CHAPTER VI
EFFECT OF POLY(ETHYLENE OXIDE) AND CATIONIC SURFACTANT
COMPLEX STRUCTURE ON TURBULENT FRICTION FACTOR

6.1 Abstract

We study® the dependence of friction factor on Reynolds number using a
Couette cell containing aqueous solutions consisting of poly(ethylene oxide) (PEO),
cationic surfactant, hexadecyltrimethylammonium choride (HTAC) and their
complexes. In our Couette geometry, the onset of turbulent transition occurs at Re =
940. By varying PEO molecular weight and concentration, the minimum friction
factor occurs at an optimum concentration, ¢ peo, which scales inversely with PEO
molecular weight. For aqueous HTAC solutions, the friction factor decreases with
increasing HTAC concentration and levels off at an optimum concentration, C‘HTAC.
whose value is comparable to the critical micelle concentration (CMC). The friction
factor of aqueous HTAC solutions increases with excessive counter-ions added due
to the presence of thread-like micelles. For aqueous PEO-HTAC solutions, an
addition of HTAC at maximum binding concentration (MBC) to a non-drag reducing
low My PEO solution can induce a decrease in friction factor, possibly due to
increased hydrodynamic volume and extensional viscosity. Addition of counter-ion
to PEO-HTAC complex decreases the friction factor because of the stabilized PEO-
HTAC complex formation, and possibly due to the reduction in the PEO chain
rigidity. Pure polymer solutions at ¢ pgo generally exhibit the lowest friction factor
values when compared with those of pure HTAC and PEO-HTAC complex

solutions.
6.2 Introduction

Turbulent drag reduction, DR, is a flow phenomenon in which small
amounts of certain additives, e.g. high molecular weight polymers, surfactants or
solid particles can dramatically reduce the skin frictional resistance of a solid surface

and a fluid in turbulent flow [1-3]. This phenomenon has also been known as “Toms
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effect” since it was originally discovered by Toms [4]. He observed a reduction of
friction factor for dilute solution of poly(methyl methacrylate) in
monochlorobenzene in turbulent pipe flow. It is now well known that turbulent drag
reduction depends on many factors including polymer molecular weight, polymer
type, concentration, temperature and solvent type [5-9]. Numerous applications of
DR can be found in the transport of crude oil and shipping industries, in fire fighting
equipment, in drainage and irrigation systems, in hydro-power systems, and in
improvement of blood flow in partially blocked arteries in biomedical studies [10-14].

Although DR was discovered more than fifty years ago, DR mechanisms by
drag reducing additives are not completely understood and a number of chemical,
mechanical and hydrodynamic aspects remain to be studied. The early mechanism
for drag reducing polymers was given by Virk [15] who proposed that at the onset of
turbulent drag reduction the duration of a turbulent burst is of the order of the
terminal relaxation time of a macromolecule, and concluded that energy dissipation
via macromolecular extension is involved in the mechanism of drag reduction.
Hlavacek et al. [16] proposed that, in turbulent flow, the solvent contains
microdisturbances or turbulence precursors. A macromolecule can suppress
turbulence by pervading two or more of these microdomains simultaneously and
hindering their free movement and growth. Lumley [17-19] suggested that there is a
critical value of wall shear stress, at which macromolecules become expanded due to
the fluctuating strain rate. He pointed out that in the laminar sublayer close to the
wall, polymer coils are not greatly deformed and viscosity does not increase greatly
above that of the solvent alone. In the turbulent zone, the macromolecular expansion
yields a dramatic increase in viscosity which damps out small dissipative eddies and
reduces momentum transport from the buffer layer towards the laminar sublayer,
resulting in a thickening of the sublayer and a reduction of the drag. He also
emphasized that drag reduction occurs only when the relaxation time of the polymer
solution is larger than the characteristic time scale of the turbulent flow. Ryskin [20]
developed the yo-yo model which refers to the proposed mechanism in which
polymer molecules unravel in an extensional flow field associated with turbulence.
The central portion of the chain straightens, while the end portions remain coiled.
When the flow becomes weak, the polymer chain retracts into a fully-coiled state.



The taut central portion generates a large stress and facilitates viscous dissipation of
turbulent kinetic energy. De Gennes [21,22] developed a model based on the
Kolmogorov energy cascade theory, and considering the ability of polymer
molecules to store elastic energy upon deformation. When this elastic energy is
comparable to the kinetic energy of a particular turbulent eddy. the energy cascade is
suppressed.

High molecular wejght polymers and surfactants have teceived considerable
attentions among available drag reducing additives [23,24]. Extensive studies have
been carried out for the drag reducing polymers; however, polymers are more
susceptible to high mechanical and thermal degradation compared to surfactants. The
degradation of polymers reduces their drag reducing effectiveness and makes them
unsuitable for circulation systems. Certain surfactants form large wormlike or
network microstructures in solution which are thermodynamically stable and self-
assemble quickly after degradation and restoring drag reducing power. For this
reason, they have become of increasing interest as drag reducing additives in the last
decade [25-27].

Many drag reduction experiments have been carried out by using pipe flow
apparatus [1,9] since it provide a realistic and quantitative testing of polymer drag
reduction. However, this experimental system is voluminous and the measurements
consume both time and sample solution. In a recent study, turbulent drag reduction
measurements were carried out by using a Couette cell [28,29]. The apparatus
generates a turbulent flow under a nonuniform mean velocity field with well
controlled conditions In our work, the effects of polymer concentration, polymer
molecular weight, surfactant concentration, type of drag reducing additives and ionic
strength on turbulent drag reduction and friction factor were investigated. In

particular, the effect ot the polymer-surfactant complex structure will be reported.
6.3 Experimental Section
Poly (ethylene oxide) (PEO) of various quoted molecular weights 1.00x10°,

3.00x10°, 6.00x10°, 9.00x10° and 40.0x10° g/mol, designated as PEO1, PEO3,
PEO6, PEO9 and PEO20 were purchased from Aldrich Chemical Co. and used
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without further purification. The cationic surfactant was
Hexadecyltrimethylammonium Choride, (HTAC, C;sH33N(CH3):Cl), a commercial
product donated by Unilever Holding Inc., was used as received. The surfactant
solution contains 50 %HTAC, 36 % H,O and 14 % isopropanol. Analyvtical grade
sodium chloride (NaCl), at 99.5 % minimum assay (Carlo Erba Reagenti Co.) was
used to vary ionic strength of the complex solutions. Distilled water was used as our
solvent aftet two times filtration through 0.22 pm Millipore membrane filters to
remove dust particles. PEO stock solutions of 0.5 %(w/v) were prepared and stirred
gently at room temperature for 4 to 30 days, depending on polymer molecular
weight. The polymer-surfactant complex solutions were prepared as %w/v in
distilled water at room temperature by dissolving PEO stock solutions in distilled
water and by gentle stirring for 24 h at room temperature. Surfactant and polymer-
surfactant complex solutions were prepared by adding appropriate amounts of HTAC
and NaCl into mixtures of distilled water and polymer stock solutions and by gentle
stirring for 24 h at room temperature. For light scattering measurements, the
polymer-surfactant complex solutions were centrifuged at 10,000 rpm for 15 min and
then filtered through 0.45 um Millipore membranes. All measurements were carried

out at the temperature of 30°C.
6.4 Results and Discussion

6.4.1 Characterization of PEO in aqueous solution

Table 6.1 shows physical parameters obtained from static and dynamic light
scattering measurements of aqueous PEO solutions of various molecular weights at
30°C. The average weight molecular weight, M,, obtained from static light
scattering measurements of PEO1, PEO3, PEO6, PEO9 and PEO20 are 0.91x10°,
3.04x10°, 6.06x10°, 8.03x10° and 17.90x10° g/mol, respectively. The diffusion
coefficient, D, and hydrodynamic radii, Ry obtained from the dynamic light
scattering measurements vary with PEO molecular weight as expected. The diffusion
coefficient, D, decreases from 13.3x10"2 m¥sec for PEO1 to 3.2x10™"* m%/sec for

PEO20. The corresponding Ry, increases from 16.69 nm for PEO1 to 70.24 nm for
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PEO20. The normalized second cumulant, z, / Fz is a measure of the variance of the

size distribution. Here, we find that s, / r systematically decreases from 0.50 to

0.32 with increasing molecular weight. These results indicate that our PEO samples
are highly polydisperse and the polydispersity is higher for the lower molecular
weight samples. A correlation between D, and My, (D, = kM,®) can be found in
which the scaling exponent ‘a’ and the prefactor k are 0.50 and 3.823(]0'9 m?/sec,
respectively. It is noted that the variation of ‘a’ should satisfy a ~ 0.60 for flexible
polymer chains in good solvents [33,34]. Thus, the small value of ‘a’ is probably a
consequence of the fact that the lower molecular weight PEO samples have higher

polydispersity.

6.4.2 Characterization of HTAC, PEO-HTAC and PEO-HTAC-NaCl

complexes in aqueous solution

Table 6.2 tabulates the physical parameters obtained from dynamic light
scattering measurement of aqueous HTAC, PEO-HTAC and PEO-HTAC-NaCl
complexes solutions at 30°C. Uncertainties indicate standard deviations obtained
from repeated measurements of the same samples. The dynamic light scattering

parameters determined are the diffusion coefficient, D,, the hydrodynamic radius, Ry,
and the normalized second cumulant, z, / r , of solutions in the limit of very dilute
condition. Initially, the parameters listed above were measured at high HTAC

concentrations and then they were extrapolated to particular HTAC concentrations of

interest. For aqueous HTAC and NaCl-HTAC solutions, D,, Ry, and z, ;’Fz , listed in

solutions. The values of CMC are 1.3, 0.7 and 0.6 mM for the HTAC, HTAC +
[NaCl)/[HTAC] = 1/1 and HTAC + [NaCl}/[HTAC] = 5/1 in aqueous solutions.
However, for aqueous PEO-HTAC and PEO-NaCIl-HTAC solutions, the parameters,

Do, Ry, and p,/ 1:2 were determined at the HTAC concentration of 5.0 mM, the

maximum HTAC concentration used in friction factor measurements. At this HTAC

concentration, surfactant micelles are bound to polymer chains. In pure HTAC
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solution, the diffusion coefficient, D, is at 170x10™'? m%/s but decreases from 99.8 to
90.7x10"* m?/s with increasing mole ratio of NaCl to HTAC from 1 to 5,
respectively. The hydrodynamic radius, Ry of pure HTAC solution is 1.31 nm and
increases from 2.23 to 2.45 nm with increasing mole ratios of NaCl to HTAC from 1
to 5, respectively. On the contrary, for the aqueous PEO-HTAC solution,
PEO6_40+HTAC, the D, is at 3.98x10"* m’/s and decreases slightly from 4.92 to
4.59x10™"* m%s for PEO6_40+[NaCI]/[HTAC] = 1/1' and PEO6_40+[NaCl]/[HTAC]
= 5/1, respectively. The values of R, found in aqueous PEO6 40+HTAC,
PEO6_40+[NaCl]/[HTAC] = 1/1 and PEO6_40+[NaCl]/[HTAC] = 5/1 are 55.9, 45.1
and 48.4 nm, respectively. The data from high molecular weight PEO, PEO20, are
also consistent with that of low molecular weight PEO, PEO6. D, varies from 2.40,
3.08 and 2.90x10™"* m?/s and the corresponding Ry, varies from 92.7, 72.2 and 76.4
for PEO20 15+HTAC, PEO20 15+[NaCl}J/[HTAC] = 1/1 and
PEO20_15+[NaClJ/[HTAC] = 5/1, respectively. Here, we find that addition of salt to
PEO-HTAC solutions first shifts Ry to a lower value, and then Ry, increases with
further increase in the mole ratio of NaCl to HTAC to five. Our results are consistent
with the previous published data reported by Khine et al. [35], who studied an
aqueous solution of PEO-HTAC and a ternary PEO-HTAC solution in 0.1 M KNO;.
They reported that an addition of 0.1 M KNO3 to PEO-HTAC solution can reduce Ry,
due to the effects of polymer chain contraction via the electrostatic screening and the

dissociation of multichain complexes.

Next, we report data of the normalized second cumulant, i,/ F3 which

indicates a measure of variation in the micelle or complex size. For the HTAC

systems, ,uszz varies between 0.16 and 0.07 for the aqueous HTAC and

[NaCl)/[HTAC] = 5. For the PEO-HTAC systems, 1, / T’ of PEO6 40+HTAC and
PEO6_40+[NaCl|/[HTAC]=5/1 are 0.83 and 0.23, respectively. The data clearly

suggest that an addition of sait reduces polydispersity or assists in stabilizing micelle

or complex structures formed.
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6.4.3 Friction factor vs. Reynolds number

6.4.3.1 Friction factor vs. Reynolds number of water

[n our experimental work, all friction factor measurements were carried out
using a double Couette cell, DCU, and a single Couette cell, SCU, where temperature
was fixed at 30°C. The friction factor, f and Reynolds number, Re, of sample
solutions were calculated by equations 11 and 12, respectively. Figure 6.1 illustrates
a plot of friction factor, f versus Reynolds number, Re of solvent or water at 30°C.
As can be seen from this plot, there is a change in the slope of f vs. Re at Re equal to

1000 (shear rate, y = 68.29 s™'). Previcus experimental studies have been carried out

to investigate flow transitions in Couette geometry. Nakken et al. (2001) [28]
measured the friction factor versus Reynolds number of water at 20°C by using a
standard double-gap sainple holder with the radius ratio, n, and the aspect ratio, o, of
0.98 and 222, respectively. They found that the change in the slope occurs at Re
equals to about 40. This transition represents the initial instability or the onset of the
Taylor instability. The slope is -1.00 in the region corresponding to laminar flow and
-0.60 in the region with the well defined Taylor vortices. Walowit et al. (1964) [36]
reported that an increase in radius ratio, 1, of the Couette geometry would result in a
decrease in the critical Re for the Taylor instability. -They also found that at the
radius ratio 1 equals to 0.40 (the radius ratio of our Couette geometry), the critical
value of Re for Taylor instability can be estimated to occur 68.

For turbulent transition, Coles (1965) [37] Koschmieder (1979) [38], and
Fenstermacher et al. (1979) [39] reported that at the radius ratio, 1 equal to 0.88, the
transition towards fuily turbulent flow in a Couette geometry occurs at Re equals to
23.50Re.t where Re.t is the critical Reynolds number for the onset of Taylor
instability. From the data of Walowit et al. [36], Coles [37], Koschmieder [38], and
Fenstermacher [39], we can estimate that the onset of turbulent transition should take
place in our cell at Re = 1600. Hence, we identify the change in the slope of f vs. Re
in Figure 1 as the turbulent transition. However, the critical Re of the onset of

Taylor instability cannot be observed from figure 1 due to the limitation of the torque
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sensor of our fluid rheometer because the minimum Re investigated is about 100.
The correlation between friction factor and Reynolds number of Figure 1 follows a
power law consisting of two regimes with a scaling exponent of -1.0 in the first
regime corresponding to some pre-transition flows, and a scaling exponent of -0.8 in
the second regime. Noted that many previous studies investigated drag reduction by
using small gap Couette device (n = 0.80 — 0.90) [37 - 41] since this type of Couette
generates the instability of fluid flow at low Re. In narrow gap Gouette cell, the flow
transition takes place smoothly starting from laminar flow, Taylor vortex flow, wavy
Taylor vortex flow, the combination of Turbulent and Taylor flows and fully
turbulent flow [37,38,39]. However, our experiment was carried out by using wide
gap Couette cell (n = 0.40). In wide gap Couette cell, we might only have laminar
flow, and then small scale fluctuations settled in with laminar boundary layers
develop along both walls. We bypass all together Tay!or sequences. The first regime
observed from the plot of f versus Re would be corresponding to weak turbulence
and the flow would becomes a strong turbulence at second regime or at high Re
number. In addition, the scaling exponents of the plot of f versus Re in wide gap
Couette are lower than those observed in narrow gap. This might occur due to the
existence of end effect [42]. The wider gap of Couette, the higher end effect
performs. The end effect appears to scale inversely with Reynolds number and might

shift the scaling exponents to lower value.

6.4.3.2 Effect of PEO concentration on f vs. Re

Figure 6.2 shows the dependence of friction factor, f, on Reynolds number,
Re, for PEO M,, of 6.06x10° g/mol (PEO6) at various PEO concentrations, and at
30°C. PEO concentrations investigated are 0, 10, '20, 40, 60, 200, and 300 ppm. As
can be seen from this figure, the correlation of f vs. Re decreases as PEO
concentration increases from 0 up to 40 ppm. We may identify a PEO concentration
as the optimum PEO concentration, ¢ pgo, a concentration at which a minimum
friction factor is obtained. Beyond c peo, the correlation of f vs. Re increases toward

an asymptotic correlation, independent of PEO concentration up to PEO
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concentration equal 300 ppm. We can summarize that the optimum PEO
concentration, ¢ pgo divides the effect of PEO concentration on friction factor into
two regimes. At ¢ < ¢ peo, the friction factor decreases with PEO concentration. This
observation is generally consistent with the viscous theory [17-19] and the elastic
[21, 22] theory on drag reduction. From the viscous theory, the expansion of polymer
chain by velocity gradient and the relaxation due to the elasticity of polymer
molecules occyrs simultaneously on the same time scales in a turbulent flow. These
behaviors lead to an increase in the hydrodynamic volume, an increase in extensional
viscosity, a reduced momentum transport in the buffer layer, and consequently a
reduction in the wall shear stress or the friction factor. In the elastic theory, as
polymer chains deform, they are capabie of storing some of the cascading energy of
turbulent eddies of various sizes. Thus the kinetic energy is not fully cascaded down
to smaller scales as it normally would, resulting in a larger Kolmogorov microscale
which is eventually dissipated, and thus a reduced wall shear stress. At ¢ > C-peo,
increasing polymer concentration does not induce a further decrease in the friction
factor. At sufficiently high PEO concentrations, interchain interactions and the total
chain volume cause drastic increases in shear and extensional viscosities and hence

they can overwhelm the drag reduction effect.

6.4.3.3 Effect of PEO molecular weight on f vs. Re

Figure 6.3 illustrates the dependence of friction factor, f, on Reynolds
number, Re, of PEO aqueous solutions of various molecular weights. In this figure,
the PEO concentration was fixed at the optimum concentraiions, ¢ pro. the PEO
concentration for each molecular weight of PEO. From our previous results [43], the
values ol C‘p]:jo are 50, 40, 30, and 15 ppm for PEO of My equal to 3.04x10°,
6.06x10°, 8.03x10°, and 17.9x10° g/mol, respectively. We find that no drag reduction
takes place for PEOI or PEO M,, 0.91x10° g/mol. In agreement with previous results
[23,29] and our previous work [43], we find that the higher molecular weight PEO
possess lower optimum PEO concentrations and there is a critical molecular weight
of polymer where drag reduction does not occur. The result from Figure 3 shows that

the correlation of f vs. Re of the PEO solutions at their ¢'pgo decreases with
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increasing PEO molecular weight. This indicates that a higher molecular weight PEO
has greater drag reduction effectiveness. This observation is consistent with either
the viscous [17-19] or the elastic [21, 22] theories of drag reduction as discussed
above. We further note that the optimum hydrodynamic volume fraction is
numerically similar for each PEO sample, ¢ 'peo[n] ~ 0.0145 + 0.002, and two orders
of magnitude smaller than the overlap value, ¢ pgo[n] ~ 1.0. The data are consistent
with the previous observations by Nakken et al [29] who found that drag reduction
by polymer occurs mostly at a hydrodynamic volume fraction of approximately
below 0.2.

6.4.3.4 Effect of HTAC on f vs.Re

The effect of surfactant on the correlation of f vs. Re in aqueous solutions of
various surfactant concentrations is illustrated in Figure 6.4. HTAC concentration
was varied from 0 to 5 mM at 30°C. At low HTAC concentrations (0 — 1.7 mM), the
correlation of f vs. Re decreases with increasing concentration up to the optimum
concentration, c‘nTAc, which is equal to 1.7 mM where the wall shear stress is
minimum. At cyrac > c'HTAc, the correlation of f vs. Re increases with increasing
HTAC concentration toward an asymptotic correlation when HTAC concentration
reaches 5 mM. Characterization data of HTAC in an aqueous solution obtained from
the previous studies [43] shows that the CMC (a critical micelle concentration of
surfactant at which formation of micelles occurs) of HTAC occurs at approximately
1.3 mM. Thus we are apparently seeing a gradual decrease in the friction factor prior
to the micelle formation. Our result maybe compared with the previously published
data [44-46] where they found that for dilute solutions containing a cationic
surfactant and counterions a thread-like micelle structure formed is necessary for the
surfactant to be an effective drag reducer. On the other hand, the reduction of friction
factor may be related to lowering of the surface tension by free surfactants, or
turbulence itself may favor free surfactants to form micelles even at very low
surfactant concentration. A recent study by B Lu et al. (2004) [47] reported that the

reduction in the wall shear stress is accomplished by the additive-introduced
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viscoelastic stress generated by HTAC and sodium salicylate counter-ions. He
postulated that surfactant additives may have dual effects on frictional drag: (1)
introduce viscoelastic shear stress which increases the frictional drag; and (2)
dampen seme turbulent vortex structures, or the decrease the turbulent shear
stress/momentum transport, and hence the decrease in the friction factor. Since the
second effect is greater than the first one, drag reduction results.

6.4.3.5 Effect of counter-ion on f vs. Re

Figure 6.5.1 shows the correlation of f vs. Re for a) pure aqueous solution;
b) the aqueous solution with HTAC at 5.0 mM; and c¢) the aqueous solution with
HTAC at 5.0 mM and NaCl added at the mole ratio [NaCl]/[HTAC] equal to 5/1. In
this figure, we find the changes in slope of f vs. Re occur at Re equal to 1000, 420
and 900 for the systems of pure water, HTAC 5.0 mM and HTAC 5.0 mM +
[NaCl})/[HTAC] = 5/1, respectively. The changes in slope correspond to the transition
towards fully turbulent flow. In our systems investigated, we observe a decrease in
the correlation of f vs. Re at all Re in the presence of HTAC at 5 mM. This HTAC
concentration at 5.0 mM is well above CMC value of HTAC in aqueous solution;
CMCyrac = 1.3 mM. In the presence of added salt, the correlation of f vs. Re
increases above that without salt.

Figure 6.5.2 illustrates the schematic drawings of micelle structures of
HTAC in aqueous solution with and without NaCl added. For the aqueous solution of
HTAC 5.0 mM in salt free solution, most surfactants form spherical micelles:
however, there are some free surfactants left in the solution. For the aqueous solution
of HTAC 5 mM with salt added, a thread-like micellar network microstructure
appears due to the neutralization of the positi\.re charges on the surfactant headgroups
by the negative charges of the counterion molecules [44-46]. Our work demonstrate
that the friction factor increases with exessive counterions added as a result of the
increased viscous resistance because of the presence of thread-like micelles. This
should be contrasted with the work of [46] who reported that the friction factor is

reduced when salt is added at relatively small counter-ion/surfactant ratios.
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6.4.3.6 Effect of HTAC concentrations on f vs. Re: Low molecular weight PEO

The influence of HTAC concentration on drag reduction for aqueous
solutions of low molecular weight PEO and HTAC complexes was investigated and
shown in Figure 6.6. Figure 6.6.1 shows the dependence of friction factor, f vs.
Reynolds number, Re, at various HTAC concentrations at 30°C for the complex
solutions of PEO1 ( PEO M,, 0.91x10° ‘g/mol at 200 ppm and HTAC which is
designated as HTAC/PEO1_200). The data shows that with increasing HTAC
concentration from 0 to 2.0 mM, the correlation f vs. Re decrease towards a
minimum value at the optimum HTAC coneentration, C‘HTA(‘.PEO, of 1.3 mM. Above
this optimum concentration, the correlation f vs. Re increases towards an asymptotic
correlation at HTAC concentration equal to 2.0 mM. The HTAC concentration equal
to 2.0 mM is very close to the CMC value of HTAC/PEO1 200; i.e., CMC
uracpeol 200 = 1.90 mM. No drag reduction occurs when HTAC concentration is
greater than the CMC for this HTAC-PEO complex solution. Previously, we may
recall that the wall shear stress does not decrease for the aqueous solution of PEO
M, 0.91x10° g/mol at 200 ppm in the absence of HTAC, as evidenced in our
previous work [43]. Thus, an addition of small amounts of HTAC to a non-drag
reducing PEO solution can induce turbulent drag reduction. Figures 6.6.2a — 6.6.2d
illustrate the schematic drawings of the polymer and polymer-surfactant complexes
of PEO1 and HTAC at various concentrations in aqueous solutions. (a) PEO1 200;
PEO M,, 0.91x10° g/mol 200 ppm. The linear flexible polymer molecules exist as a
random coil in the aqueous solution. (b) PEO1_200 + HTAC 0.8 mM; PEO M,,
0.91x10” g/mol 200 ppm and HTAC concentration equal to 0.8 mM. The cationic
surfactants bind to polymer and the polymer chains were expanded due to the
repulsive force between positive head group of surfactants. (c) PEO1 200 + HTAC
1.3 mM; PEO M,, 0.91x10° g/mol 200 ppm and HTAC concentration equal to 1.3
mM. Here, we find the minimum value of the friction factor when HTAC
concentration is equal to 1.3 mM. This HTAC concentration is slightly smaller than
the MBC or the maximum binding concentration of PEOI 200 + HTAC;
MBCreo1 200+Tac = 1.80 mM. This MBC is defined as the concentration at which
polymer chains are bound and saturated with surfactant molecules. Thus, at this
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HTAC concentration, polymer chains are fully expanded due to electrostatic
repulsions between bound surfactant molecules [33]. Consequently, the chain
hydrodynamic radius, R;, and the extensional viscosity increase to their maximum
values at MBC. (d) PEO1_200 + HTAC 2.0 mM; PEO M,, 0.91x10° g/mol 200 ppm
~ and HTAC concentration equal to 2.0 mM. Above the critical micelle concentration
of PEO1_200+HTAC; CMCpgoi 200+1tac = 1.90 mM, spherical micelles form in the
aqueous solution and also bind onto the polymer chains. In addition, the excess
surfactant causes electrostatic screening between bound micelles, and therefore,
chain contraction occurs. We may explain the drag reduction behavior of these
HTAC-PEO complexes by two mechanisms. First, unassociated HTAC molecules in
HTAC/PEO mixtures may act to produce drag reduction by itself, as evidenced by
the data of Figure 4. Second, which may coexist with the first, binding of HTAC
molecules to PEO chains occurs, resulting in a chain expansion, and an increase in
hydrodynamic volume and extensional viscosity. These two mechanisms promote

drag reduction in PEQ-HTAC complex.

6.4.3.7 Effect of HTAC concentrations on f vs. Re of high molecular weight PEO-

HTAC complex solutions

Next, we investigate the effect of HTAC concentration on the correlation of
f vs. Re of high molecular weight PEO6 ( PEO M,, 6.06x105 g/mol) and HTAC in
aqueous solution at 30°C. Figure 6.7.1 illustrates the correlations of friction factor, f,
versus Reynolds number, Re, of aqueous solutions of PEO6 at 40 ppm and HTAC at
various concentrations. This PEO concentration is the optimum PEO concentration
or ¢ pro, the PEO concentration at which f of pure PEO6 solution is minimal. The
correlation of friction factor monotonically increases with increasing HTAC
concentration from 0 to 2.0 mM. This finding can be contrasted with the results of
the low molecular weight PEO1, where we find that adding surfactant initially
reduces friction factor. The schematic drawings of PEO6 40 and PEO6 40+HTAC
in aqueous solutions are shown in Figures 6.7.2a and 6.7.2b, respectively. (a)
PEO6_40; PEO M,, 6.06x10° g/mol at 40 ppm. Polymer chains are fully stretched
due to turbulence. (b) PEO6_40+HTAC (PEO M,, 6.06x10° g/mol at 40 and HTAC).
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Polymer chains and surfactant molecules combine to form complexes. To explain
this behavior, we first note that the increase in the friction factor occurs at very low
levels of HTAC; below the nominal CAC (CACpgos 40+1rac = 0.18 mM). It appears
that the CAC of PEO6 40+HTAC solution is reduced by turbulence. More surfactant
molecules can bind onto polymer chains which results in the increased rigidity of the
polymer-surfactant complexes. Furthermore, when HTAC concentration is greater
than MBC of PEO6 40+HTAC solution (MBCpeog sosirac = 0.20 mM.) the
hydrodynamic volume of PEO-HTAC complex is reduced due to the polymer chain

contraction via electrostatic screening effect between bound micelles.

6.4.3.8 Effect of counterion on fvs. Re of PEO-HTAC complex solutions

Figure 6.8 shows the effect of ionic strength on the polymer — surfactant
complex and the correlation of f vs. Re. The correlations of f vs. Reynolds number
shown in Figure 6.8 are: a) water; b) PEO6 40+HTAC 5.0 mM; ¢) PEO6_40+HTAC
5.0 mM+[NaCl}/[HTAC] = 1/1 and d) PEO6 40+HTAC 5.0 mM+[NaCl}J/[HTAC] =
5/1. Here, PEO6 40 is PEO M, of 6.06x10° g/mol at 40 ppm. The HTAC
concentration was fixed at 5.0 mM and the mole ratio of NaCl to HTAC was varied
from 0, 1 and 5, respectively. The correlation of f vs. Re of water and
PEO6 40+HTAC 5.0 mM in the salt free solution are nearly the same. We may note
that the HTAC concentration is well above MBC. On the other hand, with added salt,
the correlation dramatically decreases with increasing mole ratio of [NaCl]/[HTAC].
Figures 6.8.2a — 6.8.2b illustrate the schematic drawings of PEO6_40 + HTAC in salt
free aqueous solution and in aqueous solution with salt added, respectively. In the
salt free aqueous solution, binding of micelles on the multichain polymer-surfactant
complexes occurs in the solution, le-ading to an increase in hydrodynamic volume of
polymer-surfactant complex. Simultaneously, those bound micelles enhance polymer
chain rigidity and reduce the overall elasticity. In the presence of salt, the number of
bound HTAC molecules per chain increases or the added salt stabilizes the binding
of HTAC micelles to the polymer due to the reduction of electrostatic repulsions
between surfactant head groups [33]. In addition, the hydrodynamic volume of PEO-
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HTAC complex is reduced due to effects of polymer chain contraction via the
electrostatic screening and the dissociation of multichain complexes. The decrease in
the friction factor upon addition of salt to PEO-HTAC complex is suggested to be
related to the stabilized PEO-HTAC complex formation, and possibly due to the
decrease in the PEO chain rigidity resulting from the dissociation of multichain
complexes.

1
L2

6.4.3.9 Effect of various types of drag reducing additives in aqueous solutions

The effect of various types of drag reducing additives on friction factor, f
versus Reynolds number, Re is summarized and shown in Figure 6.9. This figure
shows the dependence of friction factor versus Reynolds number of: a) water, b)
PEO6_40, c) HTAC 5.0 mM and d) PEO6 40+HTAC 5.0 mM. Apparently, for the
pure polymer solution of PEO6_40 ( PEO M,, 6.06x10° g/mol at 40 ppm) it exhibits
the lowest correlation of f vs. Re. For the surfactant solution, HTAC at 5.0 mM, the
friction factor is lower than that of water but the drag reduction effectiveness is
smaller when compared to that of the pure polymer solution. For the polymer-
surfactant complex solution of PEO6 40+HTAC 5.0 mM, the correlation is nearly
the same as that of pure water. In this case, the concentration of PEO6 is at 40 ppm
the optimum PEO concentration, c'pgo. The HTAC concentration is at 5.0 mM, well
above CMC which is 1.3 mM. The small reduction of friction factor of the pure PEO
and HTAC solutions can be explained due to an increase in hydrodynamic volume,
an increase in extensional viscosity, and possibly the elasticity of polymer and
micelle structures. When HTAC is added to PEO, the correlation of f vs. Re
increases with HTAC concentration. The finding may be explained in terms of the

increased rigidity of the complex and the multichain association.

6.5 Conclusions

The dependence of friction factor on Reynolds number of poly(ethylene

oxide) (PEO), cationic surfactant (HTAC) and their complexes in aqueous solutions
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was investigated systematically with regards to various variables; polymer
concentration, polymer molecular weight, surfactant concentration and ionic
strength. Consistent with previous published data, the onset of turbulent transition
takes place at Re = 1600. High molecular weight of PEO and PEO concentration up
to the optimum PEO concentration, C‘pEo promote the reduction of friction factor. In.
aqueous HTAC solution, the friction factor decreases with increasing HTAC
concentration and levels off at an optimum concentration, c'm-,.\c, whose value is
comparable to the critical micelle concentration (CMC). Furthermore, the friction
factor of aqueous HTAC solutions increases with excessive counter-ions added due
to the increased viscosity resulting from the presence of thread-like micelles. For
aqueous PEO-HTAC solutions, binding of HTAC to PEO chains induces polymer
chain expansion and the magnitude of the hydrodynamic volume of the polymer-
surfactant complexes. This behavior results in the minimum of friction factor at
maximum binding concentration (MBC). Addition of counter-ion to PEO-HTAC
complex decreases the friction factor due to the stabilized PEO-HTAC complex
formation, and possibly due to the decrease in the PEO chain rigidity. It appears that
pure polymer solution at ¢ pgo exhibits the lowest friction factor when compare to

pure HTAC and PEO-HTAC complex solutions.
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Table 6.1 Various parameters obtained from viscosity and light scattering

measurements at different molecular weights of PEO in aqueous solutions at 30°C

101

Code of M, x 107 Ml ) D, x 10" Ry 1,
:ﬁf:; (@/mol) W) | "eroln] | (m¥/sec) i) F_z
PEOI 0.91+0.05 | 0.100 - 33211 | 1669214 | 0502003
PEO3 3.04+034 | 0245 | 00123 | 7.0403 | 31.71+3.6 | 0.49+0.03
PEO6 6.06+0.08 | 0412 | 00165 | 57:03 | 38.87+22 | 0.39+0.05
PEO9 8.03+0.61 | 0503 | 00151 | 46+04 | 4856+42 | 0.37+0.05
PEO20 | 17.90+037 | 095¢ | 0.0143 | 32:04 | 7024+93 | 0.32:0.05

# " - . . .« e s e f
Note: "¢ pgo is an optimum PEO concentration for minimum friction factor in pure

PEO solutions; C'PEOJ =0.05 ¢/, C.PEOqS: 0.04 g/1, C‘pE()g =0.03 g/l, C‘pﬁogr_) =0.015

g/l



Table 6.2 Various parameters obtained from light scattering measurement for HTAC, PEO-HTAC and PEO-HTAC-NaCl

complex solutions at 30°C

Codes of system studied PEO M, C pEG o D, x 10" R, (nm) f—i
(mM of PEO T
(g/mol) (ppm) | repeating unit ) (m*/s)
"HTAC 1.3 mM - . - 170+2.00 1.31:0.015 [ 0.16£0.01
* HTAC 0.7 mM+[NaCl}/[HTAC] = 1/1 - . . 99.8:2.04 | 2.23:0.045 | 0.17:0.01
* HTAC 0.6 mM+[NaCl]/[HTAC] = 5/1 . - - 90.7+1.53 | 2.45:0.041 | 0.07:0.01
PEO6_40+HTAC 5.0 mM 6.06x10° 40 0.91 3.98+0.20 55.9+2.81 0.83+0.04
PEO6_40+HTAC 5.0 mM+[NaCl]/[HTAC] = 1/1 6.06x10° 40 0.91 4.92:0.03 45.1:0.23 0.21:0.01
PEO6_40+HTAC 5.0 mM+[NaCl]/[HTAC] = 5/1 6.06x10° 40 0.91 4.59:0.03 48.4:0.34 0.23:0.01
PEO20_15+HTAC 5.0 mM ‘ 17.9x10° 15 034 « | 240:0.17 92.7+6.73 0.61:0.03
PEO20_15+HTAC 5.0 mM+[NaCl}/[HTAC] = I/1 17.9x10° IS 0.34 3.08:0.05 72.2:1.21 0.25:0.02
PEO20_15+HTAC 5.0 mM+[NaCIJ/[HTAC] = 5/1 17.9x10° 15 0.34 2.90:0.03 76.4:0.81 0.22:0.01

Note: “Light scattering data were determined at the critical micelle concentration; CMCyrac = 1.3 mM, CMCpacijutac)=11 =

0.7 mM and CMC]N&CT];’[HTAC] =5/ = 0.6 mM.
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Figure 6.1 Friction factor, f versus Reynolds number, Re of water at 30°C. Re, is the

critical Reynolds number; Re, of water at 30°C = 1,000.
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Figure 6.2 Friction factor (f) vs. Reynolds number (Re) at various PEO concentrations

of aqueous PEO solutions of PEO6, PEO M,, = 6.06x10° g/mol, at 30°C.
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Figure 6.3 Friction factor (f) vs. Reynolds number (Re) at the optimum PEO

concentrations of various PEO molecular weights at 30°C: (a) PEO1_50 ppm, PEO M,,
0.91x10° g/mol, 50 ppm; (b) PEO3 50 ppm, PEO M,, 3.04x10° g/mol, 50 ppm; (¢)
PEO6_40 ppm, PEO M,, 6.06x10’ g/mol, 40 ppm; (d) PEO9 30 ppm, PEO M,, 8.03x10’
g/mol, 30 ppm and (e) PEO20 15 ppm, PEO M,, 17.9x10° g/mol, 15 ppm.
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Figure 6.4 Friction factor (f) vs. Reynolds number (Re) at various HTAC

concentrations of aqueous HTAC solutions at 30°C. The critical micelle concentration,
CMC of HTAC is 1.3 mM.
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Figure 6.5.1 Friction factor (f) vs. Reynolds number (Re) at 30°C for aqueous solutions

of: (a) water; (b) HTAC 5.0 mM; (¢) HTAC 5.0 mM + [NaCl}/ [HTAC] = 5/1.
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(a) HTAC in aqueous solution (b) HTAC in NaCl solution

Figure 6.5.2 Schematic drawings of micelle structures of (a) HTAC in aqueous solution
and (b) HTAC in NaCl solution
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Figure 6.6.1 Friction factor (f) vs. Reynolds number (Re) at various HTAC
concentrations and 30°C for aqueous solutions of HTAC/PEO1 200, PEO M,, =
0.91x10° g/mol, 200 ppm. The critical micelle concentration, CMC of HTAC/PEO1 200
is 0.19 mM. The maximum binding concentration, MBC of HTAC/PEO1 200 is 1.80
mM and the critical aggregate concentration, CAC of HTAC/PEO1 200 is 1.90 mM.
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(¢) PEOI_200 + HTAC 1.3 mM (d) PEOI_.?OO + HTAC 2.0 mM

Figure 6.6.2 Schematic drawings of (a) PEO1 at 200 ppm in aqueous solution
and (b) — (d) the complexes between PEO1 at 200 ppm and HTAC at various

HTAC concentrations in aqueous solution.
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Figure 6.7.1 Friction factor (f ) vs. Reynolds number (Re) at various HTAC
concentrations and 30°C for aqueous solutions of HTAC/PEO6 40, PEO M,, = 6.06x10°
g/mol, 40 ppm. The critical micelle concentration, CMC of HTAC/PEO6 40 is 0.18
mM. The maximum binding concentration, MBC of HTAC/PEO6 40 is 0.20 mM and
the critical aggregate concentration, CAC of HTAC/PEO6 40 is 1.70 mM.
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(@PEO6 40 (b) PEO6 40 + HTAC

Figure 6.7.2 Schematic drawings of (a) PEO6 at 40 ppm in aqueous solution and

(b) the complexes between PEO6 at 40 ppm and HTAC in aqueous solution.
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Figure 6.8.1 Friction factor (f) vs. Reynolds number (Re) at 30°C for aqueous solutions
of: (a) water; (b) PEO6_40 + HTAC 5.0 mM, PEO M,, 6.06x10° 40 ppm and HTAC,
5.0 mM; (c) PEO6_40 + [NaCI}J/[HTAC] = 1/1, PEO M,, 6.06x10°, 40 ppm, HTAC

5.0 mM and NaCl, 5.0 mM; (d) PEO6_40 + [NaCI)/[HTAC] = 5/1, PEO M,, 6.06x10°,
40 ppm, HTAC 5.0 mM and NaCl 25.0 mM.



114

(a)PEO6_40 + HTAC (b) PEO6_40 + HTAC + NaCl

Figure 6.8.2 Schematic drawings of (a) the complexes between PEO6 at 40 ppm and
HTAC 4t 5.0 mM in aqueous solution and (b) the complexes between PEO6 at 40 ppm
and HTAC at 5.0 mM in NaCl solution.
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Figure 6.9 Friction factor (f) vs. Reynolds number (Re) at 30°C for aqueous solutions
of: (a) water; (b) PEO6_40, PEO M,, 6.06x10° g/mol, 40 i)pm; (¢) HTAC 5.0 mM;
(d) PEO6_40 + HTAC 5.0 mM, PEO M,, 6.06x10° g/mol, 40 ppm and HTAC 5.0 mM.
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