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bstract

There is a great need for understanding the relationship between the structure and chemistry of surfactants forming wormlike micelles, and
heir macroscopic flow properties. Available macroscopic Rheological Equations of State (REoS) are often inadequate to predict flow behaviour in
omplex geometries or even to describe the full set of rheological measurements. In this paper, we show how the link between surfactant structure
nd rheology can be explored through the use of mesoscopic particulate simulations. We describe the development of a realistic Brownian Dynamics
odel, where the persistence length of the micelle is the smallest length scale. Most of the parameters for the BD model are obtained from atomistic
olecular Dynamics simulations to establish the link to the chemistry of the surfactant. As a preliminary result, we calculate the shear viscosity

f a solution of entangled wormlike micelles as a function of increasing shear rate. The results can be approximately mapped on an experimental
ow curve for this particular system, using a mean field scaling relationship. Finally, as our motivation in this work is to understand the flow of

ormlike micellar fluids in porous media, we give preliminary experimental results for the flow in an expansion-contraction capillary using micro
article Image Velocimetry (�-PIV). This demonstrates the complex response of these fluids in non-viscometric flows and the challenges they pose

o any predictive simulation model.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Surfactant molecules in aqueous salt solutions may self-
ssemble reversibly into wormlike micelles. Above the overlap
oncentration, the viscosity of the resulting solution increases
teeply with increasing surfactant concentration [1]. This creates
ighly viscous, shear thinning fluids with viscoelastic behaviour
2,3]. In the presence of oil, the wormlike micelles reassemble
nto spherical form, resulting in a low viscosity Newtonian fluid.
his responsive behaviour makes viscoelastic surfactant (VES)
olutions, operating in the wormlike micellar regime, ideal for
any industrial applications, such as hydraulic fracturing oper-

tions in the oilfield [4].

In several applications, the flow of wormlike micellar flu-

ds in porous media is important. For this purpose, a reliable
heological Equation of State (REoS) is required, providing the

∗ Corresponding author. Tel.: +44 1223 325222; fax: +44 1223 467004.
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elation between stress and shear rate at the continuum scale.
arious REoS are available in the literature [5,6], but none of

hem is able to predict flow behaviour in complex geometries or
ven to give a satisfactory explanation for the full set of rheolog-
cal experiments that we have made [7]. This will be elaborated
urther in Section 2. Moreover, and this applies to all REoS,
he parameters depend in an unknown fashion on the particu-
ar chemistry of the surfactants, concentration and temperature.
herefore, despite the large amount of experimental data on par-

icular surfactant systems, there is no systematic way to design
uids with a particular desired rheology. In this paper, we will
how how particulate simulation methods can be used to predict
heology from first principles.

It is impossible to reach large enough length and time scales to
etermine the macroscopic rheology using atomistic Molecular
ynamics (MD) simulation methods; therefore a mesoscopic
pproach is required. In the past, a generic simulation model
or wormlike micelles [8] was used to calculate the rheology
f wormlike micellar fluids [11,12]. In this so-called FENE-C
odel, the wormlike micelle is represented by beads connected

mailto:boek@slb.com
dx.doi.org/10.1016/j.jnnfm.2006.11.002
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y springs which can reversibly break. In the later FENE-CB
odel [9], scission plus bending stiffness were included in

rder to handle semi-flexibility and to prevent ring formation
or systems featuring non-unimolecular scission events. In both
he FENE-C and FENE-CB models, the solvent is represented
y similar, but unconnected beads. The essential physics of
wormlike micelle is therefore captured without making any

eference to the actual chemistry. This can sometimes be an
dvantage. However, the disadvantage of any generic model is
hat the details of the interactions between the wormlike micelles

ay not be very realistic. For example, for FENE-C wormlike
icellar solutions at high concentrations, it was found that the

ecombination kinetics are diffusion-controlled1 and dominated
y self-recombination events.2

In contrast, for most realistic wormlike micelles, the recom-
ination kinetics are reaction limited [11,13]. More seriously,
he shear viscosity is dominated by the contribution of the sol-
ent beads, which have a size that is (unrealistically) similar to
he micellar beads [12].3 In real micelles, the stress is dominated
y the micellar bonds and entanglements.

To overcome these difficulties, a mesoscopic Brownian
ynamics (BD) model has been developed. The input param-

ters for this BD model are derived from atomistic Molecular
ynamics simulations. The aim of the BD model is to real-

stically calculate the dynamics and rheology of an entangled
olution of wormlike micelles. Such a simulation can offer new
nsights because the theory available for the dynamics of worm-
ike micelles [14] makes assumptions that cannot be directly
alidated by experiments. For example, the average break-up
ime per unit length of worm is assumed to be constant and
ndependent of stress or shear rate. An other approximation in
he theory is that no fusions occur at entanglements [16]. A
esoscopic simulation approach can check and go beyond these

ssumptions.
In Section 3.2, we will describe the mesoscopic simulation

odel and its input parameters. These are mainly the mechan-
cal properties of a wormlike micelle, which are obtained from

olecular Dynamics simulations of a small piece of wormlike

icelle. Then we will describe simulation results for a particular

urfactant and concentration, for both the linear and non-linear
heology.

1 This is due to the absence of an energetic barrier in the FENE-C model.
lthough the barrier should have little effect on static properties, we are mainly

nterested in dynamic properties in this paper.
2 This is true for the original FENE-C model, which was operated at low
oncentrations For high concentrations, the FENE-CB model was suggested
9]. Some preliminary results of this model were made available in [10].
3 This is due to both solvent–solvent S–S and solvent–micelle S–M interac-

ions. However, one can still gain some insight into the micellar contribution
o shear thinning using FENE-C type models. Because all contributions to the
otal stress tensor are available, the solvent contribution can be subtracted or
nalysed separately. Moreover, the flow curve for the pure Lennard-Jones (LJ)
uid is well known and shows shear thinning with a characteristic time scale
elow the one for a wormlike micelle. For a polymer solution, the FENE + LJ
eads model is also in use and allows to test molecular theories (such as the
elationship between stretch and angular momentum) very well. Certainly, it
oes not offer a quantitative description of the shear viscosity values, and this is
he point we wish to make here.
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Finally, in Section 4, we give experimental results for the
ow of wormlike micellar fluids in an expansion-contraction
apillary using micro Particle Image Velocimetry (�-PIV). We
mphasize that these experimental results are preliminary and
heir use at this stage is mainly for a qualitative comparison.

Please note that in the three following sections, we will be
sing the same surfactant molecule, but at slightly different
oncentrations and salt types. We expect the solutions to be qual-
tatively similar in their rheology. For example, in Section 3.1,
e use concentrations which are relatively high for the surfactant

nd low for the salt, for computational reasons.

. Available continuum models are inadequate

Available continuum models have proved inadequate for
odelling bulk rheological measurements of wormlike micelles

7]. For example, the shear moduli measured when oscillation is
uperimposed on steady shearing are not predicted well, nor is
he transient stress response to steps up and down in shear rate.

e will show the latter in the following.
The wormlike micellar system studied was a solution of the

urfactant concentrate (a mixture of the cationic surfactant erucyl
is(hydroxyethyl)methylammonium chloride (EHAC) and 2-
ropanol in a 3:2 ratio (by weight)), in an aqueous solution of
otassium chloride. The concentration, by mass, of the solution
as 3.50% surfactant concentrate and 4.00% potassium chlo-

ide. A salt-free solution of the same surfactant concentration
as also made. Bohlin Rheometers were used for all rheology
easurements. A cup-and-bob was used for the majority of the
easurements, a 20 mm parallel-plate was used to the measure

he steady-state shear stress at high shear rates, and a double-
ap system was used to measure the viscosity of the salt-free
olution.

A model which has proved effective in reproducing steady
hear and small amplitude oscillation data for viscoelastic sur-
actant solutions was proposed by Bautista et al. [6]. This model
ssumes that the stress τ satisfies

η

G0

∇
τ + τ = 2η(D + λJ

∇
D) (1)

hereη/G0 andλJ are relaxation times,
∇
τ is the co-deformational

erivative of the stress tensor, and similarly for the deformation
ensor D. The parameter η has dimensions of viscosity (but note
hat η only equals the shear viscosity in case of a steady shear
ow). The latter is a dynamically evolving parameter, the equa-

ion of motion of which is often given in terms of the fluidity
= η−1

dφ

dt
= 1

λ
(φ0 − φ) + k(φ∞ − φ)τ : D. (2)

fit to the experimental steady-state shear stress/shear rate
urve allows φ0, φ∞ and the product kλ to be determined. If

he experimental shear rates are insufficiently high, it is diffi-
ult to determine φ∞. The viscosity of the salt-free solution (in
hich the surfactant was in the spherical micellar form) was
sed as an approximation to 1/φ∞.
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Fig. 1. Measured and predicted stress following a step increase (left) or decrease (right) in shear rate. Solid grey lines show the measured shear stress, dot-
dashed lines show predictions of the BM model for λ = 1 s (top graphs), λ = 10 s (middle graphs) λ = 30 s (bottom graphs). The time origin changed such that
t s (by
( 0 × 10
s

u
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a
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v
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= 0 at each increase in shear rate. The curves have been shifted up the y-axi
1.4 × 10−3 → 1.4 × 10−2 → 1.4 × 10−3) s−1, (second curve) (1.4 × 10−3 → 3.
−1, (top curve) (1.4 × 10−3 → 1.4 → 1.4 × 10−3) s−1.

Fits of the model gave

η0 = φ−1
0 = (120 ± 7) Pa s,

η∞ = φ−1∞ = (1.30 ± 0.06) × 10−3 Pa s,

kλ = (1.84 ± 0.184) × 10−5 Pa−1 s,

G0 = (10.7 ± 0.9) Pa

λJ = (4.22 ± 0.845) ms.
Transient measurements were made by stepping the shear rate
p and down repeatedly. At each stage the shear rate was held
teady until there was no significant change in the stress over
period of ≈1 min. The parameters determined above allowed

3

m

increasing factors of 10) for clarity. The shear rate steps are: (lowest curve)
−1 → 1.4 × 10−3) s−1, (third curve) (1.4 × 10−3 → 6.5 × 10−1 → 1.4 × 10−3)

redictions of transient measurements to be made for different
alues of λ and k (chosen such that kλ is constant). The results
re shown in Fig. 1. Predictions using a value λ = λm = 1 s fit the
ata obtained when the shear rate is decreased. However, a very
ifferent value λ = λm = 30 s is needed to fit those obtained when
he shear rate is increased. This means that the current REoS
5,6] proves inadequate to describe the observations.
. Multi-scale simulation model of wormlike micelles

We have developed a multi-scale particulate simulation
odel to calculate the rheology of wormlike micelles from
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shown in Fig. 3. The endpoints of the wormlike micelles are
found by extrapolating from the first and last bonds. This means
that the orientation of micellar “monomers” must be traced
explicitly.
ig. 2. Snapshot of an MD simulation of an EHAC wormlike micelle in a 3% N
red), nitrogen (dark blue) and hydrogen (white).

rst principles. First, we calculate the mechanical properties
f a small segment of wormlike micelles from detailed atom-
stic Molecular Dynamics calculations. This will be described in
ection 3.1. Then we use these mechanical properties in a coarse-
rained (or upscaled) mesoscopic Brownian Dynamics model
f wormlike micelles, where the smallest unit is the persistence
ength. This will be described in Section 3.2.

.1. Mechanical properties from Molecular Dynamics
imulations

We have calculated a number of mechanical properties from
etailed atomistic Molecular Dynamics simulations of a small
egment of a wormlike micelle. The results of these calcula-
ions will be summarised here; for more detail, we refer to
17]. The wormlike micellar segment consists of a limited num-
er of surfactant molecules, in this example EHAC [4]. The
orm is immersed in water containing the required concentra-

ion of salt (NaCl) ions. Typically, the MD simulation box has
imensions of the order of 10 nm and contains O(105) atoms.
eriodic boundary conditions are applied in 3 dimensions so that
ffectively we are considering a segment of an infinite worm-
ike micelle. Typically, the simulations require of the order of
0 nanoseconds of simulation time to obtain statistically mean-
ngful ensemble averages. A simulation snapshot is shown in
ig. 2. This system contains 640 surfactant and 40,000 water
olecules together with Na+ and Cl− ions corresponding to a

% (by weight) NaCl solution. Coulomb interactions are treated
y Ewald summations.

First, we calculate radial distribution functions as ensemble
verages over the particle coordinate trajectories. From these
unctions, we find a radius of the worm rw = 4.6 nm. Second,
he elastic modulus KL is calculated from a series of simulations
round the tensionless state, where we compress/stretch the
orm at constant volume [18]. From the slope of the pressure
ifference against the worm length, we find KL = 1.9 nJ/m.
hird, the persistence length lp of the worm in the tensionless
tate is calculated from the position fluctuation spectrum
erpendicular to the worm (z-)axis. From these calculations, the

ersistence length is calculated to be of the order of 23 nm. This
alue is in agreement with experimental values for wormlike
icellar persistence lengths reported in the literature [19]. In

ummary, the following mechanical properties will be used in

F
E
e
f

solution. Only the surfactant molecules are shown: carbon (light blue), oxygen

he mesoscopic BD model of wormlike micelles: the radius
f the worm rw, the elastic modulus KL and the persistence
ength lp.

.2. Mesoscopic simulation model

We have developed a Brownian Dynamics model in order to
alculate the dynamics and rheology of a solution of entangled
ormlike micelles. We assume that the fluid viscosity is
ominated by the entanglements and therefore by the long
hains. It is the strength of this mesoscopic model that we can
ow achieve micellar lengths comparable with the entanglement
ength scale. This has thus far been impossible using classic

icroscopic FENE models. The simulation method is based on
rownian Dynamics of coarse-grained wormlike micellar units.

n our model, the entanglement and persistence lengths are two
priori independent quantities and we can study their relation-

hip, e.g. as function of concentration. Each particle/unit in the
imulation represents one persistence length lp. In more detail,
t represents the midpoint of one persistence length lp. This is
ig. 3. Coarse-grained representation of a wormlike micelle of length L = 5lp.
ach unit (red sphere) represents the midpoint of one persistence length lp. The
nd-points (blue spheres) of the wormlike micelles are found by extrapolating
rom the first and last bonds.
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dynamics of entanglement formation and chain end encoun-
ters. Note that we do not consider the formation of a nematic
phase.

4 For the dynamic background flow we still assumed that the velocity field
is unidirectional (in the x-direction) and homogeneous in the flow and vorticity
directions. However, the dependence on the height y (the gradient direction) was
determined dynamically. The feedback was accomplished by measuring, at each
timestep and height y, the average “velocity” (excluding random displacements)
〈vworm(y)〉 of the wormlike micellar material. The background flow velocity field
vflow(y) reacts to this by accelerating or decelerating, depending on the difference
〈vworm(y) − vflow(y)〉, according to dvflow(y)/dt = 1/τf (〈vworm(y)〉 − vflow(y))
ig. 4. Interaction energy between wormlike micellar persistence lengths lp:
here is a minimum Esc (scission energy) at a distance r = lp, and activation free
nergy barriers of height Ea.

In order to develop a realistic model of the dynamics of
ormlike micelles, the following points have been taken into

onsideration:

1) The ends of wormlike micelles must be able to approach
each other and fuse to form elastic bonds. There is evidence
that fusion in most real wormlike micelles is reaction lim-
ited [20]. Therefore, we have included a repulsive activation
barrier (of tuneable height Ea), which is a function of the
radial distance between two end-points. This is shown in
Fig. 4.

2) When two persistence lengths have fused, the interaction
between the two midpoints is given by a potential well of
tunable depth (the scission energy Esc) and width (the elastic
modulus KL):

Φb = 1

2

KL

lp
(r − lp)2 − Esc (3)

The interaction energy landscape between two persistence
lengths is given in Fig. 4.

3) We use (overdamped) Brownian Dynamics of rigid rods of
dimensions lp × 2rw in a solvent of viscosity ηs. The solvent
friction on each particle has been made realistic by taking
into account the anisotropic shape of a wormlike micelle.
More precisely, the position ri of rod i is updated according
to

ri(t + �t) = ri(t)+Ξ−1
i · Fi(t)�t + υflow(y)�têx + �rR

i ,

(4)
where �t is the integration time step, Fi the total conser-
vative force on i, vflow(y) the background flow velocity (in
the x direction), and �rR

i the random displacement, which
is linked to the inverse friction (or mobility) tensor Ξ−1

i ,

w
w
u
m
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according to

〈�ri�ri〉 = 2kBTΞ−1
i �t. (5)

Expressions for the friction tensor Ξ of a rod can be found
in Ref. [21]. Here, we note that the friction perpendicular to
the micelle is larger than the friction along the contour. This
can be understood intuitively by realising that the friction
on a rod will be smaller when the flow field is along the
direction of the rod rather than perpendicular to it.

4) In order to study shear flow, Lees-Edwards (“sliding brick”)
boundary conditions were implemented [24].

5) The possibility for non-affine shear flow was included. This
is not trivial for BD simulations where a friction with a static
background flow vflow(y) is assumed. The solution was to
introduce a dynamic background flow, with a velocity field
coupled to the wormlike micelles through an overdamped
feed back mechanism.4

6) Entanglements are very important for the rheology of a
concentrated solution of wormlike micelles. Entanglements
emerge naturally when two wormlike micelles try to cross.
In the simulation, these crossings are monitored, and entan-
glement points are inserted when a crossing is imminent.
Essentially, the entanglement points act as sliding posi-
tions where two smooth rubber bands are in contact. This is
accomplished by treating the interaction potential between
two consecutive rods no longer as a function of the direct
distance between the midpoints of these rods, but as a func-
tion of the path length between the midpoints, which may
include entanglement positions. The entanglement positions
are determined dynamically by enforcing a force balance on
each entanglement. For more details see Refs. [22,23].

7) Charge interactions are ignored. This means that we con-
sider uncharged or charged systems with a small screening
length as is the case for the salt concentrations used in the
corresponding experiments.

8) Excluded volume interactions are ignored. This means that
we consider wormlike micelles as long thin threads. The
number density of persistence length rods in the simula-
tion is chosen equal to the number density of persistence
length wormlike micelles in the experiment. In the sim-
ulation concentration comes into play only through the
here τf is the flow reaction time, which was set sufficiently fast not to interfere
ith intrinsic timescales of the wormlike micelles. The resulting flow field is
sed in the following time step to determine the displacements of the wormlike
icelles, etc.
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From Fig. 7, it can be observed that the transient time required
to recover the steady shear stress at that shear rate, increases
with decreasing shear rate. Also, the shear stress overshoots or
undershoots depend on the secondary shear rate imposed. This
ig. 5. Snapshot of a typical Brownian Dynamics simulation box. Wormlike
icelles (blue) which penetrate the periodic planes are displayed entirely. Entan-

lement points are coloured white. One ring is present, which is coloured yellow.

.3. Simulation results

A snapshot of a typical simulation box is given in Fig. 5. A
ypical box contains 4000–32,000 persistence length units, at a
ox size of 300–600 nm. This allows micellar contour lengths
f O (�m). The computational speed is typically of the order of
.1–1 ms/week on a single PC processor.

Note that we use the values of the mechanical properties given
n the previous section, corresponding with a typical EHAC solu-
ion. We use water as a solvent with a viscosity ηs = 10−3 Pa s.

e use values of the scission and activation energies of 17 and
.5 kBT, respectively. These energies are the least well charac-
erized input parameters for our system. However, rheological

easurements [1] indicate a scission energy of around 25 kBT
or a similar viscoelastic surfactant fluid. High scission energies
sc result in large contour lengths, associated with large simula-

ion boxes and therefore large CPU demands. We have therefore
hosen the activation energy Ea to be rather low for practicality
nd this will be discussed in comparison with experiment later.

First, we examine the linear (equilibrium) rheology. In the
imulations, the zero-shear relaxation modulus G(t) can be cal-
ulated as the ensemble average over time autocorrelations of
ff-diagonal elements of the stress tensor S as

(t) = V

kBT
〈Sxy(t)Sxy(0)〉 (6)

here the components of the stress tensor are defined in terms
f positions r and forces F on wormlike micellar particles as

= 1 ∑
(r − r )F . (7)
αβ

V
i<j

iα jα i,j,β

he zero-shear viscosity then simply is the infinite time inte-
ral over the relaxation modulus [24]. A typical example of

F
s
v

ig. 6. Zero-shear relaxation modulus G(t) as a function of time. The inset shows
he time time integral of G(t), which converges for infinite time.

he calculation of G(t) as a function of time is presented in
ig. 6.

The non-linear shear rheology, on the other hand, can be mea-
ured by applying a shear to the simulation box. When starting
rom an equilibrated configuration, the transient shear rheology
an first be investigated. For instance, using the mesoscopic
imulations, we can study the transient effect of instantaneously
educing the shear rate after initially imposing a high shear
ate. A typical result is shown in Fig. 7. Initially, a shear rate of
06 s−1 is imposed, and the corresponding transient shear stress
s measured. Then, the simulation is stopped and three new
imulations are re-started instantaneously at shear rates lower
han the original value, at 105, 104 and 103 s−1, respectively.
ig. 7. Transient shear stress “recovery” as a function of time, after an initial
hear rate of 106 s−1 (red), for three different values of the secondary shear rate,
arying from 105 (blue), 104 (green) and 103 s−1 (black).
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Fig. 9. Shear viscosity of 8% EHAC solutions using experiment (black symbols)
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ig. 8. Viscosity η (circles), average length L (squares) and average breaking
imes as a function of increasing shear rate.

s in qualitative agreement with experimental and REoS results
7]. The more rapid response in the simulation compared to the
xperimental data is probably a consequence of the value chosen
or the activation energy which we infer to be unrealistically low.

When the simulations under shear have achieved a dynamic
quilibrium, the steady-state behaviour can be studied. The
teady-state shear viscosity is then given by the ratio of shear
tress and shear rate:

(γ̇) = lim
t→∞

〈Sxy(γ̇)〉
γ̇

(8)

n Fig. 8, we show how various observables change as a function
f increasing shear rate. First, we see that the viscosity decreases,
s well as the average worm length. The observed shear thinning
s much stronger than in the corresponding case of unbreakable
olymers [25]. This is what we expect intuitively with increasing
hear rate. However, we also see that the average breaking time
f the worms changes with shear rate. Note that this observation
s opposite to the Cates [14] mean field scaling result

break(L) = 1

c1L
(9)

here c1 is the breaking rate of one bond, which predicts an
ncrease in the breaking time, inversely proportional to the worm
ength. From the simulations, we observe that under shear, the
orm length L decreases as well as the breaking time.5 We

onclude that our model can go beyond the usual mean field

pproximation [14] which may not always be applicable. This
eans that one has to be very careful when deriving scission

nd activation energies from rheology experiments, using such
ean field approximations [26].

5 Note that in the FENE-C model, the worm length L also decreases, but that
n increasing breaking time is observed with increasing shear rate [8]. For both
ur model and FENE-C the product Lτbreak(L) is decreasing with shear rate, but
uch more so for our model.

w
m
o
n

C
s

nd simulations (red symbols): (a) rheometer cup & bob geometry at different
emperatures; (b) rheometer plate-plate geometry (T = 25 ◦C); (c) simulations at
= 60 ◦C and (d) simulation results rescaled.

In Fig. 9, we compare the simulation results (red symbols)
ith experimental measurements (black symbols) of the shear
iscosity for 8% EHAC/2% KCl solutions. We show experimen-
al data using the cup and bob geometry at relatively low shear
ates, for temperatures between 35 and 65 ◦C. We also show
xperimental measurements for the same system using the plate-
late geometry, which enables us to go to significantly higher
hear rates (104 s−1). Finally, simulation results at T = 60 ◦C, for
hear rates between 102 and 106 s−1 are included, shown in red
ymbols. It appears that the simulation shear thinning behaviour
s in good agreement with experiment. Also we observe a tran-
ition to a Newtonian plateau around a shear rate of 103 s−1.

This transition occurs at a shear rate high compared with
xperiment. This can be understood by realising that the scis-
ion and activation energy in the simulations are low compared
ith the experiment. However, the experimental results can be

pproximately recovered using a simple scaling argument using
ean field theory, as follows:
If wormlike chains are heavily entangled, then the relaxation

ime � is given by [14]

= √
τbreak(〈L〉)τrep(〈L〉). (10)

e know that

L〉 ∝ φ1/2exp
Esc

2
(11)

here 〈L〉 is the average micellar length, φ is now the wormlike
icellar volume fraction, and Esc is the scission energy in units
f kBT.6 Assuming that the breaking rate c1 will decrease expo-
entially with increasing Esc and Ea, we find that the breaking

6 Note that these are equilibrium results for the length of a wormlike micelle.
orrections to this equation for the FENE model, including flow-induced scis-

ion, are given in Ref. [15].
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The length of each section is 160 microns. The duct, there-
fore, has dimensions comparable to the size of pores in natural
rocks.
8 E.S. Boek et al. / J. Non-Newto

ime τbreak in expression 9 can be rewritten as follows:

break(L) = 1

c1〈L〉 ∝ 1

〈L〉exp (Esc + Ea) ∝ exp

(
Esc

2
+ Ea

)
.

(12)

ogether with

rep(L) ∝ 〈L〉3 ∝ exp

(
3Esc

2

)
(13)

his yields

∝ exp

(
Esc + Ea

2

)
. (14)

ecause η0 = G0τ and G0 does not depend on the temperature,
e find

0 ∝ τ ∝ exp

(
Esc + Ea

2

)
. (15)

sing this mean field scaling relation, the simulation results are
apped on the experimental results. For the scaling argument

o be valid, we need

Esc to be sufficiently high to be in the entangled regime;
Ea to be sufficiently high to ensure τe � τbreak (〈L〉), where
τe is the entanglement time scale.

The scaling result is shown in Fig. 9, where we use experi-
ental values of Ea = 10 kBT and Esc = 19 kBT, compared with

.5 and 17 kBT, respectively, in the simulations [1]. The rescaled
imulation results show that the zero-shear viscosity corre-
ponds approximately with the experimental results at 60 ◦C.
e note that this scaling result should be used with caution in

he light of our earlier observation on breaking rates. We also
ote that the slope of the experimental curve at high shear rates,
easured using the plate-plate geometry, deviates from the typ-

cally observed −1 behaviour. Interestingly, our simulation data
before rescaling) show the same deviation at high shear rate.
his behaviour seems to occur for high shear rates only, so that

he rescaling may not be accurate over the whole range of shear
ates.

. Experimental measurement of flow in model porous
edia using micro Particle Image Velocimetry

Here, we describe preliminary results for the experimental
ow of wormlike micellar fluids in a micro model, using micro
article Image Velocimetry. The mesoscopic model described
bove will ultimately be developed to describe complex flow
onditions, such as those encountered in flow through porous
edia. We therefore present the subsequent experiments as an

ndication of the challenges inherent in the further development
f the model in this context.
A major application of the EHAC fluid under discussion is
njection into the pores of rock formations in the recovery of
ydrocarbon resources. This adds the problem of very complex
oundary geometry to that of the complexity of the rheological

F
i

ig. 10. Time averaged water flow field at high resolution calculated from 20
mage pairs using the sum of correlation algorithm. The dark lines indicate the
pproximate position of the boundaries of the flow channel.

esponse of the fluid. As one step towards this we have carried
ut experiments in a micro-model channel with step expansion
ontractions as a very simple model of a porous medium.

The micro-model was produced by etching a silicon wafer
ith the required pattern and then anodically bonding a flat
lass cover to the silicon to seal the channel. Fluid connections
ere made by gluing a syringe needle into a slot which was
ltrasonically milled into the glass cover, overlapping with the
hannel etched into the silicon. This process has been described
n detail by Hornbrook et al. [27]. The channel was etched to
uniform depth of 40 microns and consists of a regular series
f 4:1 expansion and contractions such that the narrow parts
f the channel have a width of 40 microns (making the cross-
ection here square) and the wide parts have a width 160 microns.
ig. 11. Time averaged EHAC flow field at high resolution calculated from 20
mage pairs using the sum of correlation algorithm.
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Micro Particle Image Velocimetry was used to measure the
elocity fields obtained by pumping the VES fluid through the
icro channel. The �-PIV technique is a recent adaptation [28]

f particle imaging velocimetry at the macro scale. In �-PIV, the
eneral principle is to observe the motion of very small seed-
ng particles by capturing image pairs with a known delay time.
he velocity field is then calculated using cross-correlation algo-

ithms. A laser is used to illuminate the entire region of interest in
he micro-model through the objective lens of a microscope and
xcite fluorescence in the seeding particles. A plane is selected
n the depth direction by moving the focal plane of the micro-
cope objective, in our case the mid plane of the micro-channel
as selected.
The �-PIV apparatus and the image processing software were

oth supplied by LaVision GmbH. The seeding particles used
n the study were 500 nm diameter fluorescent polymer micro-
pheres supplied by Duke Scientific. The particles, as supplied,
re charge stabilized and so tended to aggregate in the high salt

oncentrations used in the EHAC fluid. This is undesirable as it
esults in an uneven distribution of seeding and also blocking of
he micro-models in extreme cases. The problem was circum-
ented by treating the particles with a solution of aluminium

(
s

w

Fig. 12. Flow field of water, snapshots from single im
luid Mech. 146 (2007) 11–21 19

hlorohydrate, Clarient Locron P., following the method pre-
iously used by van Bruggen et al. [29] to stabilize colloidal
oehmite in suspension at high salt concentrations. This process
dsorbs aluminium poly-cations on the surface of the seed par-
icles providing an additional steric stabilization. The fluid was
repared for use in the �-PIV experiments by dispersing a con-
entrated suspension of the seeding particles in a EHAC solution
which was previously heated to 50 ◦C to reduce it’s viscosity)
y vigorous hand shaking. The suspension was then centrifuged
t 2000 rpm for 5 min to remove the entrained air bubbles with-
ut inducing sedimentation of the seeding particles. The fluid
as allowed to cool to ambient temperature before injection

nto the model. The concentration of the seeds was adjusted so
hat several in-focus particles appeared in the smallest interro-
ation window used in the cross-correlation processing of the
mages. Under the conditions of the experiment, this concentra-
ion was so low that the rheology of the fluid was unaffected. The
uid was injected into the micro-channel using as syringe pump

kd Scientific Model 789200U) to drive a 1000 �l Hamilton
yringe.

Two flow experiments were carried out; a control experiment
ith water and the test with an EHAC fluid containing 3 wt% of

age pairs. Interval between measurements 0.2 s.
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he blend of surfactant and isopropanol described in the earlier
ection together with 3 wt% KCl. The EHAC solution had a
ero-shear viscosity of 600 Pa s at the temperature of the exper-
ment. The flow rate in both experiments was 3 �l/min. First,
e compare the flow field calculated by a “sum of correlation”

lgorithm using 20 image pairs. Image pairs were obtained at
frequency of 5 Hz so the vector field is averaged over around
s. In this technique particle image fields from each of the 20

mage pairs are cross-correlated, then the ensemble average
f the cross-correlation functions is calculated and finally the
ector field is calculated from the averaged correlation. This
ives a good signal to noise ratio at the highest resolution where
here may be too few particles in some of the interrogation
indows in some of the images. The result for water is shown

n Fig. 10. As expected for a Newtonian fluid, the flow field
s rather symmetrical and the Poiseuille profile can be seen in

he narrow channel downstream. No vectors are reported in the
rst three interrogation windows at the end of the entry channel
n the left as there was insufficient information from upstream
or the vector estimation algorithm to work in this region. In

[
t
p
o

Fig. 13. Flow field of EHAC, snapshots from single im
luid Mech. 146 (2007) 11–21

he corresponding experiment with the EHAC, Fig. 11, the plug
ow regime can be seen in the downstream channel and there is
large enhancement of the salient corner vortex. The velocities

n the vortex are too low to be determined in this experiment
hich was optimized for the main flow field. A low dynamic

ange is an inherent feature of the PIV technique.
Time resolved vector fields can be obtained using single

mage pairs at the cost of increased noise and a lower resolution.
n the water case the flow field is steady as shown in Fig. 12.
owever, in the case of the EHAC fluid, Fig. 13 shows that there
ere large velocity fluctuations in the region of the contraction.
hese velocity fluctuations are clearly not due to inertia as the

elatively high viscosity of the EHAC solution ensures that the
eynolds number is much smaller than that of the correspond-

ng experiment with water. Such instabilities are well known in
he macro scale contraction flows of elastic polymer solutions

30] and the term elastic turbulence has been coined [31] for
he phenomenon. The instabilities have also been observed with
olymer solutions in micro fluidic devices [32]. The complexity
f these flows in the pore space of natural rocks is an outstand-

age pairs. Interval between measurements 0.2 s.
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ng challenge for the modelling of viscoelastic fluids, such as
he EHAC solution.

. Conclusion

In this paper, we describe experiments and numerical simula-
ions of the flow of entangled wormlike micellar fluids. We show
hat the available macroscopic Rheological Equations of State,
r constitutive equations, are often inadequate to describe the
ull set of rheological measurements. For this reason, we intro-
uce a mesoscopic simulation model to predict the rheology
f wormlike micellar fluids from first principles. The simula-
ion model is based on the Brownian Dynamics method, using
he persistence length as the smallest length scale. The param-
ters for the BD model, including the micellar radius, elastic
odulus and persistence length are obtained from atomistic
olecular Dynamics simulations. As a preliminary result, we

alculate the shear viscosity of a solution of entangled worm-
ike micelles as a function of increasing shear rate. The results
an be approximately mapped on an experimental flow curve for
his particular system, using a mean field scaling relationship.
inally, we give preliminary experimental results for the flow of
ormlike micellar fluids in an expansion-contraction capillary
sing micro Particle Image Velocimetry. This demonstrates the
omplex response of these fluids in non-viscometric flows and
he challenges they pose to any predictive simulation model.
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