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The influence of a drag-reducing surfactant on a zero-pressure gradient turbulent boundary layer
was investigated using a two-component laser-Doppler velocimetry system. It was discovered that
the streamwise turbulence intensity has a maximum near the center of the boundary layer in addition
to the near-wall maximum which appears in canonical wall-bounded turbulent flow. At the location
of the additional maximum, the Reynolds shear stress has a slight maximum, the skewness factor of
streamwise turbulent fluctuation is zero, and the flatness factor has a minimum. © 2005 American

Institute of Physics. [DOI: 10.1063/1.1979523]

I. INTRODUCTION

It is well known that a drag reduction of up to 80% can
be achieved by the addition of a small amount of a surfactant
or polymer into a wall-bounded turbulent flow."? As well as
experimental studies on turbulent channel flow”’ and pipe
flow' 1% of a drag-reducing polymer solution, experimental
studies on turbulent channel flow'' ™ and pipe flow'*™" in-
volving a drag-reducing surfactant solution have yielded
valuable knowledge about the attenuation of turbulence, the
modification of near-wall coherent structures such as low-
speed streaks and quasistreamwise vortices, and the stress
defect in which the sum of viscous and turbulent shear
stresses is not equal to the total shear stress. However, there
have been no studies on the effect of a drag-reducing surfac-
tant solution on a turbulent boundary layer, which is a typical
external flow, while for a turbulent boundary layer with a
drag-reducing polymer solution, Koskie and Tiederman®
and White, Somandepalli, and Mungal21 clarified its velocity
profile using laser-Doppler velocimetry (LDV) and particle
image velocimetry (PIV), respectively.

The rheological properties of surfactant and polymer so-
lutions are generally similar, since the behavior of worm-like
micelle solutions is similar to that of polymer solutions.
However, the micelles, which are in a state of thermody-
namic equilibrium within the solvent, can be continuously
broken and reformed, unlike a covalently bonded polymer
backbone.>** Therefore, a surfactant can be a promising
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drag-reducing additive for some applications, and has actu-
ally been utilized in a district’s heating and cooling systems
to reduce pumping power.2 Related studies on this heat-
transferring ability of drag-reducing surfactant solutions
have been done.”* The other noteworthy rheological prop-
erty of surfactant solutions is that the viscoelastic effect ap-
pears only when shear rate becomes larger than a certain
critical value, unlike polymer solutions.>** Since turbulent
and potential flows are mixing in a turbulent boundary layer
flow, which is totally different from an internal flow, a study
of the turbulent boundary-layer mixing of turbulent and po-
tential flows in a surfactant solution will be helpful for un-
derstanding the mechanism of drag reduction, a process
which cannot be learned from studies of internal turbulent
flows (i.e., turbulent channel and pipe flows) with surfactant
solutions or from turbulent boundary layer flows with poly-
mer solutions.

In the last decade, with the rapid growth of computa-
tional resources, direct numerical simulation (DNS) has been
performed to investigate the drag-reducing turbulent flows of
viscoelastic fluids. There have been a lot of studies on DNS
of turbulent channel flow'>**~* and turbulent pipe flow” us-
ing constitutive equation models such as Oldroyd-B,
Giesekus, and finitely extensible nonlinear elastic-Peterlin
(FENE-P), while there are few studies or experiments on
turbulent boundary layer flow. Quite recently, Dimitropoulos,
Dubief, Shaqfeh, Moin, and Lele® performed a DNS of a
polymer-induced drag-reducing zero-pressure gradient turbu-
lent boundary layer flow using the FENE-P model. DNS
(Ref. 35) can predict the experimental measurements” on a
developing boundary layer in polymer solutions, but it does
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FIG. 1. Experimental apparatus. l—inlet tank, 2—acrylic channel,
3—outlet tank, 4—centrifugal pump, 5—valve, 6—distribution manifold,
7—flow straightener, 8—test plate, 9—trip wire, 10—flap.

not deal with the drag-reducing turbulent boundary layer in
surfactant solutions.

In the present study, the mean velocity and turbulence
statistics in a zero-pressure gradient turbulent boundary layer
of a drag-reducing surfactant solution were measured using a
two-component LDV system. The results obtained are com-
pared with the corresponding statistics for water.

Il. EXPERIMENTAL APPARATUS AND PROCEDURE

The experiments were conducted in a closed-loop water
tunnel with a cross section of 300 X 300 mm and a length of
1500 mm in which a test plate of 20X 295X 1700 mm was
installed, where the test plate was perpendicular to the bot-
tom surface of the acrylic channel (see Fig. 1). All parts in
contact with the surfactant solution were made of acrylic
resin or stainless steel. A 2-mm diameter trip wire was fixed
100-mm downstream from the leading edge to assure a con-
sistent transition location. The difference in free-stream ve-
locities (U, =300 mm/s) between the location of the leading
edge of the test plate and the location 1000-mm downstream
was less than 1%, where the flap was used for the zero-
pressure gradient turbulent boundary layer. The working flu-
ids were circulated by a stainless steel centrifugal pump. The
turbulence and spatial irregularities of the flow were reduced
by passing through porous plates, honeycombs, and mesh
screens. After that, the flow was uniformed by a convergent
nozzle. We also confirmed that the free-stream turbulence
intensity was less than 2%.

The surfactant solution (C;sTASal) used here was a mix-
ture of cetyltrimethyl ammonium bromide with sodium sali-
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FIG. 2. Shear viscosity as a function of the shear rate: C;sTASal, 75 ppm,
T=20.0°C.

cylate as counterion, which was dissolved in de-ionized wa-
ter. The concentration was 75 ppm by weight in this study.
The two-component LDV system (300-mW argon-ion
laser) was used in backscatter mode. The laser light was
separated into blue and green beams with wavelengths of
514.5 and 488.0 nm, respectively, and then passed through
the bottom of the channel. The measuring volumes are
0.072X0.864 mm for the green beams and 0.068
X 0.824 mm for the blue beams. The probe was slightly
tilted (5°) with respect to the test plate surface in order to
measure velocity very close to the wall. The flow was seeded
with nylon powder particles (mean diameter: 4.1 um and
specific gravity: 1.02). LDV measurements under free-stream
velocity U,=300 mm/s and fluid temperature 7T
=20.0+0.1 °C were made at the location of 150-mm height
from the channel bottom, and at locations downstream from
the leading edge where x=300, 500, 800, or 1000 mm. Typi-
cal data rates in the locations away from the wall were about
300 Hz, falling off to about 20 Hz very close to the wall.
Data samples in the locations away from and near the wall
were about 25 000 and 5 000, respectively. These values are
almost the same as those of Ching, Djenidi, and Antonia.*®

lll. RESULTS AND DISCUSSION
A. Shear viscosity

Shear viscosity 7 of the surfactant solution was mea-
sured at temperature 7=20.0+£0.2 °C using a homemade
capillary viscometer with an internal diameter of 5.07 mm.
Figure 2 shows that the shear viscosity suddenly increased at
the shear rate 3,,=20 s~! by a factor of about 1.4 compared
with that of water. This phenomena is called the shear-
induced state (SIS).2 Shear thinning can also be observed
where the shear viscosity decreases gradually with an in-
crease in shear rate. It has been suggested that SIS is strongly
related to drag reduction in the turbulent flow of surfactant

TABLE I. Boundary layer parameters and friction velocity.

C,¢TASal (75 ppm) Water
x(mm) S(mm) 8 (mm) O(mm) wu. (mm/s) S(mm) & (mm) 6 (mm) u, (mm/s)
300 12.7 291 1.63 13.2 14.8 3.15 2.14 15.3
500 16.8 3.71 2.04 10.6 22.7 3.94 2.72 15.0
800 20.5 4.50 2.47 9.5 29.1 4.82 3.36 14.3
1000 23.0 4.87 2.65 8.5 33.0 5.38 3.78 13.9
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FIG. 3. Development of boundary layer thickness.

solutions, since in SIS, the rod-like micelles form large struc-
tures that can directly affect turbulence structures.

B. Boundary layer parameters

Typical boundary layer parameters such as boundary
layer thickness &, displacement thickness &°, momentum
thickness 6, and the friction velocity u, at x=300, 500, 800,
and 1000 mm are shown in Table I for the surfactant solution
and water. The friction velocity u, was obtained by estimat-
ing the wall shear stress from the mean velocity gradient, the
shear viscosity at the wall for the surfactant solution, and by
the Clauser method for water. We confirmed that the value of
u . obtained by the Clauser method for water was almost the
same as that estimated by the mean velocity gradient. The
length scales &, 8", and 6 for the surfactant solutions are
smaller than those for water at the same streamwise location
x, respectively. Recently, Suzuki, Fuller, Nakayama, and
Usui®’ reported that the boundary layer development for sur-
factant solutions was characterized by laminar flow, i.e.,
o x"3_ In the present study (Fig. 3), the dependence of §on x
for the surfactant solution is similar to that of the
Newtonian laminar flow (Sxx Re;o'5 OCxO'S), rather than that
of the Newtonian turbulent flow®® (8=0.37x Re;O'zocxo'S).
However, the boundary layer thickness for surfactant solu-
tions is very different from that of the Blasius laminar law
(8=5xRe."), since the turbulent boundary layer in the
present study was tripped at x=100 mm.

As the nondimensional parameters of the boundary layer,
the friction coefficient C;=2(u,/U,)?*, shape factor H=6"/6,
momentum-thickness Reynolds number Re,=U,0/v, and
surface-length Reynolds number Re,=U,x/v are shown in
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FIG. 4. Streamwise evolution of the boundary layer: (a) friction coefficient,
(b) shape factor.

viscosity v for surfactant solution was determined using the
shear rate at the wall. Figures 4(a) and 4(b) show the depen-
dence of the friction coefficient Cy and shape factor H on the
momentum-thickness Reynolds number Re,, respectively. In
these figures, the solid lines represent Coles’ curves.”’ The
data of C, and H for water agree well with Coles’ curves.
The values of H for the surfactant solution are larger than
those for water, and they are between the value for the lami-
nar flow (H=2.59) and the values for the turbulent flow of
Newtonian fluid. For the surfactant solution, the value of H
increases with the increase of Re,, while it decreases for
water. The drag reduction ratio %DR is also shown in Table
II, which is defined as follows:

%DR = (Cf,water - Cf,surfaclant)/Cf,waler X 1007 (1)

under the conditions of the same positions and free-stream
velocity. The uncertainty in %DR was estimated at +5% of
its absolute value. Figure 5 shows that the shape factor H
increases with increasing drag reduction. In the present ex-
periments, the following relation between the shape factor H
and the drag reduction ratio %DR is obtained:

Table II for the surfactant solution and water. The kinematic H=0.0012(%DR) + 1.755. (2)
TABLE II. Nondimensional parameters of boundary layer.
C,¢TASal (75 ppm) Water
x (mm) Cy H Re, Re, Cr H Re, Re, %DR
300 40x107 1788 357  6.58x10* 52X107° 1472 641 8.99x10*  25.6
500 25X107°  1.817 444 1.09%X10° 51X1073 1451 808 1.49X10°  50.1
800 20X107%  1.821 535  L.77X10°  4.6X1073 1438 1002 238X10° 558
1000 1.6X 1073 1.833 601 225X 10° 43%1073 1.425 1136 3.01 X 10° 62.6
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FIG. 5. Shape factor vs drag reduction.

C. Mean velocity

The distribution of the mean velocity scaled by the free-
stream velocity U/ U, is shown in Fig. 6. The measurements
of U/U, for surfactant solutions are presented at the loca-
tions of x=300, 500, 800, and 1000 mm, while the data for
water are plotted only at x=300 and 1000 mm. The solid and
dashed lines in the figure represent 1/nth-power law (n=6)
and the Blasius laminar proﬁle,38 respectively. The mean ve-
locities U/U, near the wall (y/5<0.2) for the surfactant
solution, whose profiles are collapsed for the different Rey-
nolds numbers Re,, are about in the middle between the
mean velocity profile of water and the Blasius laminar
profile.

Figure 7 shows the profiles of the mean velocity U*
=U/u, in the wall-coordinate y*=u_y/v. It is seen that the
present data for water collapse on the log-law profile (U*
=2.441n y*+5.0). The value of U for the surfactant solution
increases with increasing Re,, namely, with increasing the
amount of drag reduction. Although it is known that the
mean velocity U* can be larger than Virk’s ultimate profile
(U*=11.7In y*~17)" in the maximum drag-reducing flow of
surfactant solutions,'*'” the mean velocity U* in the present
study does not exceed Virk’s ultimate profile even in the
largest drag-reduction case (%DR=62.6, Re,=601).

To investigate the mean velocity profile in detail, the
profile of y*dU*/dy*, which is obtained by the B-spline in-
terpolation, is shown in Fig. 8. The region where the value of
y*dU*/dy™ is constant corresponds to the logarithmic region,

Ui,

Blasius laminar profile

0.5H, ¢
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FIG. 6. Mean velocity distribution.
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FIG. 7. Mean velocity distribution in wall coordinates.

and its constant value is the inverse of the Kdrmén constant.
For water at Re,=641, the value of y*dU"/dy* is 2.4 at 30
<y*=80. For the surfactant solution at Re,=601, two re-
gions of y*dU*/dy*=12 and 7.6 appear at 20=<y*=<30 and
60=<y*=90, respectively. In the former region, the mean
velocity profile collapses on Virk’s ultimate profile. The lat-
ter region corresponds to the second logarithmic region. We
confirmed that the shear rates were about 25 and 10 s7! at
y*=30 and 60 (y/5=0.17 and 0.35), respectively. This indi-
cates that the surfactant solution was in SIS at y*=<30 and
not in SIS at y*>60, respectively (see Fig. 2). In the near-
wall region (y*=<30) where the slope of the mean velocity
profile in Fig. 7 is relatively large, the effect of surfactant
additives is apparent, while in the region away from the wall
(y*>60), where the effect of surfactant additives is rela-

r C,¢TASal (75 ppm) b
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20 | x =500 mm (Rey=444) |
L x =800 mm (Rey=535) i
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FIG. 8. Distribution of y*dU*/dy*.
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FIG. 9. Velocity defect.

tively small, the slope is smaller than that in the near-wall
region, but does not agree with that for water (y*dU*/dy*
=7.6#2.44). For the surfactant solution at Re,=535, the
value of y*dU"/dy™" is virtually constant at 20=<<y*=<30 and
50=<y*=<80, as well as Re,=601, while the value of U™ is
smaller than that of Virk’s ultimate profile (see Fig. 7). How-
ever, the values of y*dU*/dy* for the surfactant solution at
Re,=357 and 444 are constant only in a single region.

To investigate the velocity defect, the profile of (U,
—U)/u, is shown in Fig. 9. The solid line represents Coles’
law of the wake.** It was found that the velocity defect be-
comes gradually larger downstream for a surfactant solution.

D. Turbulence statistics

Distributions of streamwise and wall-normal turbulence
intensities scaled by friction velocity u'} =u'*"?/u, and
v =v"?"2/y_are shown in Figs. 10(a) and 10(b), respec-
tively, where /7 represents the turbulent fluctuation with re-
spect to the time average (). The streamwise turbulence
intensity u'}  of the surfactant solution increases with an
increase of the Reynolds number as reported for the turbulent
channel flow of surfactant solutions'” and for the turbulent
boundary layer of polymer solutions.?' It has been reported
that the peak values of u'; . for large drag reduction were
larger than that for water at high Reynolds numbers, and
smaller at low Reynolds numbers in some literature.>'*?!
The peak of the streamwise turbulence intensity in the
present study is smaller than that for water. This may be due
to the low Reynolds number effect. The value of y/ & at the
maximum of u’}  for the surfactant solution is larger than
that for water, which is consistent with the fact that the scale
of the quasistreamwise vortex for surfactant solutions is
larger than that for water (see also Secs. II E and I F), as
reported in previous studies.” "™ Tt was found that stream-
wise turbulence intensity distribution has an additional maxi-
mum near the center of the boundary layer, where the solu-
tion is not locally in SIS due to the effect of the mixing of
potential and turbulent flows, in addition to the standard

maximum near the wall. This additional maximum has not
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FIG. 10. Distribution of turbulence intensity: (a) streamwise, (b) wall
normal.

been previously observed in the turbulent channel flow of
surfactant solutions.'>'* This may be because the large struc-
tures of micelles that form near the wall do not disappear
suddenly at the center of the channel even if the shear rate
there is small enough. The wall-normal turbulence intensity
V' ;. for the surfactant solution is much smaller than that for
water and is virtually constant across the boundary layer. In
addition, the peak of v} seen in the canonical wall turbu-
lence does not appear for the surfactant solution. These
trends are similar to that of the drag-reducing turbulent chan-
nel flow of surfactant solutions.'*"*

Figure 11 shows the distributions of Reynolds shear
stress scaled by the friction velocity —u'v'*=—u"v'/ ui Rey-
nolds shear stress for the surfactant solution, which is much
smaller than that for water, has a slight maximum near the
center of the boundary layer, which corresponds to the maxi-
mum observed in the profile of the streamwise turbulence
intensity [see Fig. 10(a)]. It has not been reported that the
maximum of the Reynolds shear stress near the center of the
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boundary layer existed in the drag-reducing turbulent flow.
The Reynolds shear stress at y/d=<0.3 is almost zero, which
is known in the drag-reducing turbulent channel flow in sur-
factant solutions.'>™

The distribution of the correlation coefficient of the
streamwise and wall-normal turbulent fluctuations,

-u'v
T (3)

u rmsU rms

Ru’v' =

is shown in Fig. 12. It was found that the difference in the
correlation coefficient R,/,, between the surfactant solution
and water was smaller than that in the Reynolds shear stress

—-u'v't.

E. Higher-order statistics

Higher-order turbulence statistics, i.e., the skewness and
flatness factors, are useful in understanding near-wall turbu-
lence structures of wall-bounded turbulent flow, since they
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FIG. 12. Distribution of correlation coefficient of streamwise and wall-
normal turbulent fluctuations.
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FIG. 13. Skewness factor of turbulent fluctuation: (a) streamwise, (b) wall
normal.

are closely related to turbulence structures. For drag-
reducing turbulent flow, however, our knowledge of higher-
order turbulence statistics remains insufficient.”” The skew-
ness factors of the streamwise and wall-normal turbulent
fluctuations, S, =u'3/(u')?  and S, =v"3/(v')} ., are shown
in Figs. 13(a) and 13(b), respectively. In addition, the flatness
factors of the streamwise and wall-normal velocity fluctua-
tions, F,=u'*/(u')} and F,=v*/(v)! ., are shown in
Figs. 14(a) and 14(b), respectively. The maximum of S, ap-
pears at y/ 6=0.5 for the surfactant solution, but this was not
seen for water. It was also found that the skewness and flat-
ness factors S,, and F,, are virtually constant (S, =0, F,,
=3.5) across the turbulent boundary layer for the surfactant
solution.

Figure 15 shows the distributions of the streamwise tur-
bulence intensity u'} ., skewness and flatness factors of
streamwise velocity fluctuations, S,, and F,, for both the
surfactant solution for Rey,=601 and water for Reyz=641. In

this figure, the dashed line (a) represents the location of S,
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FIG. 14. Flatness factor of turbulent fluctuation: (a) streamwise, (b) wall
normal.

=0 for water, while dashed lines (b)—(d) represent the loca-
tions of S,,=0 for surfactant solutions. For the water at lo-
cation (a) (y/6=0.04, y*=10), the streamwise turbulence in-
tensity u'; . and flatness factor F,, have the maximum and
minimum, respectively, This relationship for water observed
at location (a) corresponds to that for the surfactant solutions
at location (b) (y/6=0.19, y*=30). Here the value of y/ & at
location (b) is larger than that at location (a), which indicates
that the scale of the quasistreamwise vortex for the surfactant
solution is larger than that for water, as seen in turbulent
channel flow.'!"® For the surfactant solution at location (c)
(y/6=0.36, y*=60), the streamwise turbulence intensity
profile has a minimum. The location of y*=60 corresponds
to the location of the lower end in the logarithmic region (see
Fig. 8). In addition, for the surfactant solution at location (d)
(y/6=0.59, y*=100), the streamwise turbulence intensity
u'?  has an additional maximum, where the Reynolds shear
stress has a corresponding maximum, and the flatness factor
F, has a corresponding minimum, respectively. It is notice-
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FIG. 15. Turbulence intensity, skewness, and flatness factors of streamwise
turbulent fluctuation.

able that the relationship between streamwise turbulence in-
tensity and the flatness factor for the surfactant solution at
location (d) is equal to that for water at location (a) and to
that for the surfactant solution at location (b).

F. Power spectra

The power spectra of the streamwise velocity fluctua-
tions scaled by the mean square of the velocity fluctuations
P,(f)/u'? at y/ 5=0.2 and y/ 5=0.6 are shown in Figs. 16(a)
and 16(b), respectively. The locations of y/8=0.2 and y/&
=0.6 correspond to the regions close to the standard and
additional maxima of the streamwise turbulence intensity for
the surfactant solution, respectively. For simplicity, the data
are plotted only at x=300 and 1000 mm for both the surfac-
tant solution and water. At low frequencies, the power spec-
trum for the surfactant solution (Re,=601) is larger than that
for water (Rey=641) at both y/8=0.2 and 0.6, as well as for
the drag-reducing turbulent channel flow.*'? This is consis-
tent in that the structure of the quasistreamwise vortex be-
comes larger for the surfactant solution (see Sec. III E).
Comparing the power spectra of Re,=351 and 601 for the
surfactant solution, the power spectrum at low frequencies
increases with an increase in the momentum-thickness Rey-
nolds number Re,, namely, the drag reduction ratio %DR.

IV. CONCLUSION AND DISCUSSION

The influence of a drag-reducing surfactant on a zero-
pressure gradient turbulent boundary layer was investigated
using a two-component LDV system. LDV measurements
were made for four different momentum-thickness Reynolds
numbers, Re, =357, 444, 535, and 601. The amount of drag
reduction was from 25.6% to 62.6% when compared to a
water flow at the same position and free-stream velocity. The
present study is summarized as follows.
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(b) at y/5=0.6.

For the surfactant solution, the value of the shape factor
increases with an increase in the momentum-thickness Rey-
nolds number, while it decreases for water. The mean veloci-
ties scaled by the free-stream velocity near the wall for the
surfactant solution, whose profiles are collapsed for the dif-
ferent Reynolds numbers Rey, are about in the middle be-
tween the mean velocity profile of water and the Blasius
laminar profile. The mean velocity distribution in wall coor-
dinates indicates the existence of two logarithmic regions for
large drag-reduction cases. It was found that the streamwise
turbulence intensity distribution had an additional maximum
near the center of the boundary layer, where the surfactant
solution was not locally in SIS due to the effect of the mixing
of potential and turbulent flows, as not seen in the turbulent
channel flow of surfactant solutions nor in the turbulent
boundary layer flow of polymer solutions. The location of
the additional maximum of streamwise turbulence intensity
corresponds to the location at which the Reynolds shear
stress has a slight maximum, the skewness factor of stream-
wise turbulent fluctuation is zero, and the flatness factor has
a corresponding minimum. It was also found that wall-
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normal turbulence intensity and skewness and flatness fac-
tors of wall-normal turbulent fluctuations were virtually con-
stant across the turbulent boundary layer for the surfactant
solution.

The results of the present study provide various data not
observed in the turbulent channel and pipe flows of surfac-
tant solutions nor in the turbulent boundary layer flows of
polymer solutions. However, it remains unknown whether
the drag reduction in surfactant solutions is attributable to the
large structure of rod-like micelles or the resultant viscoelas-
tic effect, since it is very difficult to obtain information on
the large structure of rod-like micelles in the turbulent
boundary layer flow. However, the effect of macromolecular
polymer structures on drag reduction has been recently in-
vestigated using a birefringence measurement.*' In addition,
it is difficult to correctly measure viscoelastic properties42
such as the first normal stress difference or extensional vis-
cosity for the dilute surfactant solutions used in the present
study. It has been reported that the drag-reducing surfactant
solution in which the network of rod-like micelles was
formed did not necessarily have Viscoelasticity.‘l‘%’44 Recently,
drag reductions of up to 26% were obtained by numerical
simulation of turbulent drag reduction using rigid fibers.*
This indicates that elasticity is not necessary to achieve tur-
bulent drag reduction. As an alternative to a viscoelastic
mechanism, an electrokinetic mechanism*® has been pro-
posed to explain the drag reduction of turbulent flow in sur-
factant solutions. An investigation on the drag-reducing
mechanism for surfactant solutions is indeed required, but
this study shows that the large structures of rod-like micelles
are likely to be the key factor causing drag reduction in the
turbulent flow of surfactant solutions, although it remains
unknown whether such large structures directly connect with
the drag reduction or not.
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