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ABSTRACT
The turbulent structure of wall-bounded drag reduced flow has been studied with particle image
velocimetry (PIV) in a zero-pressure-gradient boundary layer. Drag reduction was achieved by injection of
a concentrated polymer solution through a spanwise slot along the test wall at a distance approximately 2 m
upstream of the PIV measurement station. For comparison, water was injected at the same flow rate as the
polymer solution. In both instances, we acquired velocity data in the streamwise-spanwise plane (parallel to
the test-wall), for a total of 30 planes across the thickness of the boundary layer. Drag reduction was
measured with thermal and optical wall shear stress sensors. For increasing drag reduction, we found a
significant modification of the near-wall structure of turbulence with a coarsening of the low-speed velocity
streaks and a reduction in the number and strength of the near-wall vortices. Flow visualization, using
planer laser induced fluorescence (PLIF), showed local accumulation of polymer concentration near the
low-speed velocity streaks. A mechanism of polymer drag reduction as determined from the PIV
measurements is highlighted.

1.

INTRODUCTION

The dilute addition of long-chain flexible polymers to flowing liquids can reduce turbulent friction
losses by as much as 80% when compared to that of the solvent alone. As a consequence of the reduced
wall friction, the mean velocity profile is modified (Virk 1975) and the shear in the boundary layer
redistributed. This effect will, in general, have a measurable influence on the nature and strength of vortices
generated. Since it has long been recognized that the near-wall vortices play an important role, if not the
dominant role, in the self-sustaining mechanism of near-wall turbulence (see Jiménez & Pinelli 1999 for a
summary), it follows that the interaction with, and the modification of, the near-wall structure of turbulence
is profoundly important to the mechanism of polymer drag reduction. Understanding these effects is our
goal here.
The flow visualization studies of Donohue et al. (1972), Achia & Thompson (1976) and Oldaker &
Tiederman (1977) using, respectively, motion pictures of dye injection, real-time hologram interferometry
and dye visualization found an increase in the spanwise spacing between the low-speed velocity streaks and
a reduction in “bursting events” in drag reduced flow when compared to its Newtonian counterpart. While
these results are revealing, a lack of measure of the corresponding turbulent velocity field limits the
interpretation. In the present study, we probe a zero-pressure-gradient boundary layer flow with polymer
injection using particle image velocimetry (PIV). The objective is to provide a quantitative measure of the
effect of polymer additives on the near-wall turbulence structure to determine where in the flow and what
effects of the polymer turbulent interactions are important. In particular, by varying the percentage of drag
reduction from low to near maximum (Virk et al. 1967) and observing the modification of the turbulence
structure, the mechanism can be better assessed. The data can also be used to validate models used for
simulating polymer drag reduction and help in formulating new models that better capture the physics of
the phenomenon.
2. EXPERIMENTAL DETAILS
2.1 Boundary layer flow facility
The experiment is conducted in a constant head closed circuit water tunnel shown in figure 1(a).
The test boundary layer grows on the upper wall of the tunnel and manual bleed valves located along the
lower and side walls are adjusted accordingly to maintain zero-pressure-gradient condition along the top
wall. The test section measures 3.66 m in length, 36 cm across the span and 13 cm from the test surface to

Fig.1. Schematic of the experimental facility (a) and the PIV measurement station (b).

the lower wall. The walls of the test section are constructed from acrylic to provide full optical access. The
inlet velocity can span the range 0.1 to 0.7 ms−1. A de-aeration system removes air from the water and a
refrigerated chiller maintains constant water temperature. The flow is made turbulent by a 0.13 mm
diameter wire extended across the span of the tunnel and located 12 cm downstream of the leading edge (a
half-elliptical nose with a major-to-minor axis ratio of 16:1). Fluid injection into the boundary layer is
through a spanwise slot 0.15 mm wide located between the leading edge and the test surface. A detailed
description of the water tunnel is given in Henck (1990).
A zero-pressure-gradient condition is verified by measurement of a constant velocity at a fixed
wall normal distance for several locations in the streamwise direction (i.e., dU/dxy ≈ 0). PIV
measurements in the boundary layer are made at x > 2 m because the boundary layer is thickest there and
the resolution is best. PIV validation in the boundary layer is performed at two momentum thickness
Reynolds numbers, Reθ ≡ Uθ/ν of 1100 and 1500 where U, θ and ν are, respectively, the freestream
velocity, momentum thickness and fluid kinematic viscosity, but drag reduction measurements are done
only at the higher Re.
Wall friction is measured 6 cm upstream of the PIV measurement station with thermal and/or
optical wall-shear stress sensors. Two types of shear stress probes are used mainly as a check for
consistency. The thermal probe is a TSI 1268W flush mounted hot-film that has been calibrated in the
boundary layer. The optical sensor is a Viosense S3 micro shear stress sensor. The optical sensor of the S3
probe produces a linearly diverging fan-fringe laser pattern that extends to a distance of about 70 µm from
the wall. The doppler signal produced by a particle passing through the fringe pattern is directly
proportional to the velocity gradient at the wall (Naqwi & Reynolds 1991).
The polymer used in these experiments is poly(ethylene oxide) with a mean molecular weight of 5
million. The polymer solution (or water) is injected into the boundary layer by pressurizing its holding
container slightly above the channel pressure (≈ 6 psig). A small plenum located above the injection slot is
used to equilibrate pressure and provide uniform flow across the span. Varying percentages of drag
reduction are achieved by varying polymer concentration and injection flow rate (i.e., container
overpressure). Depending on the injection flow rate, injection times vary between 20-30 minutes, over
which, the drag remains steady as measured by the shear stress probes.
2.2 Particle image velocimetry measurements
The PIV measurement station shown in figure 1(b) consists of a 12-bit CCD camera with a
resolution of 1280 x 1012 pixels, two pulsed Nd:Yag lasers operating at 532 nm and sheet forming optics.
The camera and optics are mounted on a traverse to provide motion normal to the test surface with a
resolution of 12.7 µm. PIV images are acquired for 30 planes across the thickness of the boundary layer.
Spatial separation between planes is 0.127, 0.508 and 3.81 mm for the first, second and third set of ten
planes, respectively. Time separation between the two laser pulses is adjusted for each plane accordingly.
Typically, 50 images are acquired for the ten planes closet to the wall and 20 images for the remainder.
The PIV images are analyzed using the cross-correlation technique with multi-passing (Keane et al. 1995).
An interrogation area of 64 x 64 pixels, with no overlap of adjacent areas, is used for the first pass and 32 x
32 pixels, with an overlap of 50%, for the second. The Hart (2000) correlation algorithm is used for the
second pass for an improved signal-to-noise ratio in the correlation plane. After a vector field is calculated,
it is validated using a local median filter (Westerweel 1993). A vector determined to be spurious is either
replaced by the vector corresponding to a secondary peak in the correlation plane or left blank. The vector
yield close to the wall (y+ < 100) is typically 90-95% and about 99% for the remainder of the boundary
layer. The tracer particles used to seed the flow are 0.5-2 µm glass spheres, and their loading is such that
there are on average 10 particles in each 32 x 32 pixel area. Spatial resolution of the camera is 20 µm per
pixel; this provides a field of view of approximately 2.6 cm x 2.0 cm with a small scale resolution of 640
µm2, which is about 10 times the smallest turbulent length-scale at Reθ = 1500 in water.
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Fig.2. Sample PIV vector plots of the fluctuating velocity in (a) water, 0% drag reduction and with polymer
injection at drag reductions of (b) 33 %, (c) 45% and (d) 67%. Flow is from top-to-bottom.
3. RESULTS
3.1 Description of the data
At a fixed Reynolds number, the boundary layer is first probed for the case of no injection. PIV
measurements are made in the xz-plane at a fixed streamwise position for a total of 30 planes across the
thickness of the boundary layer. Typically, the plane closet to the wall is at y ≈ 0.75 mm. At a distance of
about 6 cm downstream of the PIV measurement station, wall-friction is measured simultaneously to the
PIV measurements. Next, water is injected into the boundary layer at a rate equal to that at which the
polymer solution will be injected. The wall-friction is measured shortly before, during and shortly after
injection. During injection, the signal from the thermal shear stress probe is monitored to determine when
steady state drag is reached, hence, when to commence PIV image acquisition. Lastly, a polymer solution
of relatively high concentration (between 100 and 500 parts per million by weight) is injected into the
boundary layer. The measurements made with polymer injection are identical to those with water injection.
For each plane, turbulent quantities are obtained by ensemble averaging over the total number of
images acquired at that plane. Spatial measurements, such as two-point correlation, are ensemble averaged
over columns for the streamwise direction and rows for the spanwise direction−PIV images are oriented
such that the streamwise direction is vertical and the spanwise direction horizontal. We present results for
water and polymer injection. Sample PIV vector plots of the fluctuating velocity (i.e. the mean has been
subtracted) at a wall-normal distance, normalized by wall variables, of y+ ≈ 15 for water and drag
reductions of 33, 45 and 67% are shown in figure 2(a-d), respectively. Flow is from top-to-bottom. The
vector color scale corresponds to its magnitude.

50
40

(iii)

30
+

U

20

(ii)

10

(i)

0 0
10

1

2

3

10
10
y+
Fig. 3. Mean streamwise velocity profile plotted with inner variables, for ●, water at Rθ = 1475; ■, 33%
drag reduction; , 45% drag reduction; ▲, 67% drag reduction; (i) = U+ = y+, (ii) U+ = 2.44 ln(y+) + 5.1;
(iii) U+ = 11.7 ln(y+) – 17.0 Virk et al. (1967).
10

5
+

u′
4
+

′
w
u′

3

+

+

w′

2
1

0
0

10

20

30

40 +

50

60

70

80

y
Fig. 4. Root-mean-square velocity profiles plotted with inner variable. Closed symbols are for streamwise
fluctuations u´+ and open symbols are for spanwise fluctuations w´+. Symbols are: ●○ , water at Rθ = 1475;
■ □, 33% drag reduction;  ◊, 45% drag reduction; ▲ ∆ , 67% drag reduction; —, Spalart (1988). The
dashed lines through the data with drag reduction are best-fit polynomials.

3.3 Turbulence Statistics
Turbulence statistics are given to demonstrate that the boundary layer exhibits properties
consistent with a zero-pressure-gradient boundary layer and validate the near-wall PIV measurements. In
addition, since much is known about turbulent statistics in polymer drag reduced flow (see Warholic et al.
1999), validation of the PIV measurements with polymer injection is also demonstrated. Figure 3 shows the
mean velocity profile normalized by wall coordinates for water at Reθ of 1475 and polymer injection
(injected into the boundary layer at Reθ ≈ 1500) at drag reductions of 33, 45 and 67%. For water, the mean
velocity profile shows the expected logarithmic behavior, line denoted (ii), for 30 < y+ < 150. The mean
velocity profiles for polymer injection are consistent with previous studies: at low drag reduction (33%),
there is a vertical shift of the log-region and a thickening of the buffer layer. At high drag reduction (45%,
and 67%), the profiles differ altogether from the Newtonian profile. The line denoted (iii) indicates the
empirical upper bound of polymer drag reduction as found by Virk et al. (1967).
The root-mean-square velocity profile for the streamwise (u′+) and spanwise (w′+) components,

normalized by the friction velocity, for water and polymer injection are shown in figure 4. The water data
agree well with the DNS results of Spalart (1988) at Rθ = 1410. For polymer injection, with increasing
drag reduction, the peak in the streamwise profile increases and moves away from the wall. This is
consistent with previous studies (see Warholic et al. 1997) except for DR=67% (near MDR), where others
observe a sudden decrease in the magnitude of the peak, equal to or less than the value in water. There are
two possible explanations for this discrepancy: a difference between boundary layer and channel flow at
high drag reduction (most polymer studies are done in channel flow), or insufficient polymer concentration
in the outer layer. The spanwise fluctuations are lower than those of water at all drag reductions, here and
in previous studies.
3.4 Spatial Measurements
The two dominant structures of near-wall turbulence are the low-speed velocity streaks and the
quasi-streamwise vortices. Since the pioneering work of Kline et al. (1967), it has long been recognized
that both structures are important to the self-sustaining mechanism of near-wall turbulence. It is then to be
expected that in drag reduced flow these structures would be affected, which is indeed the case: flow
visualization studies in polymer drag reduced flow (Oldaker & Tiedermann 1977) show an increase in the
spanwise separation between the low-speed velocity streaks. This effect increases with an increase in drag
reduction. Choi et. al (1994) using active walls to reduce turbulent friction losses showed that a reduction in
drag is correlated with a reduction in strength and number of the quasi-streamwise vortices. A nontrivial
task is determining how the polymer modifies these structures. As a first step, detailed spatial
measurements of the near-wall turbulence in polymer drag reduced flow are required. Here, using several
approaches consisting of: two-point correlations of velocity, wall-normal vorticity, identification of the
near-wall vortical structures, two-dimensional scatter plots of velocity and simultaneous PIV and planar
laser induced fluorescence (PLIF), we quantify the effect of the polymer on the near-wall turbulence
structure as seen from the xz plane.
Streak spacing normalized by wall-units is nominally about 100 at y+ ≈ 10, weakly increasing in
size away from the wall (Kim et al. 1987). A measure of streak spacing can be obtained from the spanwise
correlation function of the streamwise velocity, C(r) ≡〈(u(z)(u(z+∆z))2〉/〈u(z)2〉, where u and ∆z are the
streamwise velocity and separation distance in the direction z; the minimum in C(r) occurs at
approximately one-half the streak spacing. Figure 5(a) shows C(r) measured at y+ ≈ 15 in water (0% drag
reduction) and drag reductions of 33 and 67%. The spanwise streak separation λ+, as determined from C(r)
and normalized by the streak separation measured in water at the same y+, is plotted against drag reduction
and shown in figure 5(b). The data is in good agreement with the correlation (dashed line) found by
Oldaker & Tiedermann (1977) as a best fit to data acquired from flow visualization in polymer drag
reduced flow.
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Fig. 5. Cross correlation function C(r) measured at y+ ≈ 15 (a) at drag reductions of 0 (●), 33 (■) and 67%
(▲). Spanwise streak separation, as measured from C(r), verse drag reduction (b), present data (●), Oldakar
& Tiedermann 1977 (○). Dashed line is the best-fit found by Oldakar & Tiedermann (1977).
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Fig. 6. PIV vector plots of the low-pass filtered fluctuating velocity fields (see Fig. 4) in (a) water and drag
reductions of (b) 33%, (c) 45% and (d) 67%. Vector color corresponds to magnitude and the contour color
scale corresponds to the magnitude of the vorticity squared.

20

20

(a)

0% DR

15

10

10

5

5

u´+

u´+

15

0

0

-5

-5

-10

-10

-15

-15

-20
-20
-10 -8

-20
-20
-10 -8

-6

-4

-2

0

w´+

2

4

6

8

10

20
15

(b)

67% DR

-6

-4

-2

0

w´+

2

4

6

8

10

(c)

0% DR - 67% DR

10

u´+

5
0

-5
-10
-15
-20
-20
-10 -8

-6

-4

-2

0

w´+

2

4

6

8

10

Fig. 7. Scatter plots of (u'+, w'+) at y+ ≈ 15 in (a) water and (b) at 67% drag reduction. (c) is (a – b).

The wall-normal vorticies were identified by using a low-pass filter on the velocity field (Adrian
et al. 2000). The filtered fluctuating velocity fields for water (0% drag reduction), 33, 45 and 67% drag
reduction are shown in figure 6(a-d), respectively. Flow is from top to bottom. The vector color
corresponds to magnitude of velocity relative to the mean and the contour color scale corresponds to the
magnitude of the wall-normal vorticity squared (i.e. enstrophy). Regions of high enstrophy are correlated
with the wall-normal vortical structures (identified as regions of swirling motion). The plots show a drastic
reduction in the strength and numbers of the near-wall vortical structures. Most likely, these wall-normal
structures are actually a cross-section slice of the quasi-streamwise vorticies, ubiquitous in near-wall
turbulence. We offer further evidence to this effect by observing the scatter plots of u'+ and w'+ in water
and at 67% drag reduction, shown in figures 7(a) and 7(b), respectively. In water, large spanwise
fluctuations are correlated with large streamwise fluctuations, giving an asymmetric shape to the scatter
plot. At 67% drag reduction, the scatter plot is much more symmetric. Subtraction of the scatter plot at 67%
drag reduction from that of water is shown in figure 7(c), where it is clear that the action of the polymer is
to remove large spanwise fluctuations that are correlated with large streamwise fluctuations. This indicates
that the quasi-streamwise vortices, which are mainly responsible for this correlation, have been weakened.
3.5 Simultaneous PIV and PLIF
The injected polymer was visualized by the addition of a fluorescent dye, Rhodamine WT, to the
injected solution. The initial dye concentration was such that the fluorescent signal decayed linearly with
concentration; therefore, measurement of the fluorescent signal in the boundary layer provides a measure of
local polymer concentration. At the measurement station, dye concentration was low enough that particle
images passed through the fluorescent signal, and simultaneous PIV and PLIF could be acquired. A sample
PLIF image and its corresponding PIV vector plot at a distance, normalized by wall-coordinates, of x+ =
25,000 from the injection slot are shown in figures 8(a) and 8(b), respectively. Figures 8(c) and 8(d) are at
x+ = 36,000. Regions of high polymer concentration, as marked in the figures, are as high as 100 ppm at x+
= 25,000 and 50 ppm at x+ = 36,000 The images show a direct correlation between regions of high
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Fig. 8. Sample PLIF image (a) and the corresponding vector plot (b) at a downstream distance x+ = 25,000
from the injection slot. (c,d) is at x+ = 36,000

polymer (dye) concentration and the low-speed velocity streaks. Moreover, the fact that this effect is
observed at both measurement stations, which is not observed in water (not shown), suggests that in drag
reduced flow a single streak persists for much longer time scales than in Newtonian flow. Perhaps, most
interesting is the idea that polymer is most concentrated exactly where it is needed: assuming the polymer
directly interacts with and weakens the vortices, and given the fact that several vortices are typically
associated with each streak, the flow seen by the vortices is at high polymer concentration compared to the
surrounding fluid.
4. Conclusion
Near-wall PIV measurements in a zero-pressure-gradient boundary layer with polymer injection
show a significant modification of the near wall structure of turbulence relative to its Newtonian
counterpart. With increasing drag reduction, there is an increase in the spanwise separation of the lowspeed velocity streaks and a reduction in the strength and numbers of the near-wall vorticies. Simultaneous
PIV and PLIF measurements show that regions of high polymer concentration (marked with fluorescent
dye) are closely correlated with the low speed velocity streaks.
A modified near-wall turbulence structure in polymer drag reduced flow is perhaps to be expected,
given the dominant role of the structure in the production of turbulent kinetic energy in the near-wall
region; any explanation of the mechanism needs to incorporate this effect. In fact there are many plausible
explanations that satisfy this requirement, such as those proposed by Lumley (1969) and Tabor and DE
Gennes (1986). The difficulty is that the data to unequivocally test these theories does not exist. The data
presented here is but a first-step towards the resolution of this difficulty.
A plausible mechanism of polymer drag reduction and its observed effects, as determined from these
measurements, existing theories and knowledge of the cycle of near-wall turbulence production, is as
follows:
1.
2.
3.

4.

The polymer time-scales need be on the same order as the turbulent time scales and a critical polymer
concentration (Sreenivasan & White 2000) is required for onset of drag reduction to occur.
The polymer inhibits the regeneration of the near-wall vorticies by either local dissipation of energy
near these vortices (see Tabor and DE Gennes 1986), increased elongational viscosity (see Lumley
1969) or a combination of both; this effect increasing with drag reduction.
A reduction in the strength and numbers of the near-wall vorticies eliminates local regions of high drag
(since the two are known to correlate, Choi et al. 1994). In addition, the mechanism responsible for
dispersion of the turbulent energy from the streamwise component to the spanwise and wall-normal
components is weakened. This leads to an increase in the streamwise fluctuations and a decrease in the
spanwise and wall-normal velocity fluctuations.
The end result is reduced wall-friction and a modified mean velocity profile.

The determination of how the polymer interacts with the vortices is all that is left to be determined. This
requires, from an experimental view, accurate identification and measurement of the near-wall vortices,
precise characterization of the polymers with respect to relaxation time scales and accurate measurement of
local polymer concentration— these are nontrivial tasks, but certainly doable.
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