,
finding good quantitative agreement for flow visualization and dis-
persion over a range of Peclet and Reynolds numbers in model por-
ous media. PGSE MR measurements of the displacement
propagator in a model porous media were used to observe the evo-
lution from Gaussian statistics to anomalous transport processes
due to the growth of biofilm and resultant alterations of the pore
space (Seymour and et al., 2004). Guillon et al. (2013) analyzed
the variance of the displacement propagator as a function of obser-
vation time to quantify asymptotic non-Gaussian statistics in
unsaturated porous media. These abilities have demonstrated MR
as a preeminent technique for porous media analysis over the last
two decades (Seymour and Callaghan, 1997; Callaghan, 2011; Song
and et al., 2008).

For non-Newtonian fluids in porous media, the body of MR
experimental work is not large. Cumulant analysis (Kubo et al.,
1991) has been applied to non-Gaussian propagators measured
for flows in porous media and rock (Scheven and et al., 2007),
implying enhanced dispersion over water for flow of a shear-
thinning xantham gum solution. Mertens and et al. (2006) mea-
sured 3D MR Images, 2D velocity images and propagators for a
xantham gum solution in a model porous media and observed
‘‘shear thinning” behavior as evidenced from the coincidence of
the propagators. Sullivan and et al. (2007, 2006) compared 2D
and 3D velocity imaging results to LB simulations for shear-
thinning fluids in complex geometries to quantify the increased
dispersion associated with shear-thinning fluids. Chevalier et al.
(2014) used PGSE to effectively measure the velocity distribution
for a yield stress fluid and found no difference in the flow field
compared to Newtonian fluids. Spectrally resolved 1D MR profiles
and rapid 2D imaging was used to study fracturing fluids in rock
core flooding experiments (Sheppard et al., 2002). Permeability
changes in rock cores after treatment with a polymer solution were
investigated through changes in the propagator over time (Johns
and et al., 2003).

In this work, MR velocity imaging and PGSE measurements
were used to provide detailed information about the pore struc-
ture, velocity field and displacement probability distribution for a
shear-thickening wormlike micelle solution of 10 mM CTAT in
water flowing in a model porous media. Imaging showed no differ-
ence in the flow field of the wormlike micelle solution when com-
pared to water. However, the probability distribution of
displacement revealed anomalous diffusive dynamics.
2. Magnetic resonance

Magnetic Resonance (MR) utilizes the radio frequency excita-
tion of active nuclei magnetic moments, in this case, the proton
1H. With application of a large magnetic field Bo, the nuclei res-
onate at a frequency proportional to the field, x0 = cB0 (Ernst
et al., 1988) and application of a magnetic field gradient G forces
the resonant frequency to depend on position r, x = c(B0 + G.r).
This relationship is the foundation of magnetic resonance imaging
(MRI), which may be combined with measurement of translational
motion or molecular dynamics.Measurement of translational
motion; whether self-diffusion, coherent velocity or dispersion;
again exploits the resonant frequency dependence on magnetic
field variation. With the strategic application of a pair of rectangu-
lar narrow gradient pulses of amplitude g, duration d and separa-
tion D, the pulsed gradient spin echo (PGSE) sequence,
displacement is encoded (Callaghan, 1991; Seymour and
Callaghan, 1997; Stepisnik, 1985). For narrow gradient pulses,
the acquired signal gives the conditional probability that a mole-
cule will be displaced by a distance R ¼ r � r0 over a time D,

�PsðR;DÞ ¼
Z
qðrÞPsðrjr0;DÞdr � Psðrjr0;DÞ ð1Þ

The signal may be sensitized to measure translational motion
over a range of displacements from 10 nm to 1 mm on timescales
from 100 ls to 1 s. Spatial encoding can be combined with PGSE
encoding of motion to obtain a signal modulation resulting in a
time averaged velocity for each image voxel, a velocity image.
MR Imaging of the flow field has been applied extensively in com-
plex spatial geometries such as porous media (Fukushima, 1999;
Seymour and et al., 2004; Sederman and et al., 1997), but also for
complex fluid characterization in Rheo-NMR applications (Feindel
and Callaghan, 2010; Britton and Callaghan, 1997; Cokelet and
et al., 2005). PGSE NMR has also been used extensively to measure
diffusion and dispersion (Seymour and Callaghan, 1997; Hunter
and Callaghan, 2007; Manz et al., 1999; Amin and et al., 1997;
Codd and et al., 1999; Khrapitchev and Callaghan, 2003). For ran-
dom Brownian motion, where the propagator follows a Gaussian



distribution, the normalized NMR signal attenuation is related to
the diffusion coefficient via the Stejskal-Tanner relationship
(Callaghan, 1991; Stejskal and Tanner, 1965)

Eðq;DÞ ¼ Sðq;DÞ=Sð0;DÞ ¼ exp½�q2DðD� d=3Þ� ð2Þ
where q ¼ cdg=2p and D is the diffusion coefficient and assumed to
vary linearly with the mean squared displacement via the standard
Einstein definition hr2i ¼ 2DD. Even when the underlying propaga-
tor is not Gaussian, the signal attenuation in the low q limit is
related to the mean squared displacement, which is the variance
of the probability distribution (Callaghan, 1991; Guillon and et al.,
2014)

ln jEðq;DÞj ¼ �1
2
r2q2 ð3Þ
Fig. 1. Apparent viscosity of 10 mM CTAT in water (open circles) and 10 mM CTAT
in water doped with 0.085% Magnevist (closed circles). An enhancement of the low
shear rate viscosity and earlier onset of shear thickening behavior is observed with
the addition of the gadolinium salt complex.
3. Materials and methods

3.1. Sample preparation

Hexadecyltrimethylammonium p-toluenesulfonate (CTAT) dry
powder (Sigma Life Science) was mixed with de-ionized water to
create wormlike micelle solutions with concentrations ranging
from 1 mM to 30 mM. Solutions were placed in a water bath at
25.0 �C, above the Kraft temperature of 22.5 �C, and allowed to
equilibrate for 24 h before use in rheology and MR experiments.
Magnevist � was added at 0.085% concentration to decrease the
spin-lattice (T1) relaxation time of the samples to �2 s for faster
acquisition in NMR PGSE measurements.

3.2. Model porous media

A model porous medium was constructed using a 10 mm ID
high performance liquid chromatography column (Omni-fit) of
50 mm length. The column was wet packed with 235 mm monodis-
perse dry polymer microspheres (Duke Standards, Thermo Scien-
tific). The polymer microspheres have low susceptibility
differences from the fluid (the spectral linewidth in the NMR
experiments was �600 Hz), minimizing any variations in the mag-
netic field and possible associated susceptibility artifacts. A Phar-
macia P-500 high precision pump was used to pump fluid
through the microsphere bead pack against gravity at a controlled
volumetric flowrate. The microsphere bead pack was flushed with
fluid for at least 12 h prior to running MR experiments in order to
eliminate air bubbles within the system. Active temperature con-
trol was not employed within the MR spectrometer. Therefore, to
maintain the necessary 25 �C in CTAT during acquisition of MR
data, the beaker of CTAT solution was kept in a water bath and
the temperatures of both the surrounding room and the cooling
water flowing through the magnetic gradient set were set to 25 �C.

3.3. Rheology

Rheological measurements were conducted at 25 �C with an
AR-G2 rheometer (TA Instruments) equipped with a 60 mm diam-
eter stainless steel parallel plate geometry and 60 mm diameter
cone-and-plate with a 2� cone angle. Temperature was controlled
to within 0.1 �C by a Peltier plate. Flowcurves were collected under
a controlled strain for shear rates ranging from 1 to 1000 s�1.

3.4. MR methods

All MR measurements were performed with a Bruker AVANCE
III spectrometer with a 7 T superconducting vertical wide bore
magnet, Micro2.5 gradient imaging probe capable of producing
maximum gradients of 1.48 T m�1 and 25 mm diameter radiofre-
quency (r.f.) coil. Standard pulse gradient stimulated echo (PGStE)
pulse sequences were used (Callaghan, 1991), due to the short T2
times present in porous media, to acquire probabilities of spin dis-
placement and effective dispersion coefficients. For the PGStE
propagator measurements, the echo time (TE), the total time in
the x-y plane, was 4.3 ms, the d was 1 ms and D ranged from
300 ms to 850 ms. For PGStE measurements of dispersion coeffi-
cients, the d was 0.3 ms and D ranged from 1300 ms to 1900 ms
with a TE = 4.3 ms. Standard velocity imaging sequences were used
to acquire velocity images (Callaghan, 1991). NMR parameters for
the velocity images were: d = 0.5 ms, D = 9 ms and TE = 14.8 ms.
Images had a spatial resolution of 47 � 47 lm (FOV = 12 � 12
mm and matrix size 256 � 256) over a 0.5 mm slice thickness.
4. Results

Surfactants that self-assemble into long cylindrical polymer-
like molecular structures, ‘‘wormlike” micelles, exhibit complex
viscoelastic behavior; including shear-thinning, shear-thickening
and shear banding instabilities (Berret et al., 2006). For the worm-
like micelle solution used in this study (CTAT) self-assembly of
spherical micelles occurs at the critical micelle concentration
(CMC) of 0.26 mM at 25 �C. At the critical rod-like concentration
(CRC) of 1.9 mM (25 �C), the micelles grow to form long cylindrical,
or wormlike, micelles (Lerouge et al., 2010). Previous studies have
shown that at concentrations below the CRC, the viscosity is New-
tonian, while at concentrations above the CRC, both shear-
thickening and shear-thinning occurs depending on applied shear
rate (Lerouge et al., 2010; Berret et al., 2002). For a 10 mM concen-
tration (Fig. 1), shear-thickening occurs at an intermediate applied
shear rate of approximately 40 s�1 due to the formation of shear-
induced structures (SIS) and growth of the micelle length
(Lerouge et al., 2010), while above an applied shear rate of
130 s�1 micelles begin to align in the velocity field, causing
shear-thinning. If the concentration were increased above the
overlap concentration, entanglements would result and the rheol-
ogy would exhibit an elevated zero shear viscosity and a shear-
thinning that occurs with increasing shear rate as cooperative
structures are formed and micelles align. The concentration of 10
mM CTAT was chosen for flow through the porous media due to
the high degree of shear-thickening that occurs at intermediate
shear rates under simple shear. For the NMR measurements con-
ducted here, a doping agent (Magnevist �), a salt of a complex of
gadolinium (Gd3+) with diethylenetriaminepentacetate (DTPA5-),



Fig. 3. Propagators for a volumetric flowrate of 400 ml/h as a function of observation tim
water for selected observation times of 300 ms, 500 ms and 850 ms, demonstrating the
showing a non-Gaussian distribution with high displacement long tails.

Fig. 2. Cross-sectional velocity images showing velocity along the main direction of
flow (z) for a volumetric flowrate of 400 ml/h. Spatial resolution of 47 � 47 lm over
a 0.5 mm slice. (a) Water and (b) doped 10 mM CTAT solution. The velocity images
at this spatial resolution indicate that the fluid rheology does not have a large
impact on the velocity field and that the porous structure dominates.
was added to reduce the spin-lattice (T1) relaxation time of the
samples and therefore the overall acquisition time of the experi-
ments. The addition of the doping agent to the 10 mM solution
caused an increase in viscosity at low shear rates and the onset
of shear-thickening to occur at lower shear rates (�20 s�1;
Fig. 1). An increase in the amount of transience, viscosity that
changed with time at a fixed shear rate, was also observed in the
shear-thickening regime. Presumably, the presence of the gadolin-
ium complex is stabilizing the micelle structure and causing fur-
ther growth of SIS under shear.Both water and the doped 10 mM
CTAT solution was flowed through a packed bed of 235 lm diam-
eter monodisperse polystyrene spheres at a flowrate of 400 ml/hr,
corresponding to a tube, or superficial, velocity hv tubei ¼ vs ¼ Q=A
of 1.42 mm s�1. From the propagator measurement for water
(Fig. 3), the average velocity hvi within the pores of the micro-
sphere bead pack was 2.88 mm/s. As hvi ¼ vpore ¼ hv tubei=/, the liq-
uid volume fraction / in the microsphere bead pack is
approximately 0.49. Due to the presence of the solid spheres and
resultant changing cross-sectional area in the direction of flow,
there is a distribution of shear rates within the porous medium.
However, the apparent shear rate can be defined as
_capp ¼ hvi=l ¼ hvið1� /Þ=dp/ for spheres; where l is a characteris-
tic length scale equal to dp/=ð1� /Þ for spheres and dp is the
microsphere diameter. The apparent shear rate was calculated as
12 s�1. From viscosity measurements for 10 mM CTAT in Fig. 1,
an apparent shear rate of 12 s�1 would fall at the beginning of
the shear-thickening regime where SIS begin to form. This viscosity
is measured under simple shear conditions without extensional
components as are present in flow through porous media. The
shear rate also varies substantially within the porous media and
e. (a) Water at all observation times, (b) 10 mM CTAT at all observation times, (c)
evolution to Gaussian behavior and (d) 10 mM CTAT for selected observation times,



therefore there would be regions with varying amounts of shear-
thickening behavior. At this flowrate, the Reynolds number
Re ¼ hvidp=m, calculated here based on the properties of water, is
low at 0.81. In the low Reynolds number regime (Re < 1), inertial
effects are negligible. The Peclet number for water
Pe ¼ hvidp/=Doð1� /Þ, where Do is the water self-diffusion coeffi-
cient (=2.34 � 10�9 m2 s�1 at 25 �C), is 291. The Peclet number
relates the relative importance of advection to diffusion.

Fig. 2 shows cross-sectional 2D NMR velocity images where
velocity is measured in the main direction of flow (z). As indicated
in the colorbar, black corresponds to regions of zero velocity (gen-
erally where the solid microspheres are located) with lighter colors
corresponding to faster velocities. The velocity image for 10 mM
CTAT at 400 ml/hr (Fig. 2b) shows a very similar flow distribution
spatially throughout the microsphere bead pack as for water
(Fig. 2a). The average velocity within the microsphere bead pack
for CTAT was 2.60 mm/s, very similar to the 2.49 mm/s measured
for water (percent error �4%), as would be expected for a fixed vol-
umetric flowrate, where the average velocity should be the same
for the two fluids regardless of changes to the flow field due to fluid
rheology.

The velocity images indicate that the fluid rheology does not
have a large impact on the velocity field and that the porous struc-
ture dominates. Previous MR velocity imaging measurements of
shear thinning fluids in porous media have shown deviations in
the flow field due to the non-Newtonian character of the fluid.
Mertens et al. (2006) observed a non-coincidence of normalized
velocity distribution curves obtained from spatially resolved veloc-
ity maps for 0.5% xanthan gum solution flowing in a packed bed of
1.7 mm and 4 mm diameter spheres. Sullivan et al. compared MR
velocity imaging results for two shear-thinning polymers, carboxyl
methyl cellulose and polyacrylamide, flowing in a 5 mm diameter
sphere pack to lattice-Boltzmann simulations incorporating an
apparent viscosity (Sullivan and et al., 2007). These studies utilized
large sphere diameters, and therefore pore sizes, in order to
achieve sufficient spatial resolution to resolve small changes in
velocity due to non-Newtonian fluid properties. The microsphere
diameter for the velocity imaging data shown in Fig. 2 was
235 lm and so the approximate pore diameter is 235 lm. With a
spatial resolution of 47 � 47 lm, that results in �5 pixels across
a pore diameter. In addition, the velocity images are averaged over
a 0.5 mm slice and therefore the velocity in a pixel is averaged over
�2 microsphere diameters. It is possible that the non-Newtonian
character of the fluid is not easily observed at these spatial resolu-
tions, emphasizing that caution needs to be used for spatially
resolved techniques. However, non-spatially resolved PGSE NMR
measurements of the probabilities of displacement, the propagator,
can provide more detailed information about the statistics of the
flow field.

In Fig. 3(a), propagators are plotted for increasing observation
times from 100 to 850 ms with a constant echo time of 4.3 ms
for water flowing at 400 ml/hr through the model bed of packed
microspheres. At short times, a spike at zero displacement is
observed. With increasing observation time, there is an evolution
from preasymptotic behavior towards asymptotic Gaussian behav-
ior, as expected in the long time limit. The resulting probabilities of
displacement in the asymptotic regime for homogeneous media
are expected to exhibit Gaussian statistics centered about the aver-
age velocity (Seymour and Callaghan, 1997; Guillon et al., 2013).

Fig.3(c) shows propagators for just the longer observation times
(300, 500 and 850 ms) for water. The propagator for water at
850 ms observation time is largely Gaussian with only a small zero
displacement peak. Depending upon the packing of each individual
microsphere bead pack (loaded with exactly the same procedure),
the zero displacement peak can be more or less pronounced for
each experimental run, presumably due to the presence or absence
of stagnation zones with small variations in the random packing.
Negative displacements can occur due to diffusion of molecules
in stagnation zones. In this case, the zero displacement peak is
nearly absent at 850 ms observation time and is therefore expected
to have a negligible impact on the signal for experiments with
longer observation times.

For the 10 mM CTAT solution however (Fig.3(b) and (d)), the
evolution towards Gaussian is significantly slower with a skewing
of the propagator towards zero displacement. In addition, a high
displacement long tail is observed that is not present in the water
propagator. These features clearly indicate the impact that the
presence of wormlike micelles formed from the CTAT molecules
have on the transport dynamics in the porous medium.

Long tails in the probability distribution have been observed
and would be expected for flow of a shear-thinning polymer solu-
tion in porous media (Mertens and et al., 2006). As the fluid moves
through the pore space, it experiences a range of apparent shear
rates, presumably higher near the solid boundary of the spheres
and nearing zero at the center of the pore. For a shear-thinning
fluid, a higher shear rate reduces viscosity. In capillary flow, the
result is a velocity profile that becomes more plug-like. For a
shear-thickening fluid, a higher shear rate would result in an
increase in viscosity, essentially a stiffening of the fluid and
increased resistance to flow. In capillary flow, the result is a sharp-
ened velocity profile from parabolic. For flow of a shear-thickening
CTAT solution in porous media, there are additional effects that
may also impact the flow dynamics.

In these experiments, the CTAT micelles are cationic and the
model microsphere pack consists of polystyrene microspheres
with a slight negative charge. Therefore surface interactions could
be present, but are not likely to be strong as the surface charge on
the microspheres is small. Additional research would be needed to
quantify the impact of surface interactions in this system. In addi-
tion, there is the possibility of shear-induced structure formation,
as observed in CTAT solutions under simple shear. Either of these
effects could result in viscosity varying across the pore.

Elongational forces are also present in porous media due to the
changing cross sectional area available for flow. As extensional vis-
cosities of polymers are often much higher than shear viscosity at
low shear rates (Sridhar and et al., 1991), elongational forces are
likely to have a strong impact on flow in porous media. Previous
work for shear-thinning polymer solutions flowing in porous
media has indicated an early onset of increased resistance to flow
over that expected from the shear viscosity (Gonzalez and et al.,
2005). Presumably this is due to stiffening of the polymers under
elongation, although it is difficult to discern experimentally the
source of increased resistance, whether extensional stiffening,
mechanical retention or other mechanisms (Gonzalez and et al.,
2005). Odell and Haward observed increased viscosity enhance-
ment for packed beds with stagnation points over those without,
attributed to a coil-stretch transition of the polymer chains
(Odell and Haward, 2006). Studies of wormlike micelle solutions
under extensional forces are somewhat sparse, however, thicken-
ing has been observed under extension in an opposed jet device
for wormlike micelle solutions known to exhibit shear-thinning
under simple shear (Prudhomme and Warr, 1994; Walker et al.,
1996; Fischer et al., 1997; Lu and et al., 1998) and strong exten-
sional thickening was observed in capillary breakup experiments
(Yesilata et al., 2006). At high extension rates, the extensional vis-
cosity has been seen to drop, an effect hypothesized to be due to
micellar scission (Chen and Warr, 1997; Rothstein, 2003). Elastic
instabilities have been observed for an entangled wormlike micelle
solution under extensional flow in a microfluidic cross-slot device
(Haward and et al., 2012) and for flow around confined microflu-
idic cylinders (Zhao et al., 2016).



Fig. 4. Variance of the displacement as a function of observation time in the long
time limit for water (circles) and 10 mM CTAT (diamonds). The power law exponent
a ¼ 1:1 for water and a ¼ 1:45 for 10 mM CTAT. For water, a ¼ 1:1 near the
expected a ¼ 1 and Gaussian statistics govern the probability distribution of
displacement. For CTAT however, a ¼ 1:45, which indicates ‘‘super-dispersive”
anomalous transport is occurring.
In the case of CTAT solutions, extensional viscosity obtained via
opposed jet flow measurements did not show extensional
thickening for dilute and semi-dilute concentrations (Muller
et al., 2004). However, an increased resistance to flow (quantified
as an increased flowrate under constant pressure drop) was
observed for shear-thickening CTAT solutions when flowing in por-
ous media (Muller et al., 2004; Rojas et al., 2008). While considered
a ‘‘shear-thickening” effect, the increased resistance to flow
occurred even at dilute concentrations and was observed at lower
apparent shear rates than the shear-thickening behavior seen in
simple shear. Muller et al. (2004) hypothesize this increased resis-
tance was because of the formation of SIS, due to the shear compo-
nent of the flow, which then allowed the extensional component of
the flow to cause an enhancement of extensional viscosity not
observed in conditions of pure extension. The NMR PGSE propaga-
tor measurements are consistent with this scenario, as increased
resistance to flow due to shear forces alone (i.e. the shear-
thickening behavior observed in rheological measurements of
Fig. 1) would not explain the presence of long tails in the probabil-
ity distribution at large displacements.

To quantify the deviation from non-Gaussian statistics in the
propagators and therefore differences in transport behavior
between Newtonian water and shear-thickening CTAT, we can cal-
culate the moments of the probability distributions. At the longest
observation time (850 ms), the average displacement, or first
moment of the probability distribution, is 2.45 mm and 2.67 mm
for water and CTAT respectively. The average velocities therefore
are 2.88 mm s�1 and 3.14 mm s�1respectively. The discrepancy
between the average velocities measured from the velocity images
and the propagators could be due to variations in the packing
within one 0.5 mm slice (for the velocity images) and the entire
20 mm bead pack length (for the propagator measurements) or
due to the different relaxation weighting between the two types
of experiments (echo time of 14.8 ms for velocity images versus
4.3 ms for propagators).

The third moment of the distribution is skew, which quantifies
any asymmetry in the distribution. The skew for water at 850 ms is
0.8, indicating that the observation time is not quite long enough
for the flow to fully exhibit Gaussian statistics. However, the skew
for 10 mM CTAT at the same observation time is 2.1, confirming
that the clearly visible slanting of the distribution towards the zero
displacement in CTAT is significantly larger than for water. The
statistics of the probability distributions, mean displacement and
skew, give us some measure of the difference between Newtonian
water and the non-Newtonian (shear-thickening) wormlike
micelle solution. However, they do not explain or fully quantify
the observed long tails and deviation from Gaussian behavior.
Alternatively, a fractional dynamics approach may be used to
quantify the deviation from Gaussian behavior observed and there-
fore characterize anomalous or preasymptotic transport (Metzler
and Klafter, 2000). A continuous time random walk (CTRW) relates
the probability for a molecule to make a jump to the wait time
probability distribution w(t) and jump length distribution k(Z).
For Poisson wait time and Gaussian jump length distribution,
Brownian motion is modeled and Gaussian behavior restored. Long
tails in the displacement probability distribution are well-modeled
using a Poisson wait time and Levy jump length to get non-
Gaussian behavior. The probability distribution P(Z) follows
PðZÞ � a=Z1þa in the long displacement limit, where a is 1 for Gaus-
sian statistics expected flow in homogeneous porous media and <2
for either anomalous asymptotic dispersion or preasymptotic non-
Gaussian behavior (Metzler and Klafter, 2000; Metzler and Klafter,
2001; Shlesinger et al., 1993).In porous media that has reached the
long time limit, i.e. the asymptotic regime where in homogeneous
media Gaussian statistics are expected, one can monitor the vari-
ance of the displacement directly through the attenuation of the
PGSE NMR signal in the low q limit (Eq. (3)); as opposed to measur-
ing the full probability distribution (Guillon et al., 2013). Analysis
directly in the q domain instead of the propagator space has the
benefit of avoiding errors introduced through the Fourier Trans-
form. For Gaussian behavior, this variance scales linearly with
observation time. Preasymptotic, sub- or super dispersion pro-
cesses can be characterized by a power law dependence of the vari-
ance with observation time r2 / Da (Guillon et al., 2013; Guillon
and et al., 2014; Scheven and Sen, 2002; Neel et al., 2011).Fig. 4
shows r2 as a function of observation time for water and 10 mM
CTAT. Non-Gaussian statistics can be expected for flow where
anomalous transport occurs, but also in the preasymptotic flow
regime, where fluid molecules have not fully sampled the pore
space. In order to estimate the minimum observation time needed
to reach the asymptotic limit, the criteria of Scheven and Sen
(Scheven and Sen, 2002) was used. For model sphere packs, the
long time limit is proposed to occur when a diffusion length
LD ¼ ffiffiffiffiffiffiffiffiffiffi

2Dot
p

> 0:3dp has been travelled, where Do is the self-
diffusion coefficient of the pore fluid, t is the timescale of the
experiment (in the case of the PGSE propagator measurement, it
is the observation time D) and dp is the solid sphere diameter
(Scheven and Sen, 2002). According to this criteria, a minimum
of 1.22 s is required to be fully in the asymptotic regime. Therefore,
we have sampled from 1.3 to 1.9 s, where 1.9 s is the longest time,
as limited by T1 relaxation. In addition, a constant echo time of
4.3 ms and a stimulated echo was used for all experiments, which
would keep any T2 relaxation weighting constant for all observa-
tion times sampled. A second criteria is that the average displace-
ment be greater than 10dp. From the data in Fig. 3 at 850 ms
observation time, the average displacement is 2.22 mm, which is
nearly equal to 10dp (= 0.0025 m). However, Khrapitchev and
Callaghan (2003) measured the velocity autocorrelation function
in porous media and found it went to zero, at which point the pro-
cess should have Gaussian statistics, by �4dp. Therefore, by all cri-
teria (Khrapitchev and Callaghan, 2003; Scheven and Sen, 2002) at
the flowrate studied here and for the microsphere size of 235 mm,
we would expect Gaussian statistics in a homogeneous bed of
packed monodisperse spheres for observation times greater than
1.22 s.On a log scale, the slope of the line in Fig. 4 gives the power
law exponent a. For water, a ¼ 1:1 (R2 = 0.6) which is near the
expected a ¼ 1 and Gaussian statistics govern the probability dis-
tribution of displacement. For CTAT however, a ¼ 1:45
(R2 = 0.91), an indication of ‘‘super-dispersive” anomalous trans-
port or preasymptotic transport. Although the bounds of the data



are fairly broad, the average gradient does differ significantly
between the two fluids.

Seymour et al. observed a shift from Gaussian statistics in a
homogeneous porous media with the growth of biofilm in the pore
space (Seymour and et al., 2004), due to the biofilm creating a
heterogeneous structure. Here, the shear-dependent viscosity and
formation of shear-induced structures for the micellar solution
under the shear and elongational forces in porous media flow could
be the source of the heterogeneity, resulting in anomalous trans-
port. Alternatively, the fluid properties could be increasing the
lengthscale needed to reach the asymptotic limit. Regardless, the
deviation from Gaussian statistics is an indicator of the non-
Newtonian rheology of the fluid. For anomolous transport pro-
cesses, where n does not equal 1, the classic scaling of dispersion
with Peclet number would not be expected (Saffman, 1960;
Shlesinger et al., 1993; Scheven and Sen, 2002; Neel et al., 2011).
The data shown here demonstrates that the presence of wormlike
micelles alters the flow through the porous media and causes
anomalous dispersive behavior, making prediction of Pe scaling
more complex.
5. Conclusions

Here we have observed non-Gaussian statistics in the probabil-
ity of displacement, i.e. the propagator, for flow of a non-
Newtonian CTAT wormlike micelle solution through a model por-
ous media. Previous measurements for the shear-thickening
micelle solution studied here indicated an increased resistance to
flow within a model porous media. Using NMR PGSE velocity imag-
ing and measurement of the propagator, data beyond bulk changes
in flow rate or pressure drop were obtained; in particular, the spa-
tially resolved flow field and transport properties. Due to spatial
resolution limitations, velocity imaging was only able to discern
small differences in the flow field between shear-thickening
wormlike micelle solution and water. However, using PGSE NMR
to measure the probability of displacement, a skewing of the prob-
ability distribution towards slower velocities and long tails at high
displacements were observed for the micelle solution. Using a frac-
tional dynamics approach, a deviation from asymptotic Gaussian
statistics was found due to the non-Newtonian rheology of the
wormlike micelle solution. The results re-emphasize that rheolog-
ical measurements under simple shear conditions or pure exten-
sion do not fully predict or capture the complicated fluid
dynamics of a shear-thickening solution in porous media. Further
research would be needed to discern the microscopic mechanisms
behind the anomalous transport in this system and much work is
still needed in general for non-Newtonian fluid flows in porous
media. However, the results presented here demonstrate the pow-
erful potential of NMR in this field and the wealth of information to
be gained from analyzing the statistics of displacement probability
distributions measured with NMR PGSE.
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