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bstract

We investigate the influence of ionic strength on the interaction between poly(ethylene oxide) (PEO) and cationic surfactant, hexadecyltrimethy-
ammonium chloride (HTAC), and the consequent effect on turbulent drag reduction in aqueous PEO/HTAC solutions. Conductivity and surface
ension data for PEO-HTAC in aqueous solution indicate that salt stabilizes binding of HTAC micelles to the polymer. Dynamic light scattering
nalysis indicates an increase in hydrodynamic radius for HTAC micelles in aqueous salt solution. In contrast, salt reduces the hydrodynamic radius
f PEO-HTAC complexes. The latter observation is consistent with contraction of the PEO-HTAC complex via electrostatic screening. For the
easurement of turbulent drag reduction in a Couette cell, our data indicate that the minimum wall shear stress in aqueous HTAC solutions occurs

t an optimum HTAC concentration, close to CMC, and this optimum concentration value decreases with increasing ionic strength. This result

uggests a lowering of the CMC in turbulent flow. For aqueous PEO-HTAC mixtures, the minimum wall shear stress occurs at an optimum PEO
oncentration smaller than that of pure PEO solutions, and this optimum concentration value increases with ionic strength. Our findings provide
vidences that the turbulent wall shear stress does not always scale inversely with the hydrodynamic volume of the polymer–surfactant complex.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The addition of small amounts of high-molecular weight
olymers or surfactants to a fluid in a fully developed turbu-
ent flow can cause a dramatic reduction of the turbulent wall
hear stress [1–3]. This phenomenon, known as turbulent drag
eduction (DR), was discovered more than fifty years ago [4].
umerous applications of DR are known, including transporta-

ion of crude oil in oil pipelines, increased jet velocity and beam
ocusing in fire fighting equipment, prevention of over dosage of
ater flow during heavy rain in drainage and irrigation systems,

ncrease of volumetric flow rate of fluid in hydro-power systems,
nd improvement of blood flow in partially blocked arteries in

iomedical studies [5–9].

The mechanism of turbulent drag reduction has been explored
xtensively since the original discovery by Toms [4], who,
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rompted by Oldroyd’s theory of wall slip [10], first proposed
he idea that the polymer creates a shear thinning layer at the
all having an extremely low viscosity. Subsequently, Lumley

11–13] suggested that there is a critical value of wall shear
tress, at which macromolecules become stretched due to the
uctuating strain rate. However, in the viscous sublayer close

o the wall, polymer coils are not greatly deformed and viscos-
ty does not increase greatly above that of the solvent alone.
n the turbulent zone, the macromolecular extension yields a
ramatic increase in viscosity, which damps small dissipative
ddies, and reduces momentum transport towards the viscous
ublayer, resulting in a thickening of the sublayer and a reduc-
ion of the drag. Virk [14] suggested that, at the onset of turbulent
rag reduction, the duration of a turbulent burst is of the order
f the terminal relaxation time of a macromolecule, and pro-
osed that energy dissipation via macromolecular extension is

nvolved in the mechanism of drag reduction. Hlavacek et al. [15]
roposed that, in turbulent flow, the solvent contains microdis-
urbances or turbulence precursors. Macromolecules suppress
urbulence by pervading two or more of these microdomains

mailto:anuvat.s@chula.ac.th
dx.doi.org/10.1016/j.cej.2006.10.003
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imultaneously and hindering their free movement and growth.
e Gennes [16,17] developed a model based on the Kolmogorov

nergy cascade theory, and considering the ability of polymer
olecules to store the elastic energy upon deformation. When

his elastic energy is comparable to the kinetic energy of a par-
icular turbulent eddy, the energy cascade is suppressed. Ryskin
18] proposed the yo-yo model, as the mechanism by which
olymer molecules unravel in an extensional flow field associ-
ted with turbulence. The central portion of the chain straightens,
hile the end portions remain coiled. When the flow becomes
eak, the polymer chain retracts into a fully-coiled state. The

aut central portion generates a large stress and facilitates viscous
issipation of turbulent kinetic energy.

Polymers and surfactants have received considerable atten-
ion among available drag reducing additives [19,20]. In general,
ffective drag reducing polymers should possess a linear flex-
ble structure and a very high molecular weight [19]. One
olymer known to be suitable for use as a drag reducer
s poly(ethylene oxide) (PEO) [21]. This polymer is com-

ercially available over a wide range of molecular weights.
revious studies [19,22] report that drag reduction for PEO
olutions is observed above a critical molecular weight, Mc
for the double Couette geometry used in our experiments [22],
.91 × 105 < Mc < 3.04 × 105 g/mol). Maximum drag reduction
ccurs at an optimum concentration, c∗

PEO, which scales
nversely with molecular weight, and the percent maximum
rag reduction increases with molecular weight [19,22]. How-
ver, polymers are susceptible to high shear degradation, and
re therefore limited to a single throughput application. Certain
urfactants form large wormlike or network microstructures in
olution which are thermodynamically stable and self-assemble
uickly after degradation, restoring drag reducing power. For
his reason, there have become of increasing interest as drag
educing additives recently. Among the drag reducing sur-
actants, the cationic species (hexadecyltrimethylammonium
hloride, HTAC) has been shown to be an effective drag
educer [23,24], when used in combination with organic coun-
erions, which facilitate the formation of wormlike micellar
tructures.

Recent studies have demonstrated that water-soluble poly-
ers like PEO form complexes with cationic surfactants such

s HTAC [25–28] in which surfactant micelles are bound to
he polymer. The formation of such complexes causes charac-
eristic changes in solution viscosity, because of the increased
ydrodynamic volume of the complex. In a previous study [22],
e investigated the effect of complex formation between PEO

nd HTAC on the drag reduction behavior of PEO solutions, and
howed that the critical PEO molecular weight for drag reduction
ecreases, interpreted as due to the increase in hydrodynamic
olume when HTAC micelles bind to PEO. Also, consistent
ith this interpretation, at fixed PEO concentration, maximum
rag reduction is observed at an optimum HTAC concentration,
∗
HTAC-PEO, comparable to the maximum binding concentration

MBC), where polymer chains are saturated with surfactants
22]. Moreover, with HTAC concentration fixed at the MBC,
he optimum PEO concentration for drag reduction, c∗

PEO-HTAC,
ecreases relative to that, c∗

PEO, in the absence of HTAC [22].
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Addition of salt stabilizes the binding of HTAC micelles to
he PEO due to the screening of electrostatic repulsions between
he surfactant head groups [28]. The number of PEO chains
ncorporated into PEO-HTAC complexes in aqueous salt solu-
ion is smaller than that in the salt-free PEO-HTAC complex
28], i.e. dissociation of multichain complexes occurs in the
olymer–surfactant complex solutions when salt is added [28].
hese observations motivate the present study, first, to investi-
ate the effect of ionic strength on the hydrodynamic radius of
ure surfactant in solution and compare the results with those
or the polymer–surfactant complex. Second, we study the con-
equent effect of these changes in structure on turbulent drag
eduction. Based on these observations, we discuss whether
olymer–surfactant complex formation survives under turbulent
ow conditions, and hence produces a synergistic response in

he drag reduction characteristics of PEO and HTAC in aqueous
alt solution.

. Experimental

.1. Materials and sample preparation

Poly(ethylene oxide) of quoted molecular weights 6.00 × 105

nd 40.0 × 105 g/mol, designated PEO6 and PEO20 were pur-
hased from Aldrich Chemical Co. and used without further
urification. The cationic surfactant was hexadecyltrimethylam-
onium chloride (C16H33N(CH3)3Cl), a commercial product

onated by Unilever Holding Inc., used as received. The sur-
actant solution contains 50% HTAC, 36% H2O and 14%
sopropanol. Analytical grade sodium chloride (NaCl), at 99.5%

inimum assay (Carlo Erba Reagenti Co.) was used to vary
onic strength of the complex solutions. Distilled water was
sed as a solvent after two times filtration through 0.22 �m
illipore membrane filters to remove dust particles. The poly-
er stock solutions were prepared as w/v (%) in distilled
ater at room temperature by dissolving PEO in distilled water

nd by gentle stirring for a period of 4–10 days, depending
n polymer concentration and molecular weights. Surfactant
nd polymer–surfactant complex solutions were prepared by
dding appropriate amounts of HTAC and NaCl into mixtures
f distilled water and polymer stock solutions and by gentle
tirring for 24 h at room temperature. Before light scattering
easurements, the polymer–surfactant complex solutions were

entrifuged at 10,000 rpm for 15 min and then filtered directly
nto the light scattering cell through 0.45 �m Millipore mem-
ranes. All measurements were carried out at a temperature
f 30 ◦C.

.2. Procedures

Static and dynamic light scattering (SLS and DLS) mea-
urements (Malvern Instruments Company, model 4700) were
arried out at 30 ◦C. The light source was an argon laser emit-

ing vertically polarized light at wavelength 514.5 nm. DLS was
sed to determine the apparent diffusion coefficient, 〈Dapp〉, at
ifferent scattering angles θ, and the center of mass diffusion
oefficient, Dcm, was obtained by linear extrapolation of 〈Dapp〉
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o zero scattering angle:

Dapp〉 = Dcm (1 + Cq2R2
g + · · ·) (1)

here C is a coefficient influenced by the slowest internal mode
f motion of the particle and by the size, flexibility and poly-
ispersity of the polymer [29]. Rg is the radius of gyration of
he polymer chain. q is the scattering wave vector. The diffu-
ion coefficient at infinite dilution, D0, is obtained by linear
xtrapolation of Dcm to zero concentration, cs:

cm = D0(1 + kDcs + · · ·) (2)

here kD (l/g) describes the concentration dependence of Dcm
m2/s) due to thermodynamic and hydrodynamic interactions.
he hydrodynamic radius is calculated from D0 (m2/s) using

he Stokes–Einstein equation:

h = kBT

6πηsD0
(3)

here kB is Boltzmann’s constant (N m/K), T the absolute tem-
erature (K) and ηs is the viscosity of solvent (kg/m s). This
quation is based on the assumption of spherical aggregates with
niform shape and size. In this study, DLS was performed to
etermine the hydrodynamic radius of surfactant micelles and
EO-HTAC complexes at 30 ◦C.

Static light scattering (SLS) was used to determine the
eight-average molecular weight, Mw, of PEO samples via the
imm-Debye equation [30]. In the small-angle limit, this can be
xpressed as

Kc

�Rθ

= 1

Mw

(
1 + (q2R2

g)

3

)
+ 2A2c (4)

here Mw is the weight-average molecular weight, A2 the second
smotic virial coefficient, R2

g the z-average of the mean square
adius of gyration, �Rθ indicates the excess Rayleigh ratio:

Rθ = �Iθ(solution)

Iθ(standard)
× Rθ(standard) × n2

(solution)

n2
(standard)

(5)

ere, �Iθ(solution) is the excess scattered intensity of the sam-
le solution relative to the solvent, n(solution) and n(standard) the
efractive indices of the sample solution and reference fluid and

is the optical constant:

= 4π2n2(dn/dc)2

NAλ4 (6)

here n is the refractive index of the solvent, c the poly-
er concentration (g/cm3), λ the wavelength of incident light

514.5 nm), dn/dc the refractive index increment (cm3/g), NA the
vogadro’s number and q is the scattering wave vector (cm−2).
oluene (AR grade, Lab-Scan) was used as a reference fluid,
aving a Rayleigh ratio at 514.5 nm of 3.2 × 10−5 cm−1. Mw of
EO6 and PEO20 were determined by SLS to be 6.06 × 105 and

7.9 × 105 g/mol, respectively.

A conductivity meter (Orion Co., model 160) was used to
haracterize the electrical conductivity of polymer and surfac-
ant complex solutions in the absence and presence of NaCl.

R
i
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The equilibrium surface tension of polymer and surfactant
omplex solutions was measured by a pendant drop tensiometer
Kruss, model DSA10-Mk2). The shape of the sample drop was
nalyzed automatically and converted to surface tension.

Wall shear stress measurements, τw, were carried out using a
uids rheometer (Rheometrics, ARES), equipped with two Cou-
tte cells: a single Couette cell (SCU), and a double Couette cell
DCU). The single Couette cell has a cup radius of 23.95 mm and
bob radius of 20.0 mm. For the double Couette cell, the radii
f the outer cup and the outer bob are identical to those of the
ingle Couette cell, while the inner cup and inner bob radii are
IC = 7.2 mm and RIB = 18.05 mm, respectively. The bob length,
, is 40.0 mm and the vertical gap between the upper bob and the

ower cup was set at 0.05 mm. From these parameters, we cal-
ulated the aspect ratio, α = L/(RIB − RIC) and the radius ratio,
= RIC/RIB, of our Couette cell to be 3.69 and 0.40, respectively.
he small value of η indicates that our experiment was carried
ut under the wide gap condition. The temperature was con-
rolled by a water bath controller at 30.0 ± 1.0 ◦C. The single
ouette cell generates a laminar flow whereas the double Cou-
tte cell was designed to generate identical laminar flow between
he outer cup and bob, and turbulent flow between the inner cup
nd bob. The torque was measured by a transducer connected
o the upper bob. The inner wall shear stress, τw (N/m2), of the
ample was computed as the difference between the total torque
easured by the DCU and the torque measured by the SCU

ccording to the following equation:

w = (MDCU − MSCU)Kτ (7)

here MDCU (N m) is the total DCU torque, MSCU the SCU
orque and Kτ (m−3) is a stress constant, which can be expressed
s

τ = 1
2πL(RIB)2 (8)

here L is the bob length (m) and RIB is the inner radius of
he bob (m). The inner shear strain rate was calculated from the
elation

= θKγ (9)

here γ is shear rate (s−1), θ the angular velocity (s−1) and Kγ

s a strain constant which can be expressed as

γ = 2

1 − (RIC/RIB)2 (10)

he Reynolds number (Re) can be calculated for the inner cham-
er of the double Couette cell using the following equation

e = θRIC(RIB − RIC)

ν
(11)

here ν is the kinematic viscosity of sample solutions (m2/s).
For the Couette cells used in this experiment, the critical
eynolds number, Rec for the laminar to turbulent transition
s Rec ∼= 1000. Above this critical Reynolds number, a turbulent
ow is generated. Our result is consistent with the previous work
arried out by Sparrow et al. [35]. They investigated the onset
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f turbulence transition in a wide gap Couette cell and found
ec ∼= 1600.

During the wall shear stress measurement of polymer and
urfactant aqueous solutions in turbulent flow especially using
igh Mw polymer, the molecular degradation of polymer during
est cannot be totally avoided. In our experiment, we minimized
olymer degradation by using only fresh samples and the initial
R efficiency was investigated and reported. The duration of

ach experiment was kept short about 10 min. In some experi-
ents, we remeasured the torque versus shear rate relations a

ew times; they differed by few percents and lie within experi-
ental error bars. We may assume that mechanical degradation,

f present, was not significant to affect our data.
To avoid foam formation during sample preparation, we gen-

ly poured down the sample into the Couette cell and then
djusted the measuring temperature to be 30 ◦C and waited for
period of 5 min before each DR measurement. This waiting

eriod allows the gravity force to act on the liquid lamellae
etween air bubbles and thus reducing existing foams. During
he DR measurements, there could possibly be foam formation,
ut we did not or could not observe visually. We note that a
ationic surfactant has lower foam formation ability than anionic
urfactant (CMC of a cationic surfactant is higher). Low sur-
actant concentrations were used in our experiment (maximum
TAC concentration used in our experiment is 5 mM which is

bout four times of CMC), and since the sample solutions have
ery low viscosity foams can be easily destroyed by gravity
orce.

. Results and discussions

The physicochemical properties of aqueous solutions of
urfactant–polymer complexes were investigated at 30 ◦C. As
oted in Table 1, two specimens were utilized, PEO6 and PEO20,

hose weight-average molecular weights, Mw, were determined

rom SLS measurement to be 6.06 × 105 and 17.9 × 105 g/mol,
espectively. The measured Mw for PEO6 is quite close to the
anufacturer quoted value, whereas, for PEO20, the measured

o
I
c
H

able 1
onductivity and surface tension data of PEO-HTAC-NaCl complexes in quiescent a

odes of system studied PEO Mw (g/mol) c∗
PEO

a (ppm) Cond

CAC

TAC – – –
NaCl]/[HTAC] = 1/1 – – –
NaCl]/[HTAC] = 5/1 – – –
EO6 40 + HTAC 6.06 × 105 40 0.19
EO6 40 + [NaCl]/[HTAC] = 1/1 6.06 × 105 40 N/A
EO6 40 + [NaCl]/[HTAC] = 5/1 6.06 × 105 40 N/A
EO20 15 + HTAC 17.9 × 105 15 0.19
EO20 15 + [NaCl]/[HTAC] = 1/1 17.9 × 105 15 N/A
EO20 15 + [NaCl]/[HTAC] = 5/1 17.9 × 105 15 N/A

a c∗
PEO is the optimum PEO concentration in which maximum drag reduction is obt

b The uncertainties of data determined from surface tension measurement are ±10%
c CAC is the critical aggregate concentration: concentration in which surfactant mo
d CMC is the critical micelle concentration: concentration in which free surfactant
e MBC is the maximum binding concentration: surfactant concentration in which a
gineering Journal 128 (2007) 11–20

w is substantially smaller. This suggests that the high-end
ortion of the molecular weight distribution was removed dur-
ng filtration of solutions prior to experimental measurements.
revious studies [22] showed that the optimum PEO concentra-

ions, c∗
PEO, for maximum drag reduction in pure PEO solutions,

easured as the minimum value of τw in the double Couette
heometer via Eq. (7) are 40 ppm (0.91 mM/PEO repeating unit)
nd 15 ppm (0.34 mM/PEO repeating unit) for specimens PEO6
nd PEO20, respectively. Here, the maximum %DR is 68% for
0 ppm of PEO6 and 85% for 15 ppm of PEO20. Table 1 lists val-
es of the critical aggregate concentration (CAC), corresponding
o the onset of surfactant binding to the polymer, the critical

icelle concentration (CMC), at which free micelles form in the
urfactant–polymer solution, and the maximum binding concen-
ration (MBC), the surfactant concentration at which the PEO
ecomes saturated with bound surfactant. The CAC, CMC and
BC were determined, as described below, from measurements

f conductivity and surface tension of PEO-HTAC complexes in
queous NaCl solutions, whose PEO concentrations were fixed
t the respective values, c∗

PEO, where the maximum drag reduc-
ion of PEO solutions is observed in the absence of surfactant.

.1. Critical aggregate concentration, critical micelle
oncentration and maximum binding concentration

The CAC and CMC were determined at 30 ◦C by two
ethods: conductivity and surface tension; the MBC was deter-
ined from surface tension measurements. Figs. 1–3 show

onductivity as a function of HTAC concentration for aqueous
olutions of HTAC and HTAC-NaCl (Fig. 1), PEO6-HTAC, and
EO6-HTAC-NaCl mixtures (Fig. 2), and PEO20-HTAC, and
EO20-HTAC-NaCl mixtures (Fig. 3). The PEO6 concentration
as fixed at c∗

PEO = 40 ppm while the PEO20 concentration
as set at c∗ = 15 ppm; in each case, two different values
PEO
f mole ratio were investigated, [NaCl]/HTAC] = 1/1 and 5/1.
n Fig. 1a–c, the first and only transition in slope of a plot of
onductivity versus HTAC concentration identifies the CMC for
TAC and HTAC-NaCl solutions. In Figs. 2 and 3, the CAC is

queous solution at 30 ◦C

uctivity Surface tensionb

c (mM) CMCd (mM) CAC (mM) CMC (mM) MBCe (mM)

1.30 – 1.30 –
0.70 – N/A –
0.60 – N/A –
1.65 0.16 1.70 0.25
1.20 0.13 1.20 0.27
1.00 0.13 1.15 0.35
1.80 0.18 1.80 0.20
1.50 0.10 1.50 0.30
1.00 0.10 1.00 0.40

ained.
.

lecules start to interact with polymer.
micells start to form.
polymer chain contains a maximum number of surfactant molecules.
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Fig. 1. Variation of the conductivity with surfactant concentration at 30 ◦C for
aqueous solutions of: (a) pure HTAC; (b) [NaCl]/[HTAC] = 1/1, the mole ratio
o
N

i
o
i
s
C

c

Fig. 2. Variation of the conductivity with surfactant concentration at 30 ◦C
for aqueous solutions of: (a) PEO6 40 + HTAC, PEO Mw 6.06 × 105 g/mol,
40 ppm; (b) PEO6 40 + [NaCl]/[HTAC] = 1/1, PEO Mw = 6.06 × 105 g/mol,
40 ppm, and the mole ratio of NaCl to HTAC equal to 1; and (c)
P
m

4

f NaCl to HTAC equal to 1; and (c) [NaCl]/[HTAC] = 5/1, the mole ratio of
aCl to HTAC equal to 5.

dentified as the initial change in slope, and the CMC as the sec-
nd slope change. However, the CAC is clearly discernable only
n the absence of salt (Figs. 2a and 3a), and therefore surface ten-
ion measurements had to be used instead. The corresponding

AC and CMC values are listed in Table 1.

Fig. 4 exhibits the variation of surface tension with HTAC
oncentration for PEO6-HTAC solutions having PEO6 at

[
t
l

EO6 40 + [NaCl]/[HTAC] = 5/1, PEO Mw = 6.06 × 105 g/mol, 40 ppm, and the
ole ratio of NaCl to HTAC equal to 5.

0 ppm, without salt, and with salt added at mole ratios

NaCl]/[HTAC] of 1.0 and 5.0. As evident in Fig. 4, the surface
ension decreases on addition of HTAC, and the CAC values is
ocated as the initial HTAC concentration at which a discrete
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Fig. 3. Variation of the conductivity with surfactant concentration at 30 ◦C
for aqueous solutions of: (a) PEO20 15 + HTAC, PEO Mw = 17.9 × 105 g/mol
15 ppm; (b) PEO20 15 + [NaCl]/[HTAC] = 1/1, PEO Mw = 17.9 × 105 g/mol,
1
P
t

c
q
p
b
p
d

Fig. 4. Variation of the surface tension with surfactant concentration at 30 ◦C
for aqueous solutions of: (a) PEO6 40 + HTAC, PEO Mw = 6.06 × 105 g/mol
at 40 ppm; (b) PEO6 40 + [NaCl]/[HTAC] = 1/1, PEO Mw = 6.06 × 105 g/mol,
4
P
m

C

5 ppm, and the mole ratio of NaCl to HTAC equal to 1; and (c)
EO20 15 + [NaCl]/[HTAC] = 5/1, PEO Mw = 17.9 × 105 g/mol, 15 ppm, and

he mole ratio of NaCl to HTAC equal to 5.

hange to a regime of constant surface tension occurs. Subse-
uently, the surface tension begins to decrease again, and this

oint is identified as the MBC, i.e. where the PEO chains have
ecome saturated with bound HTAC. Finally a third transition
oint occurs where the surface tension levels off and no further
ecrease occurs with addition of HTAC. This corresponds to the

i
a

P

0 ppm, and the mole ratio of NaCl to HTAC equal to 1; and (c)
EO6 40 + [NaCl]/[HTAC] = 5/1, PEO Mw = 6.06 × 105 g/mol, 40 ppm, and the
ole ratio of NaCl to HTAC equal to 5.

MC. These characteristic transitions are indicated by arrows

n Fig. 4, and the corresponding CAC, MBC and CMC values
re listed in Table 1.

From Table 1, we see that the CAC and CMC values for
EO-HTAC complexes in aqueous solution from surface ten-
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Table 2
Dynamic light scattering data of PEO-HTAC-NaCl complexes quiescent in aqueous solutions at 30 ◦C

Codes of system studied c∗
PEO (ppm) c∗

PEO (mM of PEO
repeating unit)

D0 × 1012 (m2/s) Rh (nm) μ2/Γ 2

HTAC 1.3 mMa – – 170 ± 2.00 1.31 ± 0.015 0.16
HTAC 0.7 mM + [NaCl]/[HTAC] = 1/1a – – 99.8 ± 2.04 2.23 ± 0.045 0.17
HTAC 0.6 mM + [NaCl]/[HTAC] = 5/1a – – 90.7 ± 1.53 2.45 ± 0.041 0.07
PEO6 40 + HTAC 5 mMb 40 0.91 3.98 ± 0.20 55.9 ± 2.81 0.83
PEO6 40 + HTAC 5 mM + [NaCl]/[HTAC] = 1/1b 40 0.91 4.92 ± 0.03 45.1 ± 0.23 0.21
PEO6 40 + HTAC 5 mM + [NaCl]/[HTAC] = 5/1b 40 0.91 4.59 ± 0.03 48.4 ± 0.34 0.23
PEO20 15 + HTAC 5 mMb 15 0.34 2.40 ± 0.17 92.7 ± 6.73 0.61
PEO20 15 + HTAC 5 mM + [NaCl]/[HTAC] = 1/1b 15 0.34 3.08 ± 0.05 72.2 ± 1.21 0.25
PEO20 15 + HTAC 5 mM + [NaCl]/[HTAC] = 5/1b 15 0.34 2.90 ± 0.03 76.4 ± 0.81 0.22
PEO20 15 + HTAC 0.2 mMc 15 0.34 2.90 ± 0.10 76.5 ± 0.26 0.45
PEO20 15 + HTAC 0.2 mM + [NaCl]/[HTAC] = 1/1c 15 0.34 3.50 ± 0.06 63.3 ± 0.11 0.35
PEO20 15 + HTAC 0.2 mM + [NaCl]/[HTAC] = 5/1c 15 0.34 3.22 ± 0.06 68.9 ± 0.13 0.34

a HTAC concentration is fixed at CMC of each solution.
b HTAC concentration is fixed at maximum HTAC concentration for wall shear stress measurement.
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c HTAC concentration is fixed at MBC of each solution.

ion are consistent with those obtained from conductivity. We
lso find that the CAC and CMC values in salt solution are
ower than in water. Increase in ionic strength, promotes the
ormation of HTAC micelles and PEO-HTAC complexes due
o a reduction in electrostatic repulsions between the ionic
urfactant head groups which stabilizes the surfactant micelle
tructure, as shown previously [28]. We further find that, at a
iven NaCl/HTAC mole ratio, the CMC values of the PEO-
TAC solutions are higher than those of the pure surfactant.
he increase of the CMC in PEO-HTAC complex solutions cor-

esponds quantitatively to the amount of PEO-bound surfactant.
inally, from Table 1, we find that, as salt is added a higher
BC value is observed, which, combined with a decreasing

rend in CAC, indicates an increase in the amount of surfac-
ant molecules bound to the PEO chains, again reflective of
n increase in PEO-HTAC complex stability due to the screen-
ng of electrostatic repulsions between surfactant head groups.
able 1 also contains results for solutions containing high-
olecular weight PEO, i.e. PEO20 at 15 ppm without salt, and
ith added salt, having mole ratios [NaCl]/[HTAC] = 1/1 and
/1. Uncertainties of the data obtained from surface tension
easurement typically vary within 10%. However, it appears

hat there is no substantive change in surface tension values
hen comparing the solutions containing HTAC complexed to
igh versus low molecular weight (PEO20 at 15 ppm cf. PEO6
t 40 ppm). This result is consistent with the previous obser-
ation of Schwuger [30] who found that the surface tension
f solutions of PEO, complexed with an anionic surfactant,
DS (PEO Mw > 4000) was independent of PEO molecular
eight. The MBC values of PEO-HTAC solutions are tabulated

n Table 1.
To summarize the above results, the addition of salt leads to a

eduction of the CMC and CAC but an increase in MBC of PEO-

TAC solutions. These effects indicate, respectively, a reduction

n electrostatic repulsions between the positive surfactant head
roups of micelles and an increase in binding affinity between
he surfactant and the PEO chain.

o
t
N

.2. Dynamic light scattering measurements

Table 2 lists values of the diffusion coefficient, D0, hydro-
ynamic radius, Rh and normalized second cumulant, μ2/Γ̄

2,
btained from dynamic light scattering measurement of aque-
us PEO-HTAC-NaCl complex solutions at 30 ◦C. Uncertainties
ndicate standard deviations obtained from repeated measure-

ents on the same samples. For HTAC and NaCl-HTAC
olutions, D0, Rh and μ2/Γ̄

2, were determined at the corre-
ponding CMC. The micellar radii, Rh, in the absence of salt
nd with salt added at molar ratios [NaCl]/[HTAC] = 1/1 and
/1 are, respectively, 1.31, 2.23 and 2.47 nm, indicating that,
s expected, added salt increases the aggregation number and
ize of HTAC micelles. For PEO6 and PEO20 solutions, D0,
h and μ2/Γ̄

2 were determined at 5.0 mM HTAC, the max-
mum HTAC concentration investigated in wall shear stress

easurements. However, for PEO20, we also measured D0, Rh
nd μ2/Γ̄

2 at HTAC concentrations equal to 0.2 mM, i.e. near
he MBC. In all cases, Table 2 shows that the hydrodynamic
adius of PEO-HTAC complexes is observed to be largest in the
bsence of added salt. The addition of salt at a mole ratio of
NaCl]/[HTAC] = 1/1 decreases Rh, substantially, but a further
ncrease of salt to a mole ratio of NaCl/HTAC = 5/1 results in a
light increase in Rh. Our results are consistent with the previous
ublished data reported by Mya et al. [28], who compared Rh
alues at MBC for PEO-HTAC solutions in the absence of added
alt and with 0.1 M KNO3 added. Addition of 0.1 M KNO3
as observed to reduce the value of Rh, due to the combined

ffects of polymer chain contraction via electrostatic screening
nd dissociation of multichain complexes. The reason for the
mall increase in Rh at higher salt is not clear, but may reflect an
ncrease in the bound micellar radius, analogous to that observed
n free micelles.
Finally, we comment on results for the normalized sec-
nd cumulant, μ2/Γ̄

2 which is a measure of the variance in
he distribution of hydrodynamic radii. For HTAC and HTAC-
aCl with a mole ratio of 5, μ2/Γ̄

2 values are 0.16 and 0.07,
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tion are 4%, 64% and 84% for the aqueous solutions of
PEO6 40 + HTAC, PEO6 40 + [NaCl]/[HTAC] = 1.0 and
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espectively. For PEO6 40 + HTAC 5 mM and PEO6 40 +
TAC 5 mM + [NaCl]/[HTAC] = 5/1, μ2/Γ̄

2 values are 0.83
nd 0.23, respectively. For PEO20 15 + HTAC 0.2 mM
nd PEO20 15 + HTAC 0.2 mM + [NaCl]/[HTAC] = 5/1, μ2/Γ̄

2

alues are 0.45 and 0.34, respectively. These results are consis-
ent with the previous results of Mya et al. [28]. They investigated
he particle size distribution (PSD) of PEO-HTAC in the solu-
ion with and without KNO3 and found that PEO-HTAC in
alt solution showed a narrow size distribution comparing to
EO-HTAC in the free-salt solution. Our results indicate that
ddition of salt reduces the size polydispersity of the micelles
nd polymer–surfactant complexes.

.3. Wall shear stress measurements

Fig. 5 exhibits the variation of wall shear stress, τw, at
e = 5000, as HTAC concentration is increased for HTAC solu-

ions at 30 ◦C, without salt, and with salt added at mole ratios
NaCl]/[HTAC] equal to 1.0 and 5.0. For salt-free HTAC, the
all shear stress decreases with increasing concentration up to

n optimum concentration, c∗
HTAC = 1.7 mM, where we find

maximum drag reduction of about 51%. Above c∗
HTAC, the

all shear stress shows a slight increase with HTAC concen-
ration. With salt added at NaCl/HTAC mole ratios of 1.0 and
.0, the wall shear stresses of these solutions initially decreases
s the salt-free solution, but exhibits minima at optimum con-
entrations, c∗

HTAC, ≈0.9 and 0.3 mM, respectively, which are
uch larger than the salt-free case, after which a sharp rise

o a constant value is seen. The corresponding maximum drag
eductions are 56% and 39%, respectively. Here, we note that
he CMC of HTAC in aqueous HTAC, [NaCl]/[HTAC] = 1/1 and
NaCl]/[HTAC] = 5/1 solutions occurs at approximately 1.3, 0.7
nd 0.6 mM; respectively. These values are numerically compa-
able to the respective optimum HTAC concentrations of those

olutions, so we observe significant an apparent drag reduction
rior to micelle formation. This is an unexpected result, and its
rigin is presently unclear which may be related to lowering
f the surface tension. Another possibility is that the CMC is

ig. 5. Dependence of wall shear stress, τw, on HTAC concentration of aqueous
TAC solutions with and without NaCl added at 30 ◦C, Re = 5000: (a) HTAC;

b) [NaCl]/[HTAC] = 1/1, the mole ratio of NaCl to HTAC equal to 1; and (c)
NaCl]/[HTAC] = 5/1, the mole ratio of NaCl to HTAC equal to 5.
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omehow reduced in the turbulent flow field. Recent work [31]
uggests that the mixed shear and extensional character of such
ows may promote micelle formation leading to local concen-

rations of surfactant that are much larger than the mean value.
nother possibility is that individual surfactant molecules and/or
icelles migrate preferentially towards the walls to reside in the

iscous sublayer causing the wall slip.
In micelle-driven drag reduction, the optimum HTAC con-

entration decreases with ionic strength, because the micellar
ize increases with ionic strength, due to neutralization of elec-
rostatic repulsions between surfactant head groups [32–34].

e further observe in Fig. 5 an increase in wall shear stress
r a diminished drag reduction in the presence of added salt
t HTAC concentrations beyond the CMC. We attribute this
o the increased viscous resistance because of the presence of
ncreasing numbers of micelles.

Fig. 6 shows the dependence of wall shear stress, τw, on
TAC concentration at Re = 5000 and at 30 ◦C for
EO6 40 + HTAC, PEO6 40 + [NaCl]/[HTAC] = 1/1 and
EO6 40 + [NaCl]/[HTAC] = 5/1, respectively. Here, we find

hat wall shear stress of PEO6 40 + HTAC monotonically
ncreases with increasing HTAC concentration to an essen-
ially constant value as the HTAC concentration approaches
he CMC (CMCPEO6 40+HTAC = 1.70 mM). Likewise, the
all shear stresses of PEO6 40 + [NaCl]/[HTAC] = 1/1

nd PEO6 40 + [NaCl]/[HTAC] = 5/1 increase with HTAC
oncentration to a maximum value near their respec-
ive CMCs (CMCPEO6 40 + [NaCl]/[HTAC] = 1/1 = 1.50 mM and
MCPEO6 40 + [NaCl]/[HTAC] = 5/1 = 1.00 mM), after which, the
all shear stresses decrease to smaller asymptotic values

t HTAC concentrations in excess of 4.0 mM. At HTAC
oncentration of 5.0 mM, the percentage of drag reduc-
EO6 40 + [NaCl]/[HTAC] = 5.0, respectively. Recalling that
he PEO concentration was fixed at the optimum concentration

ig. 6. Dependence of wall shear stress, τw, on HTAC concentration for
queous PEO6 40 + HTAC solutions with and without NaCl added at 30 ◦C,
e = 5000: (a) PEO6 40 + HTAC, PEO Mw 6.06 × 105 g/mol at 40 ppm; (b)
EO6 40 + [NaCl]/[HTAC] = 1/1, PEO Mw 6.06 × 105 g/mol, 40 ppm, and the
ole ratio of NaCl to HTAC equal to 1; and (c) [NaCl]/[HTAC] = 5/1, PEO Mw

.06 ×105 g/mol, 40 ppm, and the mole ratio of NaCl to HTAC equal to 5.



al Engineering Journal 128 (2007) 11–20 19

f
o
d
p
P
w
t
c
a
a
t
c
m
m
f
r
(
i
h

w
H
v
P
s
l
b
p
t
o
P
f
τ

a
s

F
a
R
P
m
1

Fig. 8. Dependence of wall shear stress, τw, on HTAC concentration
for aqueous PEO20 + HTAC at MBC; PEO Mw 17.9 × 105 g/mol and
HTAC = 0.2 mM solutions with and without NaCl added at 30 ◦C, Re = 5000: (a)
P
t
0

s
a
H
o
a
c
o
t
w
c
c

S. Suksamranchit, A. Sirivat / Chemic

or drag reduction in the absence of surfactant (c∗
PEO), the

bserved increase in wall stress on titration with HTAC was
emonstrated in our earlier work [22] to arise because the
resence of HTAC causes a shift in c∗

PEO from 40 mM to lower
EO concentration. Fig. 6 further shows that the increase in the
all stress occurs at very low added levels of HTAC, below

he nominal CAC and MBC values (Table 1). As noted and
onfirmed in our earlier study [22], this implies that the CAC
nd MBC are presumably reduced in turbulent flow, which
llows a shift of the optimum HTAC concentration, c∗

HTAC-PEO
o a lower value. A third feature of Fig. 6 is that, when the HTAC
oncentration is above the MBC, increase in the NaCl/HTAC
ole ratio produces a decrease in wall shear stress. This effect
ay be related to the more stabilized PEO-HTAC complex

ormation and possibly to the reduction in the PEO chain
igidity resulting from the dissociation of multichain complexes
see Fig. 9). Our result is opposite to the generally accepted
dea that turbulent wall shear stress decreases with increasing
ydrodynamic volume.

In Fig. 7, we exhibit the variation in wall stress, τw,
ith HTAC concentration at Re = 5000 and 30 ◦C, for PEO-
TAC solutions containing high-molecular weight PEO,
iz. PEO20 15 + HTAC, PEO20 15 + [NaCl]/[HTAC] = 1/1 and
EO20 15 + [NaCl]/[HTAC] = 5/1. The data displayed in Fig. 7
how essentially the identical behavior to that seen in Fig. 6 for
ower molecular weight PEO. At high concentrations of HTAC,
eyond the CMC, τw is lowered in the presence of NaCl. The
ercentage of drag reduction when HTAC concentration reach
o 5.0 mM are 0%, 27% and 39% for the aqueous solutions
f PEO20 15 + HTAC, PEO20 15 + [NaCl]/[HTAC] = 1.0 and
EO20 15 + [NaCl]/[HTAC] = 5.0, respectively. An additional
eature manifested in Fig. 7 is that the initial rate of increase of

on titration with HTAC is clearly slower in the presence of
w
dded salt. This suggests that the presence of salt results in a
maller shift of the optimum concentration for drag reduction.

ig. 7. Dependence of wall shear stress, τw, on HTAC concentration for
queous PEO20 15 + HTAC solutions with and without NaCl added at 30 ◦C,
e = 5000: (a) PEO20 15 + HTAC, PEO Mw 17.9 × 105 g/mol, 15 ppm; (b)
EO20 15 + [NaCl]/[HTAC] = 1/1, PEO Mw 17.9 × 105 g/mol, 15 ppm, and the
ole ratio of NaCl to HTAC equal to 1; and (c) [NaCl]/[HTAC] = 5/1, PEO Mw

7.9 × 105 g/mol, 15 ppm, and the mole ratio of NaCl to HTAC equal to 5.
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EO20 + HTAC 0.2 mM; (b) PEO20 + HTAC 0.2 mM + [NaCl]/[HTAC] = 1/1,
he mole ratio of NaCl to HTAC equal to 1; and (c) PEO20 + HTAC
.2 mM + [NaCl]/[HTAC] = 5/1, the mole ratio of NaCl to HTAC equal to 5.

To confirm this, as shown in Fig. 8, the dependence of wall
hear stress on PEO concentration was examined at Re = 5000
nd 30 ◦C for PEO20 in aqueous solution containing 0.20 mM
TAC (corresponding to the MBC of 15 ppm PEO20), with-
ut salt and with salt added at mole ratios [NaCl]/[HTAC] = 1/1
nd 5/1. Fig. 8 indicates that, indeed, the optimum PEO con-
entration for maximum drag reduction increases with addition
f salt, having values c∗

PEO/HTAC = 5, 7 and 10 ppm, at which
he maximum DR values are 77%, 72% and 69%, for solutions
ith [NaCl]/[HTAC] = 0, 1.0 and 5.0, respectively. At low PEO

oncentration, cPEO < 30 ppm, the increase in the optimum PEO
oncentration and the increase in the wall shear stress with salt
ddition correlate approximately with the decreased hydrody-
amic volume of the PEO-HTAC complexes due to the effects
f polymer chain contraction via the electrostatic screening and
he dissociation of multichain complexes (Table 2). At high PEO
oncentration, cPEO > 30 ppm, the wall shear stresses of PEO-
TAC complex in salt solution are higher than that in water, with

he wall shear stress of the solution having [NaCl]/[HTAC] = 1.0
eing slightly greater than that of [NaCl]/[HTAC] = 5.0. The wall
tress in this region may have derived from the increased solu-
ion viscosity when salt is added. Noting that in this case, as PEO
oncentration increases, the surfactant content falls increasingly
elow the MBC level, perhaps the hydrodynamic volume of
EO is increased in the presence of salt for surfactant depleted
omplexes.

Fig. 9a and b illustrates schematic drawings of complexes
ormed in PEO + HTAC in the absence and in the presence of
aSal in aqueous solution, respectively, when HTAC concen-

ration is above CMC. In the salt-free aqueous solution, binding
f micelles on multichain polymer–surfactant complexes occurs
n the solution, and electrostatic repulsions lead to an increase

n hydrodynamic volume of polymer–surfactant complex [27].
n the presence of salt, the number of bound HTAC molecules
er chain increases substantially, i.e. the added salt stabilizes
he binding of HTAC micelles to the polymer and single chain
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ig. 9. Schematic drawings of PEO and HTAC in aqueous solution without salt a
nd (b) PEO + HTAC + NaCl. ⊕ is cationic surfactant head group; is surfa
roup; ∩ long chain PEO.

omplexes are predominantly formed [28]. In addition, the
ydrodynamic volume of PEO-HTAC complex in the presence
f salt is reduced due to effects of polymer chain contraction via
he electrostatic screening and the dissociation of multichain
omplexes.

. Conclusions

We investigated the influence of ionic strength on CAC,
MC, MBC and hydrodynamic radius in aqueous solutions of
TAC and PEO-HTAC mixtures at 30 ◦C. Consistent with lit-

rature results, the values of CAC and CMC from conductivity
nd surface tension measurements indicate that salt stabilizes
icelle formation in HTAC solutions and, in PEO-HTAC solu-

ions, enhances the binding of HTAC micelles to the polymer.
e also observe an increase in hydrodynamic radius of HTAC
icelles at the MBC of HTAC in the presence of added salt and
decrease in Rh for the PEO-HTAC complexes in salt solution.
hese observations can be described, on the one hand to screen-

ng of electrostatic repulsions between surfactant head groups
n HTAC micelles, and on the other, to PEO chain contraction
ia electrostatic screening and dissociation of multichain PEO-
TAC complexes. Wall shear stress measurements on HTAC

olutions reveal that the optimal concentration for maximum
rag reduction decreases with increasing molar ratios of NaCl
o HTAC. The possible mechanisms of drag reduction in these
olutions may be a surface tension effect, the decrease in the
umber of free micelles in aqueous HTAC solution, the decrease
n the CMC in the turbulent flow field, or several effects com-
ined. In PEO solutions on titration with HTAC, the wall stress
ncreases up to the CMC and then decreases or levels off. This
s due to a shift of the optimum concentration for drag reduction
o a smaller value, the magnitude of the shift decreasing with
ncrease of ionic strength.
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