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We apply methods of dynamic light scattering (DLS) and fluid mechanics to quantitatively establish the
role of aggregation in the turbulent drag reduction of high molar mass poly(ethylene oxide) (PEO)
solutions. By means of DLS, we show that the dilute aqueous solutions of high molar mass PEO
(Mw w 4� 106 g/mol) are aggregated and that this aggregate structure can be manipulated by addition of
the chaotropic salt guanidine sulfate (GuS) or the divalent salt magnesium sulfate (MgSO4). In aqueous
solution, we find G w q2.8�0.1, where G is the DLS correlation function relaxation rate and q is the scat-
tering vector. This scaling is consistent with internal motions of a large coil or aggregate. Addition of salt
progressively decreases the scaling to G w q2.0�0.1 (at 0.5 M of MgSO4) consistent with center-of-mass
diffusion of isolated coils. We further find that manipulating the aggregation state of PEO with MgSO4

shifts the critical condition for onset of turbulent drag reduction at dilute concentrations in pipe flow by
a factor of 2.5. Because this critical condition is inversely proportional to the viscoelastic relaxation time
of the polymer solution, we conclude that the aggregation state and the turbulent drag reduction
behavior of PEO are strongly correlated. This correlation definitively confirms prior speculation (Cox et al.
Nature 1974;249; Vlachogiannis et al. Physics of Fluids 2003;15(12)) that the high molar mass PEO
commonly used in literature studies of turbulent drag reduction is in a state of aggregation. Furthermore,
the quantitative differences in quiescent DLS characterization and turbulent flow pressure drop
measurements suggest that high molar mass PEO undergoes flow-induced de-aggregation in transport
systems with shear stresses as low as 0.5 Pa.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Poly(ethylene oxide) (PEO) is an important commodity polymer
used as a dilute additive in applications such as turbulent drag
reduction, oil drilling and recovery, papermaking, wastewater
treatment and drug delivery [1–7]. Fundamental understanding of
PEO solution structure, dynamics and rheology may be fruitfully
applied to advance these applications. However, the dilute solution
properties of PEO have generated controversy because of signifi-
cant differences between experimental observations and well-
established classical theories of polymer science. For example the
aqueous solubility of PEO is unexpected: the closest counterparts of
PEO in the homologous series of polyethers, poly(methylene) oxide
and poly(propylene) oxide, are both practically insoluble in water
[8]. Aqueous solutions of PEO display a temperature dependence of
solvent quality that is the inverse of typical polymer solvent pairs
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[9]. The aqueous PEO phase diagram also contains closed loop
regions [10–12]. These anomalous solubility properties are
a consequence of hydrogen bonding between the ether oxygen
atom in PEO and the hydrogen in the water molecule [8,9,13–15].

Among the most extensively studied of the unusual properties
of aqueous PEO solutions is its clustering behavior. It has been
reported that, above a critical concentration that is molecular
weight dependent, polymer clusters (or aggregates) coexist in
equilibrium with free polymer coils [16]. Others have found that, at
concentrations much below the critical overlap concentration (c*),
PEO exists as two phases, each with different polymer concentra-
tion. The polymer rich phase of these two has been reported to
organize into a liquid–crystalline fibrillar network that leads to
properties such as shear thinning and elasticity [17].

Aggregation of PEO in solution has been studied by electron
microscopy, dynamic light scattering (DLS), static light scattering
(SLS) and small-angle neutron scattering (SANS) [16,18,19]. Elec-
tron micrographs of dilute solutions of PEO in dimethylforma-
mide and water solutions subjected to drying revealed
supermolecular structures that were much larger than the
molecular dimensions of PEO [18,20]. DLS of dilute solutions of
PEO in methanol yielded intensity autocorrelation functions
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consistent with two relaxation times. The ability of low molec-
ular weight PEO used in the study to form clusters depended on
the history of the sample and the temperature used. The fast
relaxation mode was attributed to the well-solvated dispersed
monomolecular species and the slow relaxation mode was
caused by the formation of aggregates in solution [21]. Both
relaxation modes (as characterized by a relaxation rate, G) scaled
with the scattering vector, q, G w q2, consistent with polymer
center-of-mass diffusion [22].

Zimm plot analysis of SLS measurements of dilute PEO solutions
has revealed curvature at low angles [10,23]. Such curvature is
thought to be a very sensitive indicator of aggregation in solution
[24]. Hammouda et al. recently concluded from SANS measure-
ments that hydrogen bonding and hydrophobic interactions in
PEO/water systems have a primary role in the formation of aggre-
gates [19]. They observed two correlation lengths in the SANS
scattering spectrum. The long range correlation was due to clus-
tering and the short range one was due to single polymer chains
[19,25].

The unusual rheology of dilute aqueous solutions of PEO has also
been taken as evidence for presence of aggregates [26,27]. (Here we
define an aggregate in a dilute solution is a polymer structure
comprised of more than one molecular chain, but which is not
a sample spanning network or gel.) Dilute linear (Zimm and Rouse)
and non-linear bead spring (FENE) constitutive polymer models,
which are based on parameters such as the molar mass of a single
polymer chain and polymer contour length, fail to capture the
rheological behavior of these solutions. For example, from
measurements of capillary filament breakup, Tirtaatmadja et al.
have reported that the structure of high molar mass PEO at w10–
100 ppm concentrations is not consistent with the prediction of the
Zimm model [28].

An important feature of dilute aqueous solutions of high molar
mass PEO is their ability to reduce friction drag in flow. It is well
known that the addition of a small amount of high molar mass
polymer to a turbulent Newtonian fluid flow results in drag
reduction [29,30]. High molecular weight PEO is the most
commonly used polymer for turbulent drag reduction in aqueous
solutions since significant drag reduction can be achieved at very
small concentrations [31,32]. However, the drag reduction capacity
of dilute PEO appears to be much greater than predicted by dilute
solution constitutive equations [33].

The role of PEO aggregation in turbulent drag reduction can be
indirectly inferred from literature measurements. For example,
viscoelastic relaxation times extracted from measurements of the
onset shear stress of turbulent drag reduction in pipe flow do not
agree with estimates for single molecules of PEO, as computed from
the Zimm model [33]. (This assignment is possible because the
onset condition for turbulent drag reduction is inversely propor-
tional to the solution viscoelastic relaxation time [34].) Second,
Dunlop and Cox concluded that molecular aggregates exist in dilute
PEO solutions by monitoring the rate of change of torque with time
in a spinning disk apparatus [35]. Third, Liberatore et al. and Vla-
chogiannis et al. inferred the presence of aggregates in PEO solu-
tions by showing that loss of turbulent drag reduction with time in
PEO solutions was not related to the reduction in molecular weight
of the solutions due to scission [36,37]. Fourth, by means of small-
angle light scattering (SALS) and rheoptics, Liberatore et al.
observed signatures of structural heterogeneities in PEO solutions
under shear which are attributed to polymer aggregation [38,39].
Further support for the effect of aggregation on PEO drag reduction
comes from direct numerical simulation. Far greater magnitudes of
the polymer relaxation time have been required to model the
turbulent statistics and onset phenomena of turbulent drag
reduction that could be supported by single chain theories of
polymer dynamics [40].
However, because experiments have yet to directly probe
molecular structure and turbulent flow behavior in the same PEO
system, the experimental evidence for a role of aggregation in PEO
turbulent drag reduction is indirect. A direct approach to link
aggregation with the drag reduction behavior of PEO would be to
disrupt aggregate structure in a polymer of a particular molar mass
through the effect of an additive. Such additives exist: Little and
coworkers have studied the effect of salts like magnesium sulfate
and potassium carbonate on the turbulent drag reduction of PEO
[41,42]. They show that progressive addition of salt decreases the
drag-reducing tendency of these solutions. Yuan and coworkers
have likewise demonstrated that such salts can be used as an agent
to disrupt hydrogen bonding capability in aqueous soluble poly-
mers such as poly(N-isopropylacrylamide) [43]. Lim and coworkers
have found that addition of salts shifts the theta point, Tq, of
polymer–salt mixtures, which in turn has an effect on their drag
reduction characteristics [44]. Based on these observations, we
hypothesized that divalent and/or chaotropic salts might be a suit-
able method to disrupt the aggregate structure of PEO. At concen-
trations w0.1–1 .0 M, chaotropic salts disrupt local water structure
and are perhaps best known for their role as agents of cell lysis and
protein denaturation [45].

The approach of this work is to systematically create different
polymer aggregation states in the same polymer system by addition
of the salts discussed above. Subsequently, using these polymer
states, we examine the aggregate structure (by DLS) and flow
behavior (by drag reduction measurements) of dilute PEO solu-
tions. This approach is motivated by recent findings of difficulty in
characterizing the molecular structure of high molar mass PEO
solutions by means of static light scattering (SLS). In particular, SLS
of dilute high molar mass PEO conducted in conjunction with gel
permeation chromatography failed to yield reproducible charac-
terization of the molar mass and radius of gyration [46]. We
therefore used dynamic light scattering to characterize quiescent
aggregation of high molar mass PEO.

The organization of the paper is as follows. We first present DLS
results of high molar mass PEO solutions in deionized water that
are consistent with the dilute aggregate hypothesis. Next, we show
that the salts magnesium sulfate and guanidine sulfate change the
aggregate structure of dilute PEO solutions. We then demonstrate
the significant effect of aggregate structure on the drag-reducing
tendency of these solutions by comparing results of the DLS studies
with parallel studies of turbulent drag reduction.
2. Experimental section

2.1. Materials

Two different grades of high molar mass poly(ethylene oxide)
(PEO) were used in this study. The first is a polydisperse PEO with
manufacturer reported molar mass Mw w 4�106 g/mol (WSR 301,
Dow Chemicals; Mw/Mn> 20 [47]). The second is a PEO of different
weight-average molar mass and more narrow molar mass distri-
bution (PEO – 1182 K, Polymer Laboratories, Mw¼ 1.2�106 g/mol;
Mw/Mn¼ 1.12). The overlap concentrations, c* as determined by the
measurement of intrinsic viscosity (data not shown) are 620 ppm
and 2600 ppm respectively. Dilute solutions of these polymers
were prepared with HPLC grade water (Sigma Aldrich, for light
scattering measurements) and with deionized water (for turbulent
drag reduction experiments) from stock solutions. To prevent shear
degradation, polymer solutions were prepared in 0.1 L (for light
scattering) and 1 L (for drag reduction) bottles placed on rollers
(Wheaton Science Products) rotating at 3–6 rpm for w24–48 h. The
salts guanidine sulfate (GuS, Sigma Aldrich) and magnesium sulfate
(MgSO4, Sigma Aldrich) were prepared in the concentration range



Fig. 1. (a) Intensity autocorrelation function g2(s) for 20 ppm (c/c* w 0.03) PEO WSR-
301 as a function of scattering angle, q. (b) Probability distribution function of the DLS
decay time spectrum for 20 ppm PEO WSR-301, obtained from CONTIN deconvolution
of g2(s) reported in Fig. 1(a).
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0.1–1.0 M. Experiments were performed within 3–4 days after
dilution to minimize any possible degradation due to aging.

2.2. Dynamic light scattering (DLS)

DLS was performed on a compact goniometer system (ALV,
Langen, Germany) equipped with a multi-tau digital correlator
(ALV-5000E, Langen, Germany). The minimum delay time of the
correlator used was 12.5 ns. A Laser source with wavelength of
l0¼ 488 nm (Innova 70C, Coherent Inc., Santa Clara, CA) was used.
Measurements were done in the angular range q¼ 20–115�

(5.94 mm�1< q< 28.86 mm�1) so as to span at least a decade in q,
the scattering vector, where q ¼ 4pnsinðq=2Þ=l0. Here n is the
refractive index of the solvent, l0 is the wavelength of incident light
source and q is the scattering angle. All measurements were done at
T¼ 298� 0.5 K. The sample vials used were cleaned by first soni-
cating them in acetone for about an hour, drying them overnight
and then subjecting them to UV ozone treatment (UVO cleaner,
Jelight, Irvine, CA) to ensure that they were free from any organic
residue. The polymer and salt solutions prepared were filtered
using a 1.5 mm filter (Whatman 25 mm GD/X syringe filters) prior to
DLS measurements.

2.3. Turbulent drag reduction characterization

Polymer turbulent drag reduction is a sensitive function of the
molecular structure of the drag-reducing additive. The pipe flow
experiment for characterization of polymer turbulent drag reduc-
tion has been previously described [48]. The apparatus has the
following capabilities: First, to access the very low wall shear
stresses (sw w 0.5–1 Pa) associated with the onset of turbulent drag
reduction in high molar mass aggregated PEO solutions, a test
section consisting of 1/2 inch diameter stainless-steel pipe was
used. Second, to access the small pressure drops associated with
low wall shear rates, a highly sensitive differential pressure trans-
ducer (GP50, Grand Island, NY, range 0–0.18 psi) was used. Pressure
drop measurements were performed across a test section 0.7 m
long. The pressure transducer responses were acquired via
a National Instruments LABVIEW data acquisition system (Model
USB-6009). Since fully developed flow is more difficult to realize in
polymer solutions than in Newtonian fluids, a large entrance length
(L/D¼ 290) was incorporated prior to the test section [49]. We
found that no static pressure correction was required in our pres-
sure drop measurements due to the relatively low Reynolds
number (w104) of the experiments [50].

As per the review of Virk [34], the standard data analysis method
to characterize polymer drag reduction is the Prandtl–von Karman
plot. Molecular properties of the dilute polymer solution such as
concentration and molecular size affect the pressure drop – volu-
metric flow rate properties of turbulent pipe flow. In dimensionless
form, the pressure drop is quantified by the friction factor, f. The
volumetric flow rate is quantified by the Reynolds number, Re. Here,
f ¼ 2sw=U2

avr, where sw is the wall shear stress, Uav is the mean fluid
velocity in the flow direction averaged across the pipe’s cross-
section and Re ¼ dUav=ns, where d is the pipe diameter and ns is the
kinematic viscosity of the fluid. The wall shear stress is related to the
pressure drop: sw ¼ DPd=4L, where DP is the pressure drop across
a test section of length L. In the Prandtl–von Karman plot [34], the
axes are 1=

ffiffiffi
f

p
(ordinate) and Re

ffiffiffi
f

p
(abscissa).

3. Results

3.1. DLS of dilute aqueous solutions of PEO

Typical measurements of the g2(s) for a 20 ppm (c/c* w 0.03)
aqueous solution of PEO WSR 301 over a range of scattering angles
are plotted in Fig. 1a. The normalized intensity autocorrelation
function, g2(t)¼ CI(t)I(0)D/CID2 is an exponentially decaying function
in dilute solution:

g2ðtÞ ¼ Aexpð � 2GtÞ ¼ Aexpð�2t=sÞ (1)

Here G is the previously described DLS relaxation rate, inversely
related to the DLS relaxation time, s, of the polymer and A is
a constant that takes into account deviations from ideal correlation.
Both quantities are q-dependent. The probability distribution of the
relaxation time spectra was obtained by a CONTIN (constrained
regularization) deconvolution of the correlation functions [51].
(Other means of analysis, such as the method of cumulants, yield
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analogous results.) Fig. 1b reports the probability distribution
function of the CONTIN relaxation time spectrum measured for
a typical duration of 600 s. (The very small additional modes
detected by CONTIN at higher angles are either spurious or due to
dust. No systematic trend in these small amplitude modes was
detected over the full range of scattering angles studied.)

The q-dependence of the DLS relaxation rate at dilute concen-
trations of PEO WSR-301 as obtained by CONTIN deconvolution is
plotted in Fig. 2a. CONTIN analysis of the measured g2(t) yielded
a dominant single-mode relaxation at all conditions and it is this
peak which is plotted. The data show negligible dependence on
polymer concentration over the 5–50 ppm range studied. Thus,
these measurements are in the dilute regime, consistent with the
measured overlap concentration, c*¼ 620 ppm. Further results
reported are in this dilute range.

In Fig. 2a power law scaling of the measured relaxation rate G

with q is not consistent with center-of-mass diffusion of a single-
polymer coil (where Brownian motion of the entire polymer coil is
Fig. 2. (a) Peak relaxation rate, G, from CONTIN deconvolution as a function of the
scattering vector q for different dilute concentrations (5–50 ppm) of PEO WSR-301. (b)
Peak relaxation rate, G, from CONTIN deconvolution as a function of the scattering
vector q for different dilute concentrations (15–150 ppm) of narrow polydisperse PEO-
1182 K (Mw w 1.2�106 g/mol, Mw/Mn w 1.12).
measured). For a dilute polymer system, in the limit qRh� 1,
G¼Dq2, where D is the self-diffusion coefficient of the polymer coil
[22]. Instead, a power law fit to Fig. 2a data yields
G¼ 1.47�10�18q2.8�0.1. We conclude that the q range of our
instrument, 5.94 mm�1< q< 28.86 mm�1, is not such that qRh< 1. In
fact, from published correlations, we predict the single molecule
Rh w 85 nm for the PEO studied in Fig. 2a, a size for which qRh w 1
[52] (qRh¼ 0.5 at q¼ 20�).

To explain this result, consider the dynamic response of a poly-
mer chain in the qRh [ 1 limit for the Zimm model in a good
solvent is G¼ 0.07kTq3/h, where h is the solvent viscosity, k is the
Boltzmann constant and T is the temperature [22]. The predicted
G w q3 scaling has been previously observed by Adam and Deslanti
for dilute solutions of very large (Mw¼ 24�106 g/mol) polystyrene
molecules in benzene [53]. The scaling exponent of three reflects
internal fluctuations of the polymer coil with inclusion of hydro-
dynamic interactions.

Based on these previous observations for large single chains, we
hypothesize that the unusual scaling reported in Fig. 4a is due to the
effect of internal fluctuations of large polymer aggregates. That is, if
WSR-301 aggregates to the extent that Fig. 2a measurements are in
the regime qRh,agg [ 1, then the scaling of (Fig. 2a) could be
explained by the Zimm model result G w q3. This hypothesis
implicitly assumes that internal fluctuations of large polymer
aggregates and large single polymer chains yield comparable DLS
relaxation spectra.

The magnitude of the power law prefactor in Fig. 2a is
1.47�10�18. The Zimm model theory for internal fluctuations
predicts a prefactor magnitude of 3.24�10�19 and 2.77�10�19 for
a theta and good solvent, respectively (for the viscosity of H2O at
T¼ 298 K). Thus, although the q3 scaling of Fig. 2a agrees well with
the aggregate hypothesis, the prefactor differs significantly from
the Zimm theory.

Other potential explanations of Fig. 2a results are not consistent
with the data. For example, the results are not explained by the
semi-dilute dynamics of flexible polymer solutions because in the
semi-dilute regime bimodal relaxation behavior is observed
[22,54]. Moreover, both relaxation modes in semi-dilute solutions
Fig. 3. The effect of MgSO4 concentration on the q-dependence of the peak relaxation
rate G at 5 ppm for PEO WSR-301.



Fig. 4. (a) Comparison of the DLS decay time spectrum for 150 ppm narrow poly-
disperse PEO-1182 K (Mw w 1.2�106 g/mol, Mw/Mn w 1.12) in deionized water
(aqueous) and with guanidine sulfate salt (0.85 M GuS) at different scattering angles.
(b) Peak decay relaxation rate, G, as a function of q for the deionized water (aqueous)
and guanidine sulfate salt (0.85 M GuS) case (150 ppm narrow polydisperse PEO-
1182 K).

Fig. 5. Effect of guanidine sulfate salt (GuS) concentration and 1 M magnesium sulfate
(MgSO4) on the q-dependence of G for narrow polydisperse aqueous PEO-1182 K
(150 ppm).
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show G w q2 scaling [55,56]. Another potential explanation of the
data could be the effect of chain stiffness. Harnau and coworkers
investigated the effect of chain stiffness on the relaxation rate
scaling (G) for dilute semi-flexible polymers and found a charac-
teristic G w q8/3 scaling [57]. However, this behavior was observed
only at large scattering vectors q/2p> 1.5, where 1/2p is the
persistence length of the polymer chain. The q/2p values probed in
our experiments (0.003–0.016) are more than an order of magni-
tude lower than this bound. Thus, semi-flexible polymer dynamics
is not an explanation for our experimental observations. Moreover,
our results cannot be explained by rigid rod theory, since rod-like
chains exhibit G w q2 scaling [58]. Finally, very recent measure-
ments at large scattering vectors on microgels of highly swollen
flexible crosslinked polymer chains displayed a scaling (G w q3)
similar to our findings [59]. Although the coincidence of these two
scalings suggests a potential relationship between structural
descriptions based on the concepts of microgels and aggregates,
further understanding of this correspondence is not available at
this time.
To address if the findings are sensitive to a difference in the Mw

and Mw/Mn of PEO, DLS of dilute solutions of PEO with
Mw¼ 1.2�106 g/mol and Mw/Mn¼ 1.12 was performed. The best-
fit of the data for this polymer is G¼ 2.67�10�17q2.7�0.1 (Fig. 2b),
consistent with the results of Fig. 2a. Thus, the q3 scaling charac-
teristic of internal dynamics is not sensitive to this change in molar
mass and Mw/Mn. In addition, the scaling prefactor is a function of
extent of polydispersity and/or molar mass, since it changes by
about a factor of ten between the two polymers.
3.2. Manipulation of PEO aggregate structure with addition of salt

Fig. 3 reports the q-dependence of single relaxation rate peak of
a 5 ppm solution of WSR-301 (polydisperse; Mw w 4�106 g/mol)
for MgSO4 added at concentrations of 0.25 M, 0.5 M and 1.0 M. Salt
free data from Fig. 2a are also plotted for reference. The figure
shows that the relaxation rates scale as a power law for all MgSO4

concentrations. The magnitude of the scaling exponent mono-
tonically decreases with salt concentration from 2.8� 0.1 for salt
free solutions to 1.9� 0.1 for 1.0 M MgSO4 additives (errors repor-
ted are standard error of the mean of three replications of the
curves).

Recall the two limiting cases for the DLS relaxation spectrum of
dilute solutions: In the limit qRh� 1, G w q2, reflecting center-of-
mass diffusion; for qRh [ 1, G w q3, reflecting internal coil
dynamics. Thus, the likely interpretation of Fig. 3 is that the addi-
tion of salt shifts the DLS relaxation spectrum between these two
limits. To yield the shift in limits, addition of salt could destroy the
aggregate structure found in aqueous solution. As the balance
between aggregates and single chains shifts, Rh decreases, and the
change in limiting scaling behavior is realized.

To check this interpretation, we compute an effective Rh from
the diffusive scaling at high salt concentrations, and assess whether
this Rh is consistent with the expected dimensions of high molar
mass PEO. Here, Rh ¼ kbT=6phD where h is the viscosity of the salt
solution (measured by capillary viscometry to be 0.00133 Pa s). By
this method, Rh w 290 nm for WSR 301 in 0.5 M MgSO4. This value
of Rh is large – corresponding to an effective molar mass
w3�107 g/mol – and is thus on the boundary of a physically
realistic value. It perhaps indicates that PEO in salt solution still
comprises some residual aggregate character. Nevertheless, the key
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finding is that the addition of salt decreases the effective size of
WSR 301 into a range where its center-of-mass diffusion can be
measured by DLS. (Note that Rh can be estimated only for solutions
for which the relationship G ¼ ðkbT=6phRhÞq2 is satisfied. Only the
data for the highest salt concentrations of Fig. 3 satisfy this
relationship.)

Fig. 4a compares the DLS relaxation spectrum for a different PEO
(150 ppm, Mw w 1.2�106 g/mol; Mw/Mn¼ 1.12) in salt-free and
0.85 M GuS solutions. Although both solutions yield only a single
dominant relaxation peak, the peaks are significantly broader for
the aqueous solution than for the salt solution. The q-dependence
of this change is plotted in Fig. 4b. The results for this polymer/salt
pair are consistent with Fig. 3: the relaxation rate scaling shifts
from one indicative of aggregate dynamics (G w q2.7) to one char-
acteristic of polymer center-of-mass diffusion (G w q2.0). Thus,
Fig. 3 results are not specific to the particular polymer/salt pair
studied.

Thus, the data of Figs. 3 and 4 are consistent with the hypothesis
that the salts GuS and MgSO4 disrupt PEO aggregate structure in
dilute solution, thereby yielding a solution of single coils. Addi-
tional experiments (Fig. 5) explored the intermediate salt concen-
tration range for GuS at 0.25 M and 0.5 M and found that at these
conditions G displays a complex q-dependence that cannot be
described by a power law scaling. Nevertheless, power law scalings
with well-characterized exponents are obtained in the high salt
limit of 0.85 M GuS and 1 M MgSO4. Using the Stokes–Einstein
equation we find the effective Rh from the diffusive scaling at high
salt concentrations for PEO with Mw w 1.2�106 to be 185 nm and
189 nm in 0.85 M GuS and 1 M MgSO4 respectively.

3.3. Effect of aggregate structure on turbulent drag reduction
studied by addition of MgSO4

Fig. 6 reports drag reduction measurements for different
concentrations of WSR-301 as a Prandtl–von Karman plot, gener-
ated by the procedure described in the methods. The data from
which the plot was generated are shown in the inset of the figure.
The lower solid line in Fig. 6 is the Prandtl–von Karman (PK) curve –
the friction drag for a Newtonian fluid – and the upper solid line is
the maximum drag reduction asymptote (MDR) – an (empirical)
Fig. 6. Prandtl–von Karman plots for different PEO WSR-301 concentrations ranging
from 1 to 25 ppm. As discussed in the text, the lower curve is the Prandtl–von Karman
(PK) law for a Newtonian solvent and the upper curve is the maximum drag reduction
asymptote for polymer turbulent drag reduction. The inset plot is a f vs Re plot for the
different PEO WSR-301 concentrations studied above.
upper bound for friction drag reduction in polymer flows [34].
(The performance of the device over the conditions of interest
ð400 < Re

ffiffiffi
f

p
< 1000Þ was verified by measurements with water.

As shown in Fig. 6, the results for water agree well with the New-
tonian result, the PK line.)

In Fig. 6, polymer data deviate from the PK curve once a critical
wall shear rate s*

w is reached. Above this point, friction drag is
lower, and the polymer curve increasingly deviates from this curve.
Virk discusses that s*

w is determined by a critical Weissenberg
number (Wi*). Wi* depends on polymer variables: Wi* ¼ ls*

w=m,
where l is the relaxation time of the polymer, s*

w is the onset wall
stress and m is the viscosity of the solvent [34]. Wi* can be predicted
from Virk; Wi*¼ 1.6 for the polymer studied in this work. The
interested reader is referred to Appendix for additional details of
polymer drag reduction phenomenology and data analysis.

Fig. 7 compares the turbulent drag reduction behavior of the
high molar mass polymer WSR 301 in salt free and 0.5 M MgSO4 at
the dilute concentrations of 2, 5 and 25 ppm. Based on the DLS
results these measurements compare the behavior of aggregated
(aqueous) and de-aggregated (0.5 M MgSO4) PEO. The onset wall
shear stress, s*

w, for polymer drag reduction is estimated by a linear
extrapolation of the polymer curve [as per Eq. (2) (Appendix)] to its
intersection with the PK curve. (Linear extrapolation on a Prandtl–
von Karman plot to characterize the onset condition is standard in
the fluid dynamics literature [34,48].) The slope increment, d,
quantifies the difference between the slopes of the polymer and
Newtonian data. It was determined for each solution by a least-
squared fit to the data, as per Eq. (2). Table 1 reports the onset stress
(sw

* ) and slope increment (d) for the different polymer and salt
concentrations from Fig. 7. Errors in the table were estimated by
unweighted least square fit analysis. The table shows a significant
effect of salt, and thus aggregate structure, on both these quantities.

Fig. 8 plots the onset stress conditions from Fig. 7 and Table 1 as
a function of polymer concentration. Plotted also is the predicted
onset wall shear stress for WSR 301 given the assumption of
unaggregated, single-molecule behavior. (This prediction is
computed from the correlation, R3

gs*
w ¼ UT, for onset of polymer

drag reduction given by Virk [34]. Here Rg is the radius of gyration
for the polymer, as estimated from published correlations for PEO
[52], and UT is an average onset constant for PEO. As given in Virk
UT¼ 4.4�106). Error bars plotted for the onset stress are from the
unweighted least square fit analysis, as in Table 1.
Fig. 7. Effect of magnesium sulfate (0.5 M MgSO4) addition on the turbulent drag
reduction behavior of dilute PEO WSR-301 solutions.



Table 1
Onset stress (sw

* ) and slope increment (d) values obtained from drag reduction measurements for the different polymer and salt concentrations used in the study.

Concentration (ppm)
WSR-301

Onset stress, sw
*

(Aqueous)
Onset stress,
sw

* (0.5 M MgSO4)

Slope increment, d

(Aqueous)
Slope
increment, d

(0.5 M MgSO4)

1 0.54� 0.15 1.34� 0.15 9.9� 0.76 8.4� 0.8
2 0.52� 0.14 1.53� 0.18 13.4� 0.56 11.4� 1.15
5 0.52� 0.16 1.39� 0.33 19� 0.72 14.6� 2.15
10 0.53� 0.3 1.03� 0.14 28.1� 1.6 18.2� 1.12
25 0.53� 0.24 1.08� 0.18 44� 2.26 28� 1.63
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Fig. 8 shows that the pipe flow experiments of aqueous (salt
free) WSR-301 solutions yield significantly different drag reduction
behavior relative to the single-molecule prediction. If the salt-free
measurements were explained by single-molecule behavior, the
effective molar mass of WSR 301 would be estimated to be
w7�106 g/mol, not too different from the manufacturer’s estimate
of 4�106 g/mol, especially in light of the significant polydispersity
(Mw/Mn> 20) of the polymer. However, this effective molar mass is
entirely inconsistent with the q3 scaling of the aqueous DLS
relaxation rates reported earlier. That is, if the quiescent molar
mass of WSR 301 was indeed w7�106 g/mol, then we would
predict Rh w 117 nm, a value characterizable by DLS, as well as
consistent with the observation of a q2 scaling of the polymer
relaxation rate, rather than the measured q3 dependence.

The difference between the DLS and turbulent drag reduction
data is likely explained by a role for flow-induced de-aggregation of
WSR-301 in the turbulent pipe flow experiments. If the Re w 104

flow breaks down aggregate structure of quiescently aggregated
solutions, then the effective single-molecular behavior of Fig. 8 is
explained. Because the effect of de-aggregation is apparent as the
onset condition, its effect is already significant in the piping system
for flows as weak as sw w 0.5 Pa.

For the 0.5 M MgSO4 solutions, the observed behavior is much
closer to the single-molecule prediction. To address if the results
could be explained by a change in solvent quality from good (salt
free) to theta (0.5 M MgSO4), we performed the following analysis:
From the Zimm bead spring theory for single polymer chains, the
relaxation time lw½h�hsM=RT , where hs is the solvent viscosity, R is
the ideal gas constant, T is the absolute temperature and [h] is the
intrinsic viscosity of the polymer. In a good solvent system,
Fig. 8. Comparison of the onset wall shear stress for turbulent drag reduction, sw
* , for

WSR 301 with 0.5 M MgSO4 and in pure aqueous solution. The horizontal line is the
onset stress prediction given by Virk for PEO, based on single molecule physics,
computed as discussed in the text.
[h] w Mw
0.8 and for a theta solvent, [h] w Mw

0.5 (from Mark–Houwink
equation) [60]. Based on the critical Weissenberg number, Wi* [61–
63], for onset of polymer drag reduction given by Virk [35],
Wi* ¼ ls*

w=m, we estimate s*
w;T=s

*
w;G, where the subscripts T and G

indicate a theta (PEO-0.5 M MgSO4) and good solvent (PEO-salt
free) respectively. We compute this ratio to be 1.5, which is less
than the experimentally observed ratio of 2.5. Thus, we conclude
that the differences in Fig. 8 are not simply a consequence of solvent
quality effects. Moreover, although turbulent drag reduction and
DLS are sensitive to different moments of the molar mass distri-
bution, this sensitivity does not explain the large effect of salt
observed in Fig. 8. Because salt does not change the molar mass
distribution of the polymer, the salt effects are most likely
a consequence of changes in aggregation or susceptibility to flow-
induced de-aggregation.

Thus, we conclude that: (i) addition of salt modulates the
aggregate structure of WSR-301. Several classic PEO/salt SANS
studies support this claim [64–66] in addition to our DLS results;
(ii) This modulation is directly correlated to the drag reduction
behavior of WSR-301. By linking molecular and macro scale
observations, the combination of turbulent drag reduction data
(Figs. 7 and 8) and DLS characterization of the polymer solutions
(Figs 3, 4 and 5) establishes that aggregate structure plays
a significant role in the turbulent drag reduction of high molar mass
PEO.

4. Discussion

The principal result of the DLS studies is that the effective size of
high molar mass PEO in aqueous solution is too large for center-of-
mass diffusion to be probed in a wide-angle light scattering device.
The scaling of the relaxation rate, G, with q3 observed is reminiscent
of the pioneering work of Adam and Deslanti [53], in which internal
fluctuations of a large polystyrene chain were probed in benzene.
Because the bare hydrodynamic radius of a single molecule of WSR
301 PEO is too small to yield the result G w q3 by itself, we propose
that the scaling is due to the effects of aggregation.

However, this hypothesis raises a number of questions. For
example, G w q3 is a prediction of the Zimm model for internal coil
motions [53] – it is valid for a Gaussian chain with hydrodynamic
interactions. Fig. 9 addresses if the theoretical curve G¼ 0.07kTq3/h
for the Zimm model can be applied to the case of aggregation. In the
equation plotted, h is the solvent viscosity. (These data are as Fig. 4a
and b; however, they are now replotted as G/q2 to emphasize the
deviation from center-of-mass diffusion, which would appear as
a horizontal line in the figure.) It is clear from Fig. 9 that the PEO
relaxation rate data obey the correct scaling as the internal fluc-
tuation theory but fall below the predicted curve. This discrepancy
in prefactor depends on the details of the polymer – we observe
a different prefactor for the polydisperse, high molar mass WSR 301
(A¼ 1.47�10�18) than for the narrow polydisperse polymer of
1.2 M molar mass (A¼ 2.67�10�17). To our knowledge there is as
yet no theory or simulation of dilute aggregate dynamics that
would explain the correspondence between our measurements
and those of Adam and Deslanti [53]. Yet, the correspondence is



Fig. 9. Summary of DLS results, plotted as G/q2 to emphasize the deviation from
center-of-mass diffusion, for the two polymers and salts studied. The curve is the
theoretical prediction for a Gaussian coil [53].

A.M. Shetty, M.J. Solomon / Polymer 50 (2009) 261–270268
reasonable: Just as in a single Gaussian coil, for which the dynamics
of the two chain ends contributes negligibly to the internal q3

dynamics, so would the contacts between the multiple PEO mole-
cules in an aggregated cluster be expected to negligibly affect
internal dynamics. Then, because the internal dynamics of the
Zimm model probed in the high q limit is independent of molar
mass, dilute aggregate high q dynamics would be similar to the
single-molecule prediction [67].

Fig. 2 measurements appear to disagree with previous DLS
studies of dilute PEO dynamics that observed two relaxation rates,
both of which scaled as q2 [16,21,68]. In the present study a single
dominant relaxation rate scaling as q3 is observed. One difference in
the studies is the concentration. Although all these studies are dilute
(c< c*), the earlier work of Duval et al. (c/c*> 0.1) as well as Ho et al.
(c/c*> 0.3) are at greater concentration than our work (for which
0.001< c/c*< 0.08). Moreover, Polverari et al. observed two peaks in
their PEO DLS relaxation spectrum above a molecular weight
dependent critical self-association concentration. If the self-
association that leads to aggregation is viewed as a phase separation
(akin to a micellization transition) in which single chains are in
equilibrium with aggregate clusters, it seems likely that the ultra-
dilute concentrations of this study render the concentration of single
chains so small as to be undetectable by DLS. Thus, the observation of
single relaxation behavior here is not inconsistent with the earlier
studies, but instead is explained by the ultra-dilute concentration
range studied. (These ultra-dilute concentrations are exactly the
ones of interest for applications such as turbulent drag reduction.)

DLS experiments at a higher, but still dilute, concentration
(100 ppm WSR 301: c/c*¼ 0.16) confirm this explanation because
two peaks in the DLS relaxation spectrum were observed (data not
shown). Thus, we conclude that at ultra-low concentrations
(c/c*< 0.1), PEO quiescent dynamics is dominated by the behavior
of aggregate clusters.

Although the quiescent dynamics of high molar mass PEO is
dominated by the effect of polymer aggregates, the analysis of the
drag reduction measurements of Fig. 8 also supports a role for flow-
induced de-aggregation in turbulent flow. For example, although
the shift in drag reduction onset condition (and therefore visco-
elastic relaxation time) upon addition of MgSO4 is too great to be
explained as a simple effect of solvent quality, the apparent molar
mass for WSR-301 extracted by application of Virk’s well-estab-
lished phenomenology is w7�106 g/mol, a number that is
reasonably explained by single-molecule ideas. A probable expla-
nation of the difference between the quiescent DLS and the
turbulent results is the effect of flow-induced degradation. Here
two possibilities should be considered. The first is single-chain
scission due to covalent bond breakage. The second is PEO aggre-
gate degradation due to rupture of intermolecular associations
mediated by, for example, hydrogen bonding [69].

Polymer chain scission is typically apparent in Prandtl–von
Karman plots such as Fig. 7 as deviation at high Ref0.5 from Eq. (2).
The deviation results in a maximum in f�0.5 with further decline as
Ref0.5 increases [48,70]. Furthermore, the onset of these deviations
can be quantitatively predicted by the Kolmogorov cascade theory
of turbulent chain scission by Vanapalli et al. [71]. By considering
these two effects below, we conclude that the measurements here
are not affected by single chain scission.

First, we observe no deviation from Eq. (2) in the Prandtl–von
Karman plots (Figs. 6 and 7). Indeed, Vanapalli et al. have shown
that for PEO with mean molar mass of about 4�106 g/mol, polymer
scission affects the drag reduction curves only for ðRe

ffiffiffi
f

p
Þ values

greater than w1000 [48], much larger than the values probed in
this study. Second, application of the Kolmogorov cascade scission
theory given the covalent bond strength of PEO (w4.1 nN [71])
yields an expected onset of covalent scission for ðRe

ffiffiffi
f

p
Þw2300,

well above the range of our measurements. This estimate is given
by Fmaxwpm2Re3=2L2=4rd2lnðL=aÞ where Fmax¼ 4.1 nN, m is the
viscosity, Re is the Reynolds number, r is the fluid density, d is
a characteristic geometric dimension of the flow, a is a character-
istic radius of the polymer chain and L is the contour length of the
polymer chain [71]. Thus, polymer molar masses in the range of
4–7�106 g/mol are unlikely to undergo chain scission (covalent
bond breakage) in the turbulent flows studied. Instead, the quies-
cent aggregate structure quantified by the DLS does not appear to
fully survive the turbulent flow.

Even though some flow-induced de-aggregation is observed,
because the addition of salt significantly reduces the measured
turbulent drag reduction in a way that cannot be explained by
simple solvent effects, the differences in Figs. 7 and 8 are due to the
effect of salt on residual aggregate structure. If the aggregate
hypothesis is correct, we can estimate a lower bound on the size of
the PEO aggregates studied because Adam and Delsanti [53] found
q3 scaling for measurements on single chains provided qRg> 4.4.
This constraint yields a lower bound for Rg,agg w 740 nm for the
polymers studied here. Improving this estimate should be a prin-
cipal aim of future work.

Small-angle dynamic light scattering [72] could be applied to
characterize the size of PEO aggregates at ultra-dilute conditions.
The dynamic response of a dilute polymer solution can be divided
into different regimes based on the magnitude of the dimensionless
scale qRh, where Rh is the hydrodynamic radius of the polymer and
q is the scattering wave vector. In a sufficiently small q limit, the
dynamic light scattering spectra of dilute PEO solutions should be
consistent with center-of-mass diffusion of multi-molecule aggre-
gates with an effective hydrodynamic radius that is many times
greater than the hydrodynamic response of a single molecule of
PEO. In the high q limit internal dynamics is probed, as per Fig. 2.
The transition between the two dynamical regimes occurs at
qRagg w 1. Given estimates from this study, Ragg could be as large as
740 nm. Thus a DLS device that can probe q� 1.33 mm�1 is
required, corresponding to q� 6�. Such small-angle DLS instru-
ments have become available [72,73].

5. Conclusions

This work addresses the problem of PEO aggregation in aqueous
solution by building upon the earlier work of Polverari et al.,
Hammouda et al., and Liberatore et al. [16,19,25,38,39]. The current
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study uses a unique chaotropic/inorganic salt and simultaneous
dynamic light scattering/fluid dynamics methodology to study
dilute PEO aggregate flow properties. We find:

(1) The DLS relaxation spectra of high molar mass dilute aqueous
PEO solutions show a single peak that scales as G w q3, where G

is the relaxation rate and q is the scattering vector. This scaling
is consistent with DLS detection of internal fluctuations of
a polymer aggregate of size at least 740 nm.

(2) Addition of an inorganic (MgSO4) or chaotropic salt (GuS)
decreases the power law of the relaxation rate scaling from q3

to q2. This shift from a scaling indicative of aggregate dynamics
(G w q3) to one characteristic of polymer center-of-mass
diffusion (G w q2) shows that these salts are effective de-
aggregation agents for PEO.

(3) The DLS results are predictive of the behavior of PEO in
turbulent flow. Addition of MgSO4 significantly decreases the
effectiveness of PEO as a drag reduction agent. The effect is
greater than can be explained by the role of solvent quality
effects. The level of drag reduction observed when compared to
the DLS measurements suggests that turbulent flow de-
aggregates high molar mass PEO, even in mild flow systems
with shear stresses w 0.5 Pa.

These results improve our fundamental understanding of the
behavior of dilute solutions of high molar mass PEO by placing
bounds on the size of quiescent aggregates, by demonstrating the
effect of salt on aggregate structure and by linking aggregate
structure to flow behavior of PEO.
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Appendix

A general equation to correlate the drag reduction behavior for
a polymer is [34]:

1ffiffiffi
f

p ¼ ð4þ dÞlog10

�
Re

ffiffiffi
f

p �
� 0:4� dlog10

��
Re

ffiffiffi
f

p �*
�

(2)

Here d is the slope increment which quantifies the difference in the
slopes of the polymer solution and the Newtonian solvent drag
reduction curves on a Prandtl–von Karman plot. The slope incre-
ment increases both with increasing polymer concentration and
polymer molecular weight. ðRe

ffiffiffi
f

p
Þ* is the value of ðRe

ffiffiffi
f

p
Þ at the

onset of drag reduction. It is the point where the polymer drag
reduction curve intersects the Prandtl–von Karman curve. Note
that ðRe

ffiffiffi
f

p
Þ* is simply related to the onset condition, s*

w through
the following equations:

�
Re

ffiffiffi
f

p �*
¼

ffiffiffi
2
p

u*
sd

ns
where u*

s ¼

ffiffiffiffiffiffi
s*

w
r

s
(3)

In the above equations us* is the onset pipe friction velocity and d is
the diameter of the pipe used for the study. Note that knowledge of
the onset condition and slope increment specifies the turbulent
drag reduction of a polymer in turbulent flow in a pipe of
a particular diameter. Generally, s*

w and delta are both the function
of polymer molar mass (and/or aggregate structure). d is also
a function of the polymer concentration with a typical dependence
of d w c1/2 observed [34].

In addition, the critical Weissenberg number, a universal crite-
rion for the onset of turbulent drag reduction is defined as
Wi* ¼ ls*

w=m. Virk has shown that Wi* is a constant for all drag
reduction flows and is given by Wi* ¼ 5:5Kl=H, where Kl is the
width of the relaxation time spectrum for the polymer and H is the
heterogeneity index of the polymer. This discussion anticipates
the potential relationship between onset of turbulent drag reduc-
tion and aggregate structure. Aggregation will affect the visco-
elastic relaxation time of the dilute polymer solution. This effect
will shift the onset condition for turbulent drag reduction because
onset is controlled by a critical Wi*. For the PEO samples used in
this study, we compute Wi*¼ 1.6, from Virk.
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