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Homogeneous Rolie-Poly model formulation

The Rolie-Poly [1] constitutive model is a simplified, single-mode form of the
detailed GLaMM [2] model for entangled polymers. Predictions of the Rolie-
Poly model agree well with both linear and nonlinear rheological data [1]. In
the Rolie-Poly model, the time derivative of the polymer conformation tensor
is given by
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where Q is the stress tensor with subscripts indicating the various
components, u is the flow direction of the velocity vector, T, is the time for
relaxation by reptation, Tz is the Rouse relaxation time relevant to chain
stretch. To solve for the transient stresses and obtain the velocity profile, the
Rolie-Poly constitutive equation was coupled with the equations of motion in
cylindrical coordinates for the creeping flow limit (2=0). For a 1D flow
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where w is the ratio of the solvent viscosity to polymer viscosity, u is the
fluid velocity in the flow direction, and 0, is the shear stress. The stress is
computed from the polymer conformation tensor
o=G(Q-I) (

6)

where G is the shear modulus. The constitutive equation and equations of

motion were solved numerically using the odel5s integration scheme in

MATLAB. The Rolie-Poly model predictions of the constitutive curve were

calculated by solving the constitutive equations for steady state assuming a

constant velocity gradient over a range of Wi, where

Wi=t,y (
7)

and y is the applied shear rate.

Complications of nonlinear rheology measurements in entangled
polymer solutions

The non-homogeneous velocity profiles just described during the
startup of steady shear in highly entangled PS/DOP are reminiscent of similar
profiles observed in other highly entangled polymer solutions [3]. In such
cases, there has been some debate in the literature as to the possibility that
such non-homogeneous flows could arise due to the influence of boundary
effects [4-7] or other artifacts associated with the flow protocol [8].
Specifically, we acknowledge several phenomena that could possibly
contribute to the transient, inversely-bowed velocity profiles we observed at
higher levels of entanglement in PS/DOP: edge fracture, wall slip, and the
Deborah number of startup shear. In the following discussion, we explore
whether any of these phenomena affect the observed inversely-bowed
velocity profiles.

Edge fracture occurs in entangled polymer rheology due to large
values of the second normal stress difference, N,. Specifically, the onset of
edge fracture was found to obey the criterion
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where Ao is the shear stress difference across the free surface (i.e. fluid and
air), lis the surface tension of the free surface, and L, is the geometry gap
thickness [9]. When present, edge fracture can result in macroscopic
perturbations to the air-liquid interface and, in turn, it is believed to impact
the internal flow field during the viscometric measurement [4,5,9-12]. In
cone-and-plate geometries, it is difficult to observe the propagation of edge
fracture and how it impacts the internal flow field. Recently, it was argued
that the presence of edge fracture could be the source of measured non-
homogeneous velocity profiles [4]. However, experiments have shown that
edge fracture acts to homogenize the flow field [13]. Some researchers have
attempted to circumvent edge fracture by employing a partitioned cone and
plate system. Others have used a Taylor-Couette flow cell identical to the
one used in this study, and monitored the height of the meniscus as edge
fracture develops [10].

In the measurements presented here, a custom-fabricated stainless-
steel lid was utilized to delay the occurrence of edge fracture to high Wiby
effectively eliminating the free surface (i.e. air-fluid interface). As shown in
Figure 1, edge fracture is minimized when the stainless-steel lid is placed on
top of the sample. The use of a lid to minimize the free surface in Taylor-
Couette flow is found to extend the possible applied shear rate where
perturbations of the top surface are observed by over an order of magnitude.
All measurements were performed well below this determined maximum
applied shear rate.

(a) Edge fracture (b) Bottom of lid
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Figure 1. Images of the Taylor-Couette flow cell during a rheo-PTV
experiment of 10 wt % PS(8.42M)/DOP at Wi=5.5 (a) without and (b) with a
stainless-steel lid on top of the fluid.

Wall slip in entangled polymer solutions has been investigated
thoroughly [14-16]. In particular, entangled polystyrene solutions are known



to slip under shear flow on a quartz surface, where the magnitude of the slip
velocity depends on the shear stress at the interface (in this case, the outer
stationary wall). Based on the mechanism of polymer slip proposed by de
Gennes, the thickness of fluid comprising a slip boundary layer should be
restricted to a length scale on the order of the polymer’s radius of gyration
[17,18]. Such nanometer length scales are unobservable in rheo-PTV
measurements, therefore wall slip reduces the measured bulk shear rate
due to the non-zero velocity at the stationary wall. This is consistent with
what is observed in the steady state velocity profiles for the fluids with Z =
30 and Z = 36 samples, but transiently we observe a region of higher shear
rate than the bulk adjacent to the stationary wall.

To quantify the presence of wall slip, the measured velocity profile
near the stationary wall was extrapolated to determine the velocity at the
wall, which yields the slip velocity (V). The slip velocity is found to follow

two scaling regimes with measured inner wall shear stress (Figure 2(a)). At

low shear stresses, the slip velocity varies with shear stress as V «xoy}y,

corresponding to a nearly linear regime. For shear stresses in the nonlinear
flow regime, the slip velocity scales as V. xg’;. These scalings are consistent
with previously reported slip velocity dependencies on shear stress for
similar fluids [14]. Interestingly, we only observe slip at the quartz stationary
wall. For flow devices in which the boundaries are composed of identical
materials, we would expect wall slip to occur at both surfaces, with a higher
slip velocity occurring at the moving boundary since the shear stress is
highest. Although the shear stress is higher at the moving boundary, the
difference in slip boundary conditions between the moving and stationary
boundaries is believed to result from the different chemical composition of
each surface (anodized aluminum and quartz, respectively). The determined
slip velocities vary in time following the startup of shear, as expected given
the shear stress dependence of slip. Figure 2(b) reveals the time
dependence of slip following startup of shear at a particular Wi.The
maximum slip velocity is found to occur when the inner wall shear stress
overshoots shortly after the startup of flow. Following the overshoot in shear
stress, the slip velocity reaches a steady value concurrent with the plateau of
the shear stress.

In comparing the transient evolution of the slip velocity (Figure 2(b)) to
that of the velocity profile (Error: Reference source not found(b)), it is
apparent that although the wall slip and inverse-bowing appear over similar
time scales concomitant with the stress overshoot, the slip velocity achieves
a steady state value significantly long before the slow relaxation of the high
shear region adjacent to the stationary boundary. Furthermore, at steady
state wall slip is still present, whereas the flow achieves a homogeneous
shear rate.
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Figure 2. (a) Steady slip velocity extrapolated from rheo-PTV measurements
using 10 wt% PS(8.42M)/DOP. (b) Transient slip velocities and corresponding
measured shear stress.



The effect of Deborah number on the observed velocity profiles

The influence of the time for shear startup was investigated by varying
Ty

the Deborah number (De= ), where T, is the time taken to reach the

ramp

final velocity of the moving wall starting from rest. Figure 3(a) shows the
sensitivity of the measured shear stress upon startup flow at a fixed Wi for
varying De. The maximum in the shear stress decreases with decreasing De,
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but the steady state shear stress is independent of De. The overshoot in
shear stress is eliminated altogether when De<=0.184. The absence of an
overshoot for De<1 supports the notion that the initial overshoot in shear
stress results from an over-orientation of the polymer chains. As shown in
Figure 3(b), the magnitude of inverse bowing is independent of the applied
value of De. Inverse bowing occurs for all De investigated, which suggests
that an overshoot in the shear stress is not a necessary condition for
nonhomogeneous flow in entangled polymer solutions.
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Figure 3. (a) Measured shear stress following startup shear of 10wt%
PS(8.42M)/DOP at Wi=5.5 for varying De. The stars indicate the time at
which the wall velocity reaches the targeted value. (b) Nonhomogeneous
velocity profiles shortly after shear startup for several applied De.

At steady state, where the shear stress exhibits little change over tens
of reptation times, the velocity profiles appear linear with no observable
dependence on the applied De (Figure 4). The large standard deviation (
+10%, as shown via the error bars) results from time-averaging velocimetry
data over long periods of time.
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Figure 4. Steady state velocity profiles of 10 wt% PS(8.42M)/DOP for varying
De and Wi=5.5.

Shear-enhanced concentration fluctuations observed in rheo-
microscopy

The 1D FFT of the vertically averaged image intensity contour was calculated
to provide a quantitative estimate of the characteristic length scale of shear-
enhanced concentration fluctuations (Figure 5). From the peak in the 1D FFT,
the characteristic length is estimated to be between 8.5 and 9.5 um.
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Figure 5. 1D FFT of the vertically averaged intensity contour of Figure 8 in
the paper.
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