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Abstract: The behaviour of two types of drag reducing surfactant solutions was studied in
turbulent flows in pipes of different diameters. Our surfactant systems contained rod-like
micelles; they consisted of equimolar mixtures of n-tetradecyltrimethylammonium bro-
mide, n-hexadecyltrimethylammonium bromide, and sodium salicylate. The structure
of the turbulence was studied using a laser-Doppler anemometer in 2 50 mm pipe. In the
turbulent flow regime both surfactant solutions exhibited characteristic flow regimes.
These flow regimes can be influenced by changing the amount of excess salt, the surfac-
tant concentration, or the temperature. Shear viscosity measurements in laminar pipe
and Couette flows show the occurrence of the so-called shear-induced state, where the
viscosity increases and the surfactant solution becomes viscoelastic. The shape of the tur-
bulent velocity profile depends on the flow regime. In the turbulent flow regime at low
Reynolds numbers, velocity profiles similar to those observed for dilute polymer solu-
tions are found, whereas at maximum drag reduction conditions more “S-shaped” pro-
files that show deviations from a logarithmic profile occur. An attempt is made to explain
the drag reduction by rod-like micelles by combining the results of the rheological and the
turbulence structure measurements.
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1. Introduction

Most of the published work in the field of drag
reduction by additives deals with polymeric additives.
Nevertheless, drag reduction in turbulent flows can
also be obtained by the addition of fibres or surfactants.
Although surfactants were used in one of the earliest
experiments where drag reduction was reported [1],
relatively little work has been published in the field of
drag reduction by surfactants in comparison to other
types of additives. A review of drag reduction with
special reference to surfactant drag reduction was pub-
lished in 1984 by Shenoy [2].

Drag reduction has great potential practical applica-
tions in view of the possible large reduction of energy
losses due to turbulent friction. A review of current
and possible future applications was published by Sel-
lin et al. [3]. The main current application of drag
reduction is the increase in flow rate in crude-oil pipe-
lines by the addition of polymers [4]. Furthermore,
polymeric additives prevent flooding in sewers by
increasing the flow rate during times of overloading by
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heavyrain [5]. A problem of using polymeric additives
in closed circuits is degradation, Le., polymers lose
their drag-reducing properties with 'the number of
passes in a closed circuit due to a change of their mole-
cular parameters. However, for practical applications
in closed circuits, like central-heating systems, cooling
circuits and air-conditioning systems, the use of drag-
reducing surfactants may prevent these degradation
problems. Several authors have found that no degrada-
tion occurred over long time periods in surfactant solu-
tions [6-13].

“Surfactant” is a convenient abbreviation of “surfa-
ce-active agent”. Among the surfactants used for drag
reduction one has to differentiate between nonionic,
anionic, and cationic surfactants. The disadvantage of
anionic surfactants, which are mainly salts of fatty
acids, 1s that they form insoluble salts with the calcium
and magnesium ions present in tap and sea water
[2,14,15]. This disadvantage is avoided by a combina-
tion of the cationic surfactant hexadecyltrimethylam-
monium bromide, often called CTAB, and 1-naphthol
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[8,11,12,15,16]. Mixtures of 1-naphthol with other
cationic surfactants based on quaternary ammonium
salts have been described [11,17,18].

It has been shown that these and other cationic
surfactants in combination with a variety of differ-
ent organic ions, €.g., sodium salicylate, can be used
as drag reducing agents [7,9,13,19-23] in water.
These surfactant systems give rise to rod-like
micelles. These are formed by single surfactant mole-
cules if the concentration exceeds a characteristic
surfactant concentration, ¢;, which depends strongly
on the temperature [7,26,27]. Drag reduction
occurs only if rod-like micelles are present in the
solution [7,23]. The length of the rods and the degree
of drag reduction both increase with increasing sur-
factant concentration. In the concentration range for
drag reduction, typically 500-2000 ppm by weight,
the length of the rod-like micelles is less than 80nm.
In such surfactant solutions at rest, the rods can rot-
ate freely without interfering with each other [7]. It
was Savins who first recognized that drag-reducing
surfactant solutions show a viscoelastic flow behav-
iour [10].

Shear viscosity measurements in laminar pipe and
Couette flows show that these dilute surfactant solu-
tions behave like normal Newtonian fluids at low
shear rates. At shear rates above a critical value,
however, the viscosity suddenly increases due to the
formation of a shear induced state (SIS) [7, 13, 23, 25,
27-30]. The critical shear rate and the increase in vis-
cosity depend not only on the temperature and surfac-
tant concentration, but also on the geometry of the
measuring equipment, e.g., the slit width of the
Couette viscometer [7]. The formation of the SIS is
accompanied by a marked flow birefringence. Flow bi-
refringence measurements show that in the SIS the
rods are completely aligned in the direction of the flow
[24,25]. The origin of the SIS is not yet fully un-
derstood. Two models have been discussed: coales-
cence of the rod-like micelles to form very long flexible
rods that act like high molecular polymers, or the
build-up of ordered structures of individual rods
by cooperative electrostatic interaction [7, 24, 25,
29,30].

The turbulent friction behaviour of drag reducing
surfactant solutions is characterized by the critical
wall-shear stress. Beyond this critical wall-shear
stress a reversible loss of drag reduction is observed,
ie., drag reduction is recovered when the wall-shear
stress again falls below the critical value [7, 9, 10, 11,
16,32]. The critical wall-shear stress is independent

of the pipe diameter [6,11,32,33] and can be
increased by increasing the concentration [9,15,33].
The turbulent friction behaviour depends on the size,
number, and surface charge of the micelles [7,23].
Even in pipes of larger diameters Virk’s [34]
maximum drag reduction asymptote can be
approached [7,9,12,13,32]. Recent small angle neu-
tron scattering experiments [35] in a turbulent channel
flow demonstrated that micelles are not destroyed by
excess critical wall-shear stress, but that their
orientation and superstructures break down instead.
This agrees with [7] which showed that the time con-
stants involved in the formation of rod-like micelles
are on the order of 10°-10*s for the surfactants used
n [35].

Velocity profile measurements in turbulent flows of
drag reducing surfactant solutions have been carried
out in both channel [36-38] and pipe flows [13]. The
experimental results (as shown in Figures 10-15 of this
work) show that the dimensionless velocity profile at
the end of the viscous sublayer, which seems to be
unchanged, follows Virk’s [34] ultimate profile in the
buffer zone. In the core region the velocity profiles are
sometimes parallel to the Newtonian core region as is
found for drag-reducing dilute polymeric solutions.
They sometimes have an increased slope in the core
region that indicates a changed turbulence structure in
this region. In the case of Virk’s [34] maximum drag
reduction the velocity profiles in the buffer region are
S-shaped, i.e., they deviate from Virk’s logarithmic
ultimate proﬁle at smaller wall distances to Jower, in
the medium range to higher, and at larger wall dis-
tances to Jower dimensionless velocity values. There-
fore the shape of the dimensionless velocity profiles at
maximum drag-reduction conditions is more similar
to alaminar profile than to a turbulent logarithmic pro-
file. The maximum of the axial turbulence intensity,
normalized by the friction velocity, is shifted towards
the centre of the channel or pipe in comparison with a
Newtonian fluid. It seems to decrease in channel flows
and to increase in pipe flows.

In the present article the experimental results of
the rheological properties, the fricion behaviour
and the turbulence structure measurements of two
cationic drag-reducing surfactant solutions are
summarized. Special attention is also given to the in-
fluence of temperature and concentration on the
micellar properties and flow behaviour. A deeper
knowledge of the interaction between micelles and tur-
bulence structure which leads to drag reduction is
sought.
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2. Experimental

2.1. Sample material

Two cationic surfactants were investigated. Equimolar mixtures
of the cationic surfactants n-tetradecyltrimethylammonium bro-
mide, C,;;TABr, or n-hexadecyltrimethylammonium bromide,
C.¢TABr, with sodium salicylate (NaSal) were used. These mix-
tures were added to the desired amount of tap water and pumped
around in a closed-circuit flow system for approximately three
days, heating up to a maximum temperature of 30 °C. Thus the sur-
factant solutions n-tetradecyltrimethylammonium  salicylate
(C,.TASal) and hexadecyltrimethylammontum salicylate (C, TA-
Sal) were obtained in a thermodynamic state of equilibrium that
contained an equimolar amount of the salt NaBr.

2.2 Experimental set up

The lengths of the rod-like micelles were determined by electri-
cal birefringence measurements; the apparatus used and the evalua-
tion of the data were similar to those described in [39,40].

The flow curves of the surfactant solutions were investigated in
Couette viscometers, i.e., at low shear rates in the Low Shear 2 and
100 viscometer by Contraves and at high shear rates in the Roto-
visko RV2 viscometer by Haake. The measuring systems used
were system 1 for the Low Shear 2 and 100 (gap widths 0.5 mm) and
NV for the Rotovisko (double gap widths 0.4 and 0.5 mm). In addi-
tion a capillary viscometer (d = 2mm, [ = 13.7 m) described in
detail in [7] was used.

The friction behaviour data were obtained in three different flow
systems with pipe diameters of 6 mm, 30 mm, and 50 mm. The fluid
was continuously pumped around in these closed systems. The
flow rates were recorded by inductive flowmeters (Fisher & Porter
D10 DK 1425), the temperatures by resistance thermometers, and
the pressure drops by pressure transducers placed between pres-
sure taps spaced 1 or 2 mapart. A sufficiently long entrance length of
I{d = 280 was provided to ensure a fully developed turbulent flow
in the measuring section, since the Newtonian entrance length of
I/d = 50 is increased in the flow of drag-reducing polymer solu-
tions. The axial velocity component was measured using a laser-
Doppler-anemometer (LDA) supplied by DISA and operated in
the backscattering mode in the 50 mm pipe 280 diameters beyond
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Fig. 1. Length of the rods of a solution of C,, TASal

the entrance of the pipe. To avoid distortion of the laser beam due to
the curvature of the pipe, a flat window was inserted in the pipe and
the velocity data measured in the opposite part of the axial symmet-
ric velocity profile. The measuring volume was 0.8 mm in length
and 0.05 mm in diameter with a fringe spacing of 5 pm. A computer
collected 14000 data of the momentary axial velocity at each meas-
uring point, measurements being taken every 20 ms. For the meas-
urements of the autocorrelation function and the energy spectrathe
data were collected with a sample frequency of 500 Hz. The meas-
uring volume could be traversed by focussing the front lense of the
LDA-system. A more detailed description of the LD A-system used
can be found in [41].

3. Experimental results
3.0 Influence of salt on surfactant systems

All surfactant solutions used for drag reduction and
LDA measurements were prepared by dissolving the
proper amounts of equimolar mixtures of the salts
C,TABr and NaSal in tap water. Apart from the sur-
factant C, TABr the solutions investigated always con-
tained an equimolar amount of NaBr and slightly vary-
ing amounts of other electrolytes. Additional electro-
lytes greatly influence the physico-chemical and rheo-
logical properties of micellar systems [23,42 ,43].

Excess salt shifts the characteristic concentration of
the build-up of rod-like micelles, c,, to lower values
and consequently the lengths of the rods start to
increase [23,42]. Figure 1 shows the change of the rod
length in a C,, TASal solution as a function of both the
temperature and the water used for the experiments.
The lengths of the rods increase with increasing salt
concentration and decrease with temperature. Else-
where it is demonstrated that the kinetics of the micel-
lar system are influenced very dramatically by excess
salt [42,45]. Consequently, the laminar and turbulent
flow behaviours of the surfactant solution are changed
similarly by the addition of salt and by an increase in
temperature (compare the results in chapter 3.1 and
3.2) [45]. Nevertheless, all the results of this worlk are
valid because the principal laminar and turbulent flow
behaviours of the surfactant systems used are still the
same.

3.1 Shear viscosity measurements

As mentioned in chapter 2 the flow curves of the
surfactant solutions were investigated in Couette vis-
cometers and in a capillary viscometer. Figure 2 shows
a plot of the shear viscosity versus shear rate for equi-
molar mixtures of C, TASal and NaBr in tap water.
The C,, TASal solution behaves like a Newtonian fluid
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Fig. 2. Shear viscosity of a C;,TASal- or C,, TASal solution in tap
water at T = 22.5°C and ¢ = 930 ppm

at low shear rates. Only for D > 200s™" can a slight
increase of the viscosity be observed. The C, TASal
solution shows a more complex rheological behav-
iour. In the shear range D = 20-50s"" the viscosity
suddenly increases by a factor of 2.5 due to  the forma-
tion of the shear-induced state (SIS) [7,13,23,25,27-
30, 31]. It was impossible to estimate the shear viscos-
ity in this range in the Low Shear Viscometer because
the cylinder moved elliptically in the gap due to its
non-compulsorily centred cylinder so that no steady
values of torque could be obtained. Furthermore, in
[7] a shear viscosity depending on the gap width of the
viscometer was found in this range. At higher shear
rates the viscosity declines with increasing shear rate
for the C,,TASal solution.

To demonstrate the influence of the additional salt
present in tap water, Fig. 3 shows viscosity data of the
C,,TASal solution at various temperatures in de-
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Fig, 3. Shear viscosity at various temperatures of a C,, TASal solu-
tion in de-ionized water at ¢ = 930 ppm
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Fig. 4. Shear viscosity at various temperatures of pure C;, TASal
solution (without NaBr) in de-ionized water at ¢ = 1000 ppm

ionized water. In de-ionized water the SIS also occurs
in the C,, TASal solution. However, the magnitude of
the increase in the shear viscosity at the critical shear
rate, where the SIS occurs, decreases with increasing
temperature. At higher temperatures the flow curves
are steadier and the viscosity increases only at higher
shear rates. Figure 3 shows how the occurrence of the
SIS is shifted to higher shear rates with increasing tem-
perature.

Figure 4 displays shear viscosities measured in lami-
nar pipe flow as a function of shear rate and tempera-
ture for a 1000 ppm solution of the pure surfactant
C,,TASal in de-ionized water. A comparison of
Figs. 2-4 demonstrates that with an increasing amount
of excess salt the critical shear gradient y, for the build
up of the SIS is shifted to higher shear rates and the
increase in shear viscosity at J, decreases. As men-
tioned already in chapter 3.0 the addition of electro-
lytes to surfactant solutions influences the shear viscos-
ity in a way similar to an increase in temperature.

3.2 Friction bebaviour

The friction behaviour of the surfactant solution
was determined by measurements of the pressure drop
and the flow rate in pipes of different diameters. In the
plots of the friction behaviour the friction factor is

defined by

_Apd

—2 2low* ™)

where A p/lindicates the pressure drop per unitlength,
d the diameter of the pipe, g the density of the fluid,
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and w the bulk velocity. The Reynolds number is
defined by

wd
Re :T (2)

where v is the kinematic viscosity of the solvent. In
studies of the friction behaviour of drag-reducing
fluids it is convenient to use the solvent viscosity in-
stead of the solution viscosity, since, according to Virk
[34], the shear-thinning behaviour of dilute polymeric
solutions has little effect on gross flows. Whether this
convention is suitable for surfactant solutions showing
a different rheological behaviour compared to dilute
polymer solutions (see last section) will be discussed
later. The advantage of this convention is that whene-
ver shear-induced states have an influence on the (tur-
bulent) friction behaviour of surfactant solutions an
increase in the friction factor should occur at a certain
Reynolds number. In addition, this convention per-
mits the checking of the empirical friction law of maxi-
mum drag reduction [34]

Vif =19 log;, (Re V/f) —32.4, 3)

which seems to limit the maximum attainable drag
reduction.

In Fig. 5 the friction factor f of the C;, TASal solution
n tap water in equimolar mixture with NaBrina 6 mm
pipe is plotted versus the Reynolds number for differ-
ent temperatures. In the laminar-flow regime all fric-
tion factors of the surfactant solution lie above those
determined by the equation f = 16/Re which results
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Fig. 5. Friction behaviour of a C;, TASal solution in tap water for
various temperatures in a 6 mm pipe at ¢ = 930 ppm

from Hagen-Poiseuille’s law. The drag-reduction
regime is limited by the Prandt-Kirmén law for a
Newtonian fluid

!
Vi 4 log,, (Re f) — 0.4 (4)

and by Virk’s maximum drag reduction asymptote,
Eq. (3).

The friction behaviour in the turbulent-flow regime
depends strongly on the temperature. At lower tem-
peratures the friction factor slightly increases atthe end
of the laminar-flow regime and approaches the
Prandt-Karman law for the turbulent flow of a New-
tonian fluid. At these lower temperatures the surfac-
tant solution shows an onset behaviour as observed in
the flow of dilute polymer solutions [34], i.e., drag
reduction in turbulent flow occurs when a critical wall-
shear stress or better a critical value of 12 v is exceeded.
At higher temperatures this onset phenomenon disap-
pears. However, a remnant of this behaviour remains
in the form of a bump in the curves for the higher tem-
peratures. With increasing temperature the friction
factors in the turbulent flow regime follow Virk’s
maximum drag-reduction asymptote, Eq. (3), until
finally the drag-reduction vanishes at higher Reynolds
numbers, where it exceeds the critical wall-shear
stress. This critical wall-shear stress decreases with
increasing temperature from 7, = 16.8 Pg at 15°C to
7, = 6.2 Pa at 35°C.

The C,, TASal solution in equimolar mixture with
the salt NaBr in de-ionized water exhibits a friction be-
haviour as shown in Figure 6. Due to the higher shear
viscosities (see Fig. 2) in comparison with the
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Fig. 6. Friction behaviour of a C;, TASal solution in de-ionized wa-
ter for various temperatures in a 6mm pipe at ¢ = 930 ppm
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C,,TASal solution in the laminar-flow region higher
values of the friction factor are obtained in tap water.
At lower temperatures (15°C and 18°C) the friction
factor decreases linearly with the Reynolds number
until the critical wall-shear stress is reached and a
breakdown of the drag reduction occurs. In the medi-
um temperature range (25°C) a bump in the fricdon
behaviour is observed like that for the C,, TASal solu-
tion in tap water, whereas at the higher temperatures
the friction factors decrease linearly until Virk’s [34]
maximum drag-reduction asymptote is approached.
A comparison of the shape of the flow curves, f versus
Re, in the Figs. 5 and 6 demonstrates, that the addition-
al electrolytes included in the tap water have the same
effect on the turbulent pipe flow behaviour of the sur-
factant solution as an increase in temperature. The
shapes of the flow curves, f versus Re, for 25°C
(18-20°C) for tap water in Fig. 5 are quite similar to the
flow curves for 30°C (25 °C) for de-ionized water in
Fig. 6.

In pipes of different diameters (Fig. 7) different flow
regimes can be detected in the friction behaviour of the
C,,TASal solution in tap water. These flow regimes
occur in each pipe diameter at different Reynolds
numbers. The limits of the flow regimes are shafted to
higher Reynolds numbers with increasing pipe diame-
ter. At lower Reynolds numbers in the turbulent flow
regime (Fig. 8) the friction factor falls linearly (region 1)
to approach Virk’s maximum drag-reduction asymp-
tote (region 2). At higher Reynolds numbers a flow
region (region 3) occurs in which the friction factor is
nearly constant. A further increase in the Reynolds
number results in a further decrease of the friction fac-
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Fig. 7. Friction behaviour of a C;, TASal solution in tap waterat T =
23°C in pipes of different diameters at ¢ = 930 ppm. The open
circles are solvent data
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Fig. 8. Regions in the friction behaviour of the C,, TASal solution

tor (region 4) untl the critical wall-shear stress is
exceeded and the drag-reducing properties start to
breakdown. Due to the limited range of measurement
all these regions were only detectable in the 6 mm pipe.
The same different flow regimes were also found in
[7,9] for saltfree solutions of C;, TASal and C,,TASal
in de-ionized water at different temperatures. The
bump in the flow curves, the limit between region 2
and 3, occurs at wall-shear gradients of about y =
270057 ! for all pipe diameters.

The friction behaviour of the C,, TASal solution in
equimolar mixture with the salt NaBr (Fig. 9) which
was measured in the 6 and in the 50 mm pipe indicates
the influence of the increased shear viscosity (see Fig.
2). At low Reynolds numbers the friction factor
decreases with a highly negative slope and crosses the
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Fig. 9. Friction behaviour of a C;, TASal solution in tap waterat T =
25°C in pipes of different diameters at ¢ = 830ppm



Bewersdorff and Oblendorf, The behaviour of drag-reducing cationic surfactant solutions

947

Prandtl-Karman line for Newtonian fluids. The critical
wall-shear stress, where the drag-reducing properties
start to break down liesat 5.8 Pain the 6 mmand at5.3
Pa in the 50 mm pipe. For this solution, Virk’s maxi-
mum drag-reduction asymptote could not be reached.
This is understandable because in the whole shear
range the solution viscosity is increased in comparison
to that of the solvent, and the Reynolds number is
based on the solvent viscosity. The C,, TASal solutions
exhibit a friction behaviour [9] at higher temperatures
(50-65 °C) which is similar to that found in the present
work on the C,, TASal solution. However, at these
temperatures the flow curves, shear viscosity versus
shear gradient, become steadier and the occurence of
the shear-induced state is shifted to higher shear rates
7].
The LDA measurements of the turbulence struc-
ture were carried out in a closed circuit of a2 50 mm
pipe. The solutions were circulated in the closed loops
for about six weeks. During this time no degradation
occurred, but a slight reduction of the surfactant con-
centration in the closed circuit was found. For
example, the initial concentration of the C,,/TASal
solution was 930 ppm by weight. Chemical analysis
showed 927 ppm. Six weeks later, at the end of series of
LDA measurements, it had fallen down to 864 ppm
determined by chemical analysis. This effect was
observed in all long-term experiments with surfactant
solutions in a closed circuit. Itis therefore assumed that
the observed reduction of the surfactant concentration
is due to an adhesion of surfactant molecules on the
inner walls of the experimental set up.

Furthermore, the colour of the surfactant solutions,
initially colourless, changed as the experiments pro-
gressed. They first turned yellow, later on brown, and
Jastly black. A change in colour of a surfactant solution
C,¢ TABr in equimolar mixture with ¢-Naphthol, was
also reported in [15] where a slow turn to brown was
observed. We found that the black colour of the surfac-
tant solutions was caused by an interaction between
the surfactant solution and the stator of the Mohno
pump made of Perbunan. Small carbon particles were
released by the stator, which therefore was abraded
very fast. This degree of colouring to black wasaccom-
panied by an increasing absorption of the light of the
laser beam of the LDA. In about six weeks the solution
changed its colour to totally black and had to be
replaced by a new one due to the poor quality of the
LDA-signals. Surprisingly no change of the friction be-
haviour could be observed during the six weeks of each
series of LDA-measurements.

3.3 Velocity profile measurements

Turbulent velocity profiles are usually plotted in
dimensionless coordinates where a dimensionless
velocity

.U
Ut = u <)
and a dimensionless wall distance
uT
yt =2 (6)

are used. In these two equations U means the time ave-
raged local velocity, y the wall distance, v the kinemat-
ic viscosity, and u, the friction velocity defined by

o=z )

where 1, is the wall shear stress and g the density of the
fluid. In this way the universal velocity profile is
obtained for a Newtonian fluid which mainly shows
two regions, the viscous sublayer at the wall

U=y )
and the turbulent core
U'=Alny' + B 9)

where A=2.5and B =5.5. Between these two regions
a small transition region exists, often called a buffer
zone. It has been shown in drag-reducing dilute poly-
mer solutions that the viscous sublayer seems to be
unchanged whereas the velocity profile in the buffer
zone follows Virk’s ulitmate profile [34], expressed by
equation (9) with the constants A=11.7and B= —17.
In the core region a parallel shift of the velocity profile
is observed

U'=Alny" + B+ AB (10)
where A B increases with increasing drag-reduction
until in the case of Virk’s maximum drag-reduction the
turbulent core region vanishes due to the expanded
buffer zone. In Eq. (6) usually the solvent viscosity is
used. This may cause problems, when drag-reducing
fluids with a strongly shear-dependent viscosity are
used. It will be discussed in detail later on for the veloc-
ity profiles of the C,, TASal solution.
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L A The results of the velocity profile measurements of
V) = . . .
e the C,;TASal solution are presented in Figs. 10-12.
. o c=864ppm, T=245°C Figure 10 shows turbulent velocity profiles of the sur-
" o c=864ppm, T=225°C factant solution at a Reynolds number of 10* for differ-
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Fig. 12. Dimensionless velocity profile of a C;, TASal solution at T
=23°C for different Reynolds numbers and surfactant concentra-
tons

ent temperatures. As expected from the friction behav-
iour (see chapter 3.2) the velocity profiles strongly de-
pend on the temperature. From the end of the viscous
sublayer the velocity profiles first follow Virk’s ult-
mate profile (straight line) before they deviate to a core
region at a certain wall distance. In the core region the
slope of the velocity profile is slightly increased in
comparison with that of the solvent. With increasing
drag reduction obtained by a change in temperature,
the buffer zone expands. When the Reynolds number
is increased and the friction factor approaches (region
2) Virk’s maximum drag-reduction asymptote (Fig. 8)
the dimensionless velocity profiles become more S-
shaped (Fig. 11) and only a small core region is detecta-
ble (Re = 15000). In a certain wall distance region, the
data lie between Virk’s ultimate profile and the curve
of a laminar profile (Re = 25 000). This effect becomes
more distinct at a Reynolds number of 35 000 (Fig. 12)
at maximum drag-reduction conditions. In this case
the concentration has only a neglectable influence on
the shape of the velocity profile. A further increase of
the Reynolds number to 120 000 where the friction fac-
tor is nearly independent of the Reynolds number
(region 3) exhibits the formation of a core region.
Virk’s ultimate profile is again a good approximation
of the velocity profile in the buffer zone, whereasin the
core region a conspicuous increase in the slope of the
velocity profile in comparison to that of the solvent
occurs. This is in contrast to the behaviour of dilute
polymer solutions where a parallel shift of the velocity
profile in the core region is observed indicating no
change in the turbulence structure in comparison with
that of the solvent.

The S-shaped velocity profiles at maximum drag-
reduction conditions were also observed in [36-38]
where a solution of the surfactant Methaupon was
studied. Figure 13 contains data of the turbulent veloc-
ity profiles from [37], obtained in a channel flow at dif-
ferent pressure drops and surfactant concentrations.
Subject to these parameters, velocity profiles can be
found which look quite similar to those of the present
work.

Due to the complex rheological behaviour of the
C,TASal solution the question arises which viscosity
should be used for calculating the dimensionless wall
distance y* in the velocity profiles. The different
methods applied for calculating y* can be seen in

!
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Fig. 13. Dimensionless velocity profiles for different concentrations
of the surfactant Methaupon at different pressure drops from [36]
obtained in a rectangular channel (20 x 50 mm)

Fig. 14. One method is to derive the velocity profile
and estimate the local velocity gradient

du* 2

D= dy* v

(11)

S

The shear viscosity for each D is taken from the flow
curve (Fig. 2) where v, means the solvent viscosity. In
this way dimensionless velocity profiles are obtained
that look quite similar (variable viscosity in Fig. 14) to
those found in the C,; TASal solution (inregion 1). This
velocity profile follows Virk’s ultimate profile in the
buffer zone and exhibits a core region. Therefore the
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Fig. 14. Dimensionless velocity profile of a CysTASal solution at T'
=25°C and ¢ = 830 ppm when different shear viscosities are used
for calculating y*

Fig. 15. Dimensionless velocity profiles of 2 C,, TASal solution at
T =25°C and ¢ = 830 ppm for different Reynolds numbers. y* is
calculated with the solution viscosity which varies with the wall dis-
tance

method for calculatng y* was also used for the veloc-
ity profiles of the C, TASal solution at other Reynolds
numbers (Fig. 15). At Re = 25000 the velocity profile
shows only a small buffer zone and an increased slope
in the core region similar to that of the C,,; TASal solu-
tion 1n region 1, whereas at Re = 120000 a S-shaped
velocity profile around Virk’s ulitmate profile is
obtained which resembles that of the C,, TASal solu-
tion at maximum drag-reduction conditions (Figs. 11
and 12). This indicates that the shear viscosity is mainly
influenced by the mean velocity profile and not by the
turbulent eddy mouon.

3.4 Axial turbulence intensities

The measured axial turbulence intensities were nor-
maliized with friction velocity «,. In Newtonian fluids
the axial turbulence intensity increases rapidly from
zero at the wall to its maximum at y* = 12-13. From its
maximum it decreases slowly towards the centre of the
pipe. In drag-reducing fluids the maximum axial tur-
bulence intensity is shifted with increasing drag-reduc-
tion to higher y* values. Conflicting results exist for
both decreases and increases [46].

From Fig. 16 a similar behaviour of the axial turbu-
lence intensity in drag-reducing surfactant solutions
can be deduced. The maximum of the axial turbulence
intensity is shifted to y* ~ 100 at Re = 35000 and to y*
~ 250 at Re = 120000 in surfactant solutions. In addi-
tion, the axial turbulence intensity seems to be
increased over the whole cross section of the pipe. In
comparison with literature data, the axial turbulence
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Fig. 16. Axial turbulence intensities of a C;, TASal solution at differ-
ent Reynolds numbers

intensity of the solvent (water) at Re = 120 000 also ex-
hibits a small increase, which may be due to the
increased noise or size of the measuring volume of the
LDA.

The autocorrelation function of the axial velocity
fluctuations was estimated. In these measurements
4096 data were taken ata sample frequency of 500 Hz.
The autocorrelation functions were normalized using
the local axial turbulence intensities % The norma-
lized autocorrelation coefficient Ry;(z) is defined by

Ry, (T) = (12)

where T means the time delay. Instead of carrying outa
frequency analysis, the autocorrelation coefficient
R,, (z) was integrated up to a time 7, at which Ry, (7)
was nearly zero.") In this way an average correlation
time (integral scale) was estimated as

T = (R, dr.

0

(13)

This should be understood as a measure of the
macroscale of the turbulence, as suggested by Taylor.
The microscale of the turbulence can also be deter-
mined from the curvature of the autocorrelation coeffi-
cient at 7 = 0.

The estimated macroscales and microscales in the
flow of water or in a C,, TASal solution at Re = 20 000
are shown in Figs. 17 and 18. The microscale of the sur-

1y Because of the noise, the autocorrelation coefficient fluctuates
around zero for large values of 7.

factant solution is increased over the whole cross sec-
tion of the pipe especially in the region near the wall.
This could be interpretated as an increase in the size of
the eddies in the dissipation range caused by an
increased local effective viscosity. Furthermore, the
integral scale seems to be increased in the flow of the
surfactant solution over the whole cross section of the
pipe. This means that the large-scale structure is also
affected in the flow of drag reducing surfactant solu-
tions. This agrees with the findings of [13], concluded
from an analysis of the higher moments of turbulence,
the distribution of the Reynolds shear stresses, and the
joint density probability function.

4. Conclusions

Drag-reduction in surfactant solutions is only
attainable when rod-like micelles are present in the
solution [7,23]. In a surfactant solution at rest these
rod-like micelles are oriented statistically [35], i.e.,
meaning they have no preferred orientation. For the
surfactant C;, TASal in equimolar mixture with the salt
NaBr in tap water, the length of the rods is 50-80 nm
depending on the temperature (Fig. 1), whereas the di-
ameter of the rods is about 3.5nm as estimated by
small-angle-neutron scattering [35]. Therefore at con-
centrations of about 1000 ppm or lower, as used in the
present investigation, the micelles may rotate freely in
a shear flow without hindering each other since the
rotational volumes do not overlap. This s true in lami-
nar Couette flows at low shear gradients, where the
viscosity is low and appears to be Newtonian. Howev-
er, when a critical shear gradient is exceeded, the
micelles start to orient until they become completely
aligned in the direction of the flow. The shear viscosity
then suddenly increases and ordered structures are
formed. The size of these ordered structures is much
larger than the length of individual rods. One con-
cludes this from the increased shear viscosity. A fur-
ther hint is that in some surfactant systems the viscos-
ity measured in a Couette viscometer depends on the
gap width [7]. In the present work for the C (TASal
solution the cylinder moved elliptically in the gap so
that no steady values of the torque could be obtained.
Therefore the size of the ordered structures seems to
reach the order of the gap width of the viscometer dur-
ing the shear-induced state (SIS). On the other hand,
when the rods were aligned in the direction of the flow
without ordered structures, the shear viscosity should
decrease due to the alignment of the rods in the direc-
tion of the flow.
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Fig. 17. Integral macroscale of the axial velocity fluctuations for wa-
ter and a C,,TASal solution at Re = 20000 as a function of the
dimensionless wall distance y*

In the SIS the surfactant solutions become visco-
elastic. As shown in [47], surfactant solutions exhibit a
larger elongational viscosity than the solvent only
when they are presheared. In these experiments [47],
the solutions were first subjected to a laminar shear
gradient in a channel flow before they entered an elon-
gational field produced by a hole in the wall. Only
when a critical shear rate was exceeded, did the elonga-
tional viscosity start to increase. This helps one to un-
derstand the behaviour of these solutions in turbulent-
shear flows, where elongational fields occur in the
movement of coherent structures, the so-called
“bursts”, in the region near the wall. Note that the
elongation does not commence during the burst out of
an equilibrium state. The micelles are in fact already
subjected to a shear flow near the wall before they
experience the additional elongational field of the
burst. Therefore a better understanding of drag-reduc-
tion in surfactant solutions requires not only the
knowledge of the shear viscosity as a function of the
shear rate but also the knowledge of the elongational
viscosity as a function of the elongational and shear
rates.

The length of the rods (Fig. 1) as determined by elec-
trical birefringence measurements increases with the
salt concentration and the surfactant concentration
[7,23] but decreases with the temperature. Because of
the temperature dependence of the rod lengths, the
onset of the SIS is shifted to higher shear rates with
increasing temperature since shorter rods shift the
onset of the SIS to higher shear rates. A comparison of
the friction behaviour of the C,,TASal solution in de-
ionized water and in tap water (Figs. 5 and 6) makes
evident that an increase in ionic strength acts like an

Fig. 18. Microscale of the axial velocity fluctuations for water and a
C,,TASal solution at Re = 20000 as a function of the dimensionless
wall distance y*

increase in temperature. The same can be concluded
from the behaviour of the shear viscosity (Figs. 3
and 4).

At low temperatures the C,, TASal solution causes
drag-reduction in turbulent flows only when a certain
critical wall-shear stress is exceeded (Fig. 5). This onset
phenomenon is well known in the friction behaviour
of dilute polymer solutions [34]. The viscoelastic be-
haviour of dilute polymeric solutions, like poly(ethy-
lenoxide) in water [48,49], is similar to that of drag-
reducing surfactant solutions [47] in that the elongau-
onal viscosity is only increased when a critical shear
rate is exceeded. At higher temperatures the critical
shear rate for the C;, TASal solution is already exceed-
ed in the laminar flow region so that drag-reduction
occurs directly when the flow becomes turbulent.
Note that the critical shear rate for SIS increases with
temperature, whereas the wall-shear gradient at the
laminar turbulent transition point decreases with tem-
perature. The same friction behaviour is found for
high-molecular-weight polymeric solutions in pipes of
small diameters.

Dimensionless turbulent velocity profiles at low
Reynolds numbers, where the friction factor falls
linearly with Reynolds number (region 1 in Fig. 8),
look quite similar to those found for drag-reducing
dilute polymer solutions. The velocity profile and the
axial turbulence intensity distribution are mainly influ-
enced in the buffer zone close to the wall. Virk’s three
layer model [34] appears to be a good description of
the velocity profilesin this region (Fig. 8) of the friction
behaviour. The microscales estimated from the auto-
correlation function of the axial velocity fluctuations
exhibit the most significant increase in comparison
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with the solvent in the buffer zone (Fig. 18) whereas in
the core region the increase of the microscale is not so
significant. This can be interpreted as an enlargement
of the smallest dissipating eddies. A possible explana-
tion is based on the increased effective viscosity [50-
52]. From this reasoning the effective viscosity should
show a maximum in the buffer layer and decline in the
core region. This is in agreement with the findings in
[50] where the behaviour of the effective viscosity was
found from Reynolds shear stress measurements in the
flow of drag-reducing polymeric solutions.

When the friction factor approaches Virk’s [34]
maximum drag-reduction asymptote, region 2 (Fig.
8), deviations from Virk’s ultimate profile in the buffer
zone are observed. The velocity profiles become more
S-shaped, i.e., they show deviations from Virk’s ultim-
ate logarithmic profile, namely at lower wall distances
to lower and in the medium range to higher dimen-
sionless velocity values, whereas in the centre of the
profile a small core region seems to exist, in agreement
with earlier findings [36]. Therefore the shape of the
dimensionless velocity profile at maximum drag-
reduction conditions is more similar to a laminar than
to a turbulent logarithmic profile. Possible explana-
tions for these observed deviations in the velocity pro-
file from Virk’s ultimate profile could be either a pseu-
do-laminar velocity profile of a fluid with an effective
viscosity which increases with wall distance in the buf-
fer layer [50] or an enhanced large scale motion [53].
However, the integral scales of the autocorrelation
function of the axial velocity fluctuations, which give
information about the large scale motion of turbul-
ence, exhibit only a small increase (Fig. 18). Neverthe-
less in region 3 (Fig. 8) of the friction behaviour the
velocity profiles show an increased slope in the core
region, an indication of a changed large-scale structure.

A proper method for calculating the dimensionless
wall distance y* for drag-reducing fluids with larger
shear viscosity than the solvent starts with the deriva-
tive of the velocity profile with respect to the wall dis-
tance. For every value of the velocity gradient, the vis-
cosity measured in a viscometer then should be used
for calculating y*. In this way the velocity profiles of
the C,,TASal solution become very similar to those
found for the C,, TASal solution. This is a strong indi-
cation that the shear viscosity in turbulent flows of
drag-reducing fluids is mainly influenced by the local
mean velocity gradient. By comparison the turbulent
eddy motion has a smaller influence.

At the critical wall-shear stress the superordered
structures are destroyed [35] and the rod-like micelles

start to rotate in the turbulent shear flow. However,
the micelles are not destroyed because when the flow-
rate is decreased the drag-reduction is recovered
without delay whereas the ime constants involved in
the formation of rod-like micelles for the surfactants

used in the present investigation are on the order of
10°-10*s.
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