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Measured effects of polymer additives on turbulent-velocity fluctuations at various length scales
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Turbulent-drag reduction in a dilute polymer solution has been studied using the technique of
photon-correlation homodyne spectroscopy to measure velocity differences in a concentric cylinder cell,
in which the inner cylinder rotates. A large anisotropic suppression of turbulent-velocity differences is
found in the bulk region of the turbulent fluid. The suppression effect occurs at various length scales up
to ~1 mm, which is far beyond the Kolmogorov dissipation length I, (=0.04 mm). The large-scale ve-
locity fluctuations are suppressed, but their statistical properties over varying length scales remain un-
changed. The small-scale fluctuations, on the other hand, are damped out much more strongly, resulting
in a different functional form for the velocity-density function. The latter observation is consistent with
the notion that the polymer-turbulence interaction causes a truncation of the turbulent-energy cascade
at small scales. The measurements are also in agreement with laser Doppler velocimetry results that in
turbulent polymer solutions the lifetime of large-scale vortices is increased, and the high-frequency ve-

locity fluctuations (small-scale motions) are reduced.

PACS number(s): 47.50.+d, 47.25.—c, 42.25.—p, 61.25.—f

I. INTRODUCTION

It has been known that trace amounts of flexible poly-
mers in solution can significantly reduce the drag of tur-
bulent flow below that for the solvent alone. The
phenomenon, which has stimulated much research in
past decades [1-4] has important applications, such as
increasing pipeline capacities and speeding ships. How-
ever, the exact mechanism for the drag-reduction effect is
not well understood, and only tentative explanations ex-
ist. It is believed that turbulent flow strongly stretches
polymer chains in the solution, and the reaction of the
stretched polymer chains to the flow gives rise to the drag
reduction. One hypothesis for the drag reduction as-
sumes that the stretched polymer chains affect the
turbulent-energy cascade at small scales via the enhance-
ment of the elongational viscosity [2,5] or via some elastic
modulus of the stretched chains [6]. Another hypothesis
assumes that polymer molecules cause stabilization of
viscous boundary layers, and hence reduce the produc-
tion of turbulence [3,7,8].

Two important questions concerning the phenomenon
of turbulent-drag reduction are (1) whether the influence
of polymer additives is restricted to regions near the wall
or if it also extends to the turbulent core region and (2) at
what length scales polymer additives affect the turbulent
flow. Is the turbulence damped at small scales compara-
ble to the turbulent dissipation length or at both the
small and large scales? To answer these questions, one
has to study spatial structures of the turbulence in poly-
mer solutions at different positions and at various length
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scales. Measurements of the local velocity v(r(z)) by
laser Doppler velocimetry (LDV) [9,10], which was used
in most previous experiments [1,3,11-13], provided use-
ful information about the effect of polymer additives on
vortex structures of the turbulence. However, the
“frozen-turbulence” assumption [14] must be invoked to
relate the measured temporal signals with spatial struc-
tures of the turbulence.

For strongly turbulent flow, as in the case of
turbulent-drag reduction, it is more interesting to mea-
sure instantaneous velocity difference V(R,?) over a dis-
tance R, where

V(R,t)=v(r(t))—v(r(t)+R) .

In this paper we report an experimental study of
turbulent-drag reduction using the technique of photon-
correlation homodyne spectroscopy (HS) [15] from which
the probability-density function P(V,R) of the relative
velocity V(R,t) can be inferred [16—18]. The experiment
reveals that polymer additives cause suppression of veloc-
ity fluctuations over the whole spectrum of length scales.
The large-scale velocity fluctuations are suppressed, but
their statistical properties over varying length scales
remain unchanged. The small-scale fluctuations, on the
other hand, are damped out much more strongly, result-
ing in a different functional form for the density function
P(V,R). The suppression of velocity fluctuations at small
length scales is found in the bulk region of the turbulent
fluid.

With the HS scheme, the scattering is produced by
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small seed particles in the fluid, which follow the local
flow. The photodetector records the scattered light,
which is the beating of Doppler-shifted light scattered by
pairs of flowing particles. The output of the detector is
therefore modulated at frequencies equal to the
differences in Doppler shifts of all particle pairs in the
scattering volume. For each particle pair separated by a
distance R, this difference is q-V(R,?), with the scatter-
ing vector q having the amplitude g =(4mn /A)sin(6/2).
Here 0 is the scattering angle, n is the refractive index of
the fluid, and A is the wavelength of the incident light.
With the so-called homodyne method, one measures the
intensity autocorrelation function [15]

g()y=(I(t'"+0)I(t"))=(I(t'))*[1+bG (qt,L)], (1)

where I(¢) is the intensity of the scattered light and the
angle brackets represent a time average over t'. In the
last equality, b is a constant which depends on the
geometry of the experimental setup.

It has been shown [16,17] that the function G (gt,L) in
Eq. (1) has the form

G(qt,L)=f0LdR h(R) [ dVP(V,R)cos(qtV), (@)

where V(R,t) is the component of V(R,?) along the
scattering vector q. In the above, h(R)=2(1—R /L)/L
is the number fraction of particle pairs separated by a dis-
tance R in the scattering volume. The scattering volume
viewed by a photodetector is assumed to be quasi-one-
dimensional with length L. Equation (2) states that the
light scattered by each pair of particles contributes a
phase factor cos[q-V(R)¢] (due to frequency beating) to
the intensity correlation function G (qt,L), and G (qt,L)
is an incoherent sum of these ensemble averaged (or time
averaged) phase factors over all the particle pairs in the
scattering volume. The ensemble average of
the phase factor, cos[q-V(R)¢], involves the velocity-
density function P(V,R). The weighted average over R
is required because the photodetector receives light from
particle pairs having a range of separations (0<R <L),
and their contributions to the scattering intensity I (¢) are
proportional to the number fraction of the particle pairs
in the scattering volume. The function G(gt,L) yields
information about the velocity differences in the q direc-
tion and at various scales R (eddy sizes) up to L.

In the previous paper [19] (hereafter referred to as I)
the present authors have utilized the HS technique to
measure turbulent-velocity differences in a concentric
cylinder cell in which the inner cylinder rotates. Different
components of the velocity differences were probed by
changing the direction of the scattering vector q. Veloci-
ty differences at various length scales were measured by
varying the size of the scattering volume. The measure-
ments of the correlation function G (qt,L) reveal that the
turbulence in the flow cell is neither homogeneous nor
isotropic. Nevertheless, the measured G (gt,L) is found
to be of the scaling form

G(gqt,L)=G (k) , (3)

where k=gtu (L), with u (L)~ L being the characteristic
turbulent velocity at the length scale L. The scaling be-
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havior of G(qt,L) was observed at various observation
points and for various directions of q. The exponent £
varies with scattering geometries and with the type of cell
used (one cell contained radial fins and the other did not).
The above scaling properties of G (qt,L) were observed
over various length scales (L) and Reynolds numbers
when the spatial position of the laser beam and the
scattering geometry are fixed. However, when one com-
pares the correlation functions measured at different
scattering geometries or at different spatial positions
(keeping the other conditions unchanged), it is found that
these functions do not scale mutually.

A scaling G(qtu(L)) implies that the velocity-density
function P(V,R) has a scaling form [16,20]

P(V,R)=Q(V/u(R))/u(R) , (4)

provided u (R)~R¥®. This can be shown if one substi-
tutes Eq. (4) into Eq. (2), and G (gt,L) in Eq. (2) becomes
(16]

G(qtu(L))= fOLdR h(R)F(qtu(R)) , (5)

where F(x) is the Fourier cosine transform of
Q(V/u(R)). The above form for P(V,R) implies that
the turbulent velocity V' (R,t) is scale invariant, i.e., all its
moments { V(R,t)") obey a power law in R [16]. This is
expected from the Kolmogorov theory of isotropic tur-
bulence [21-23]. The above scaling results have been ob-
served for turbulent flows in a pipe [24] and in a square
tunnel [25] at moderate Reynolds numbers. Our mea-
surements in the Couette cell, therefore, suggest that the
scaling argument can also be used to describe turbulent
flows lacking isotropy and homogeneity. This is in agree-
ment with the recent theoretical calculation by Knight
and Sirovich [26], which showed that the above scaling
arguments for homogeneous and isotropic turbulence are
still valid for certain inhomogeneous turbulent flows.
Our experiment also suggests that the exact functional
form of the velocity-density function P (V,R) (which is of
scaling form) may vary with spatial positions and orienta-
tions in turbulent flows, reflecting the inhomogeneity and
anisotropy of the turbulence.

The present paper reports measurements of G(qt,L)
made in a flow cell identical to that in I, but with water
replaced by a polymer solution. This experiment differs
from most previous experimental studies [1,3,11], which
have focused on the straight-pipe system due to its obvi-
ous applications. The scale-invariant feature of the rela-
tive velocity fluctuations seen in water is also observed in
the polymer solution. By comparing the measurements
in the polymer solution with those in water, we find a
large anisotropic suppression of turbulent-velocity
differences in the bulk region of the turbulent fluid. The
suppression effect occurs at various length scales R up to
L =~1 mm, which is far beyond the Kolmogorov dissipa-
tion length /; (=~0.04 mm). The suppression of velocity
differences is associated with an enhancement of the
turbulent-drag reduction. The experiment reveals that
the predominant polymer effect is on the velocity com-
ponent along the mean flow direction. Gradients of this
component appear to be suppressed in all directions in
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which the gradients are substantial.

Section II of the paper contains experimental details,
including a brief description of the experimental methods
and the sample characterizations. The results are given
in Sec. IIT and are discussed in Sec. IV. Finally, the work
is summarized in Sec. V.

II. APPARATUS AND METHODS

The flow cell and the experimental setup are the same
as that shown in Fig. 1(a) of I. Refer to Fig. 1(a) and as-
sociated text in I for a description of the experimental
setup. The outer cylinder of the flow cell was made of
Plexiglass to admit the incident light and observe the
scattering. It was 12.7 cm both in height and in diame-
ter. The inner rotating cylinder was a smooth brass tube,
9.4 cm in height and 5.7 cm in diameter. The tube was
shafted along its axis and was mounted on the vertical
axis of the outer cylinder through bearings. There was a
filling stem on the top lid of the cylinder, and air bubbles
could leave from the stem. The flow cell was mounted on
the center of a square water bath, which was fixed on an
optical table. The water bath was used to index match
the cylindrical surface of the flow cell for the scattering
measurements.

The flow cell was filled with a liquid (water or a poly-
mer solution) seeded with small polystyrene latex spheres
of diameter 0.1 um. These particles follow the local flow
[27] and scatter light. The volume fraction of the seed
particles was ~10~*. At this particle concentration, the
particle mean spacing is much larger than their diameter
(dilute solution) but much smaller than the smallest tur-
bulent scale (sufficient sampling). For the particle-
polymer mixture the scattering was predominantly from
the seed particles, because the polymer molecules scatter
light very weakly.

Measurements of the autocorrelation function g(z)
were performed with a standard light-scattering ap-
paratus and a multichannel correlator (Brookhaven In-
struments Model No. BI-2030AT). The scattering
geometries used in the experiment are sketched in Fig. 1.
The direction of the incident beam was varied in three
directions: the azimuthal (¢) direction (A in Fig. 1), and
the radial (r) direction (R in Fig. 1), and the vertical (z)
direction. In the latter case we employed two scattering
geometries by changing the incident position of the verti-
cal beam in the cell [V, (vertical azimuthal) and V, (verti-
cal radial) in Fig. 1]. The incident beam (q;) and the
aligned optical apparatus (L,, S, and PM) (q,) define a
scattering plane. In the V, geometry the normal direc-
tion of the scattering plane is perpendicular to the mean
flow direction, and in the V, geometry the normal direc-
tion of the scattering plane is parallel to the mean flow
direction (see Sec. IIIB for discussions about the baffled
cell in the two geometries). For the four scattering

geometries, the corresponding scattering vectors
q=4q; —q; are
da=9g4e4tq.e, , qQr=q4e;tq,e,, ©)

qVﬂ =qzez+q¢e¢ ’ qV’:qzez+qrer .

In the above, the e; are unit vectors. One can probe
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FIG. 1. Top view of flow cells and the scattering geometries
(z axis is perpendicular to the paper): q;, incident wave vector;
q,, scattering wave vector; X, incident position of the vertical
laser beam. The components of velocity differences probed in
each geometry are also listed, where d is the distance between
the laser beam and the rotation axis, and L is the length of the
laser beam viewed by the photodetector. The A and R
geometries were also used in studies involving the baffled cell.
[A schematic of the experimental setup appears in Fig. 1(a) of
1]

different components of the velocity difference V(R,?) by
varying the direction of q, since the correlation function
G(qt,L) in Eq. (2) is only sensitive to the product
q-V(R,t). Figure 1 lists the components of the velocity
gradients measured in each geometry. Notice that L is
the length of the laser beam viewed by the photomulti-
plier, and it can be varied by opening the jaws of the slit.

The polymer used in this study was polyethylene oxide
(PEO), a commonly used water-soluble drag-reducing
agent. The polymer powder was first dissolved in dis-
tilled water at the concentration ¢ ~2.5X1073 g/cm3,
which was five times larger than the polymer overlap
concentration ¢*=~0.5Xx1073 g/cm3. Next, a known
amount of the high-concentration solution was mixed
with distilled water at a desired concentration. The solu-
tion was kept for 24 h prior to use to allow for full disso-
lution. We always used fresh samples (less than a week
old) to avoid possible chemical degradation. The nominal
molecular weight M,, of the PEO polymer was 5X 10°, as
determined by a rheological measurement [28]. The
viscosity of the polymer solution was measured by a Con-
travases low-shear Couette viscometer. The measured
viscosity 7 of the PEO solution at the concentration
¢ =100 ppm (parts per million by weight) was 1.167,,,
where 7,,=0.01 P is the viscosity of water. For the 50-
ppm PEO solution, the measured viscosity increment was
reduced by half (9 /71, =1.08). Up to the shear rate 100
sec ™!, the measured viscosities were independent of the
shear rate.

Using static and dynamic-light-scattering techniques
[15], we measured the radius of gyration, R ¢» and the hy-
drodynamic radius R, of the polymer molecules. Figure
2 presents the scattering data from the PEO aqueous
solution with the concentration ¢ =272 ppm. The data
are plotted as I/[I(g)—1I,] versus g2, where I(g) is the
scattering intensity of the polymer solution measured at
the scattering angle 6 (or, equivalently, at the scattering
vector g) and I, is the light intensity scattered from the
solvent alone. From the slope of the fitted straight line,
we obtain the radius of gyration R,=160 nm. The
dynamic-light-scattering measurements give R, ~80 nm.
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FIG. 2. The plot of I, /(I(g)—1I) vs q? for the PEO solution
with the concentration ¢ =272 ppm. The solid line is a linear fit
to the data points up to ¢2=0.75X 1073 nm 2

Because of the polydispersity of the polymer sample, the
measured value of R, shows some g dependence, and the
above value was obtained at 6=90°. The measured
viscosity and the radius of gyration R, for the PEO poly-
mer are both very close to the tabulated values for single
polymer chains [29]. This suggests that our polymer
solution is indeed a dilute solution (¢ <c*).

The turbulent drag in the flow cell was determined by
measuring the wall stress T, (force per unit area) on the
inner rotating cylinder. A torque-sensitive permanent-
magnet dc motor was used to drive the inner rotating
cylinder. The rotating speed of the motor was varied by
changing the input voltage of the motor through a dc-
motor controller. The driving current was directly mea-
sured using a 61-digit voltmeter. For this type of motor
the driving current is proportional to the torque exerted
on the rotating cylinder. The proportionality constant
(the torque constant) was obtained by running the motor
as a generator (driven by another motor) and measuring
the generated voltage as a function of the rotating speed.
The rotating speed of the motor was measured by an elec-
tronic stroboscope.

An important question in the study of turbulence con-
cerns the velocity fluctuations at different length scales.
Understanding the polymer-turbulence interaction at
various length scales is of fundamental interest, since
many theoretical models have suggested that polymer
molecules affect the turbulent-energy cascade at small
scales near the dissipation length /;. In Eq. (5) we have
shown that the function G(qt,L) senses fluid motions
from the largest scale L, which is controlled by a slit,
down to the smallest scale present in the flow. Since the
injection rate of the turbulent energy is finite, F(qtu (R))
must be a decaying function [30] and the decay rate of
F(qtu (R)) is proportional to qu (R), as can be shown by
a simple dimensional argument [16]. Equation (5) thus
states that G(qt,L) is a weighted sum of decaying func-
tions, each of them characterizing the fluid motion at the
length scale R, which is in the range between L and the
smallest scale of the turbulent flow. For the sake of the
argument, let us imagine that there were only two modes
in a turbulent flow: one was at the scale L and the other
at the Kolmogorov scale /;, which is much smaller than
L. The function G(qgt,L) is then a sum of F(qtu (L)) and
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F(qtu(l;)) (assuming the weighting factor is unity). At
small time ¢, F(qtu(L)) dominates the decay of G (qt,L),
while F(qtu(l;)) is almost a constant. This is because the
decay rate of F(qtu(R)) is proportional to R!/* accord-
ing to the Kolmogorov theory [21]. At large time ¢,
F(qtu(L)) has decayed to zero, and F(qtu(l;)) deter-
mines the decay of G (qt,L).

Therefore, the initial decay of G (gt,L) is dominated by
the large-scale motions, and the small-scale motions only
contribute to the long-time tail of G (g¢,L). In principle,
one can obtain information about velocity fluctuations at
all length scales (0<R <L) from a single measurement
of G(gt,L). However, such an analysis requires a de-
tailed modeling of the velocity-density function P(V,R)
in Eq. (2). The initial decay time 7(L) of G (qt,L), on the
other hand, can be extracted from the data without mod-
eling the density function P(V,R). As mentioned above,
the decay time (L) is proportional to [qu (L)] !, where
u(L) is the characteristic velocity difference at the scale
L. Turbulent motions at various length scales can be ex-
amined by measuring the L dependence of the decay time
7(L).

It is often difficult to determine the initial decay time
of a nonexponential decaying function. We therefore use
the zeroth moment of G (gt,L) as a definition of the decay
time 7(L). With this definition, which emphasizes the in-
itial decay of G (gt,L), 7(L) is

nL)= [ “dt G(grL) . ™

Using Eq. (7), one can numerically calculate 7(L) from
the measured G (qt,L) without knowing the exact analyt-
ic form of G(qt,L). The advantages of using the HS
technique are its high spatial resolution and ease of use.
The high signal-to-noise ratio of the technique ensures
that experimental errors are essentially statistical. The
uncertainties for 7(L) in our measurements were below
5%. At a moderately high scattering intensity
(I =10°-10° counts/s), it only took =5 min to collect the
data with an adequate signal-to-noise ratio when the slit
width L =2 mm. At the smallest slit width L =0.1 mm,
it was necessary to collect data for roughly 30 min.

III. EXPERIMENTAL RESULTS

In order to map out the turbulent-velocity field and to
observe the effect of the polymer on velocity gradients,
more than a thousand correlation functions have been
measured in different scattering geometries. The function
G (gt,L) was measured as a function of the angular veloc-
ity @ of the inner rotating cylinder (w=2#f, with f in
turns per second), the slit width L, and the spatial posi-
tion of the laser beam in the flow cell. It was established
in I that the turbulence in our flow cell is neither homo-
geneous nor isotropic. Measurements of G (gt,L) in wa-
ter alone revealed that in our working range of w, the
predominant turbulent-velocity gradient was in the hor-
izontal (r,4) plane, and the strongest velocity gradient in
the horizontal plane was in the radial direction. We now
discuss scaling properties of the turbulence in the PEO
solution and the anisotropy of turbulent-drag reduction.
Some results in this section have been briefly reported in
Ref. [31].
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A. Scaling properties of the turbulence
in polymer solutions

Similar to the situation in water, the measured G (gt,L)
in the PEO solution is found to be of the scaling form as
shown in Eq. (3). Log-log plots of G(qt,L) for various
values of the slit width L and the angular velocity w, at
the fixed scattering geometry and the fixed beam position
in the flow cell, can be brought into coincidence by slid-
ing them horizontally with respect to each other. The de-
cay time 7(L) defined in Eq. (7) [see the discussion about
7(L) below] quantitatively characterizes the amount of
the horizontal translation that is required to bring the
correlation functions into coincidence. Figure 3 shows
the typical G (k) as a function of k=¢/7(L) for various
values of w and L. Since 7(L)=~[qu(L)]"!, where u (L)
is the characteristic velocity difference at the scale L, the
scaling argument « can also be written as k =gqtu(L). The
correlation functions in Fig. 3 were measured in the 55-
ppm PEO solution at the A geometry. The scaling be-
havior of the measured G(qt,L) is also found in other
scattering geometries and beam positions.

Another important quantity in the statistical descrip-
tion of turbulence is the scaling velocity u (R) as a func-
tion of the spatial separation R. The scale dependence of
the scaling velocity can be examined by measuring the L
dependence of the decay time (L), since
7(L)~[qu(L)]~!. The decay time 7(L) in the polymer
solution still obeys the power law =(L)~L ¢ [ie.,
u(L)~L*). Figure 4 compares the L dependence of the
measured 7(L) in water (lower curve) and in the 55-ppm
PEO solution (upper curve). The measurements were
made when ©=209 sec” ! and at the R geometry. It is
seen from Fig. 4 that log[7(L)] lies on a straight line
when L is in the range 0.2 mm <L < 1.4 mm. The largest
value of L over which scaling is observed appears to be
determined by the requirement that the light received by
the photomultiplier be spatially coherent. This condition

10 -
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FIG. 3. The scaling function G (k) vs k=qtu(L)=~t/7(L) in
the 55-ppm PEO solution at the A geometry. The experimental
conditions are L =1.0 mm, ©=209 sec” ! (open triangles);
L =0.2 mm, ©=209 sec” ' (solid triangles); and L =0.3 mm,
®=262 sec” ! (open squares).
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FIG. 4. Variations of the decay time 7(L) with the slit width
L measured in water (lower curve) and in the 55-ppm PEO solu-
tion (upper curve). The measurements were made when v =209
sec”! and at the R geometry. The solid lines are the power-law
fits, and the number labeled beside a line is the slope of that line.

was satisfied in our experimental setup as long as L was
less than 2 mm. The lower cutoff at small L was con-
trolled by the laser-beam diameter ( ~0.1 mm). The solid
lines in Fig. 4 are the power-law fits to the data. The un-
certainty for the slope £ is below 10% for water and 15%
for the PEO solution.

The fitted value of £ for the PEO solution is 0.31,
which is slightly smaller than that for water (§=0.36),
but the difference is within experimental error. A larger
error for the measured 7(L) in the PEO solution is due to
the mechanical degradation of the polymer molecules in
the solution. It is found that the viscosity of the 100-ppm
PEO solution is decreased from 1.167,, to 1.087,, after it
was continuously stirred for an hour. Our turbulent-drag
measurements show that when the PEO solution has been
continuously stirred for 10 min, the wall stress (force per
unit area) on the inner rotating cylinder starts to increase.
This mechanical degradation was also seen in other flow
systems [32]. Figure 4 shows that the value of the ex-
ponent & in the R geometry are close to the Kolmogorov
value, indicating that the turbulence in the geometry is
nearly fully developed. Though the exponents £ in the
two fluids are almost the same, the absolute value of the
decay time 7(L) is increased [u (L) is reduced] by a factor
of 1.2 in the PEO solution (keeping the other conditions
unchanged). This indicates a suppression of turbulent-
velocity gradients by the polymer molecules. The
suppression effect is seen for various slit widths from 0.2
to 1.4 mm, and it is also observed in the A geometry.
The above measurements of G (qt,L) were performed in
the midline (bulk region) of the gap between the two
cylinders (3.5 cm away from the outer wall).

As mentioned in Sec. II, the decay time 7(L) defined in
Eq. (7) is only sensitive to the initial decay of G(qt,L),
and hence to the large-scale motions of the turbulent
flow. The range of the scales is controlled by the slit
width L (0.2 mm <L < 1.4 mm). Therefore, Figs. 3 and 4
suggest that scaling concepts can still be used to describe
the turbulence in the polymer solution and that large-
scale velocity fluctuations in the PEO solution are
suppressed compared with those in water. However, the
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statistical properties of these fluctuations over varying
length scales remain unchanged (the scaling exponent £ is
roughly the same as that in water). To see what happens
in smaller scales, on which many theoretical efforts have
focused, we now compare the functional form of G (gt,L)
in the PEO solution with that in water. Special attention
is given to the long-time tail of G (gqt,L). This is because
the initial decay of G (qt,L) is dominated by the large-
scale motions, and the small-scale motions contribute to
the long-time tail of G (gt,L).

The scaling behavior for G (gt,L) in the PEO solution
was observed at various length scales and Reynolds num-
bers, with the spatial position of the laser beam and the
scattering geometry fixed. When one compares G (gt,L)
measured in the PEO solution with those in water (keep-
ing the other conditions unchanged), it is found that the
functions G (qt,L) do not scale mutually. Figure 5 com-
pares the measured G (k) in the PEO solution (solid
curve) and in water (open circles). The two correlation
functions were measured at L =1.0 mm, »=209 sec” !,
and in the R geometry. It is clearly seen that the two
functions fail to scale with each other at large times, sug-
gesting that the small-scale motions in the two fluids are
very different. It is also shown in Fig. 5 that the function
G (k) in the PEO solution decays slower at large « com-
pared with that in water. Since G (qt,L) is a superposi-
tion of decaying functions (decay modes), each of the de-
cay modes characterizing the fluid motion at different
length scales (see Sec. II), a slower decay of G (gt,L) at
large ¢t may indicate two different trends: either an in-
crease in the number of decay modes at small scales or a
suppression of small-scale motions, if the number of de-
cay modes remains unchanged. The former indication is
unlikely because the Reynolds number in the two fluids is
the same. Notice that the number of active degrees of
freedom per unit volume in a turbulent flow is propor-
tional to Re®’* (Ref. [33]). Therefore, Fig. 5 suggests that
the small-scale motions in the polymer solution are
strongly suppressed. This suppression effect is observed
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FIG. 5. The scaling function G (k) vs k=gqtu(L)=t/7(L) in
water (open circles) and in the 55-ppm PEO solution (solid
curve). The two correlation functions were measured when
©=209 sec”!, L=1.0 mm, and in the R geometry.
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at various values of L and » and also in the A geometry.
Our experimental results in this section thus suggest
that the addition of polymer to water causes a suppres-
sion of turbulent-velocity fluctuations over the whole
spectrum of length scales. The large-scale fluctuations
are suppressed, but their statistical properties remain un-
changed (the scaling exponent £ is roughly the same).
The small-scale fluctuations, on the other hand, are
damped out much more strongly, resulting in a different
functional form for the velocity-density function P(V,R).
The latter observation is consistent with the notion that
the polymer-turbulence interaction causes a truncation of
the turbulent-energy cascade at small scales [2,5,6]. The
measurements are also in agreement with LDV results
that in turbulent polymer solutions the lifetime of large-
scale vortices is increased and the high-frequency velocity
fluctuations (small-scale motions) are reduced [12,13].

B. Anisotropy in turbulent-drag reduction

The above measurements of G (gt,L) show that the po-
lymer molecules suppress the turbulent-velocity
differences in the horizontal (r,¢) plane (A and R
geometries). However, no suppression effect was ob-
served when the incident beam is along the z direction
(V, geometry) for various @ up to 262 sec”!; the mea-
sured G (qt,L) in water and in the PEO solution are the
same. This is because the fluid flow in the vertical direc-
tion is less turbulent as indicated by a slow decay of
G (gt,L) and a small exponent £ [19]. To generate more
turbulence in this direction, we deliberately inserted four
radial baffle plates placed symmetrically on the wall of
the outer cylinder (see the V, and V, geometries in Fig.
1). The width of each baffle plate was 1.3 cm, and its
height was the same as that of the outer wall. This is a
typical design for a mixing vessel [34].

In the baffled cell one can clearly see that in the z direc-
tion there are large-scale velocity fluctuations, which are
absent in the unbaffled cell. When the fluid hits the
corner where the outer wall and a baffle plate meet, the
flow direction is forced to change either in the horizontal
plane (where the fluid element has to be stretched) or in
the vertical direction (up-down motion). The vertical
motion was observed by eye through the addition of po-
lymeric flakes (Kalliroscope AQ1000, 1% in concentra-
tion) to water. The measured G (gt,L) shows that in the
baffled cell the velocity gradient in the r direction is re-
duced. Thus the insertion of the baffle plates enhances
velocity fluctuations in the z direction and reduces the
velocity gradient in the r direction. One may view the
turbulence in the baffled cell as a turbulent wake generat-
ed by the baffle plates. More detailed discussions on the
turbulent velocity field can be found in I.

We now discuss the scaling properties of G (qt,L) for
the PEO solution in the baffled cell. Similar to the situa-
tion in the unbaffled cell, the measured G (qt,L) in the
baffled cell is found to be of the scaling form as shown in
Eq. (3). Log-log plots of G (gt,L) for various values of L
and o, given the scattering geometry and the beam posi-
tion in the flow cell, can be superimposed by scaling the
time axis to k=t /7(L). Figure 6 shows the typical G («)
as a function of k=qtu (L)~t /(L) for various values of
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FIG. 6. The scaling function G (k) vs k=gqtu(L)~t/7(L) for
the 55-ppm PEO solution in the baffled cell at the A geometry.
The experimental conditions are L =1.0 mm, ©=209 sec™'
(open triangles); L =0.2 mm, © =209 sec ! (solid triangles); and
L =0.5mm, ©=262 sec” ' (open squares).

o and L in the 55-ppm PEO solution. These correlation
functions were measured in the baffled cell and at the A
geometry. The decay time 7(L) in the baffled cell still
obeys the power law 7(L)~ L ~¢, and the values of the ex-
ponent £ in the A and V, geometries are roughly the
same as those measured in the unbaffled cell [19]. The
above results suggest that scaling concepts can also be
used to describe the turbulent polymer solution in the
baffled cell.

Perhaps the most dramatic effect occurring in the
baffled cell is the suppression of velocity differences by
addition of the PEO polymer in the V, geometry. This
suggests that the polymer molecules suppress the vertical
velocity fluctuations produced by the baffle plates. The
upper two curves in Fig. 7 compare the measured
G (gt,L) in water (open circles) and in the PEO solution
(solid circles). The measurements were performed when
®=203 sec”!, L =0.5 mm, and in the V, geometry. The
position of the vertical beam was 1.5 cm away from the
edge of a baffle plate in the downstream direction and 1.3
cm away from the outer wall (see the V, geometry in Fig.
1). The decay time 7 in the PEO solution is increased by
a factor of 1.4. This suppression effect is seen for several
slit widths from 0.2 to 1.4 mm. The difference in the
measured G (gt,L) between water and the PEO solution
gradually diminishes when the angular velocity is re-
duced. It is observed that the two curves of G(qt,L)
coincide when ©=94 sec”!. The maximum suppression
effect in this scattering geometry occurs in the near-baffle
region (~ 1.3 cm away from the outer wall in the down-
stream direction) where the vertical velocity fluctuations
are the strongest. When the incident beam is moved to
the region close to the inner rotating cylinder, the verti-
cal velocity fluctuations are reduced, and so is the
suppression effect.

When the scattering geometry is changed to V,, the
measured G(qt,L) in water and in the PEO solution

7237

In G(qt,L)

t(psec)

FIG. 7. The measured G(qt,L) in the baffled cell for water
(open symbols) and for the 55-ppm PEO solution (solid symbols)
when ©=203 sec™! and L =0.5 mm. The upper two curves
were measured in the V, geometry, and the lower two curves
were obtained in the V, geometry.

remain the same for various L and w. This is shown by
the lower two curves in Fig. 7 (0=203 sec”!, L =0.5
mm; see the V, geometry in Fig 1). We notice that the
measured G (qt,L) in water for the V, geometry decays
twice as fast as that for the V, geometry when =203
sec ! and L =1.0 mm. The data in Fig. 7 thus reveal a
large anisotropic suppression of turbulent-velocity
differences in the polymer solution. In particular, as
shown in Fig. 7, polymer molecules suppress the velocity
difference (dv P /0z)L, but not the other two components
listed under the V, and V, geometries in Fig. 1.

A slightly larger suppression effect is also observed in
the baffled cell (compared with that in the unbaffled cell)
when the laser beam enters the cell along the ¢ direction
(the A geometry) at ©=209 sec” '. The larger effect in
the baffled cell indicates that the turbulent-velocity gra-
dient in the cell is enhanced in the mean flow direction.
The difference in G(qt,L) between water and the PEO
solution disappeared when the scattering geometry was
changed to R. This can be understood by the fact that
the turbulent-velocity gradients in the radial direction are
reduced in the baffled cell [19]. The measurements of
G (qt,L) in the PEO solution, therefore, show that the
predominant polymer effect is on the velocity component
along the mean flow direction. Gradients of this com-
ponent appear to be suppressed in all directions in which
the gradients are substantial. This effect presumably
arises from the elastic stress in the polymer chains oppos-
ing the stretching and shearing of fluid elements.

The observed suppression of velocity differences in the
PEO solution is found to be associated with a reduction
of turbulent drag. The turbulent drag was determined by
measuring the wall stress T, (force per unit area) on the
inner rotating cylinder in both the unbaffled cell and the
baffled cell. Figure 8(a) shows the measured 7, in the
unbaffled cell as a function of the angular velocity w for
three solutions: distilled water (solid circles), the 25-
wt % glycerol aqueous solution (open circles), and the
55-ppm PEO aqueous solution (diamonds). An onset of
the drag reduction appears to occur at w,=~250 sec™ L. It
can be seen that the drag reduction increases with in-
creasing . For the highest accessible angular velocity
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©=385 sec”!, a 10% drag reduction was achieved. The
25% glycerol solution (7=2.087n,) was used to assure
that the drag reduction in the polymer solution was not
simply the result of its increased viscosity (7=1.087,,)
relative to water.

According to turbulent boundary layer theory for a
simple fluid, the wall stress T, has the following form
[35]:

Tw NpUZ(RCa)7a~p14anaU24aa *aEAG)Z—a , (8)

where p is the density of the fluid, a is the radius of the
inner rotating cylinder, and U =aw is the characteristic
velocity. The Reynolds number Re, is defined as
Re, =wa’/v, where v is the kinematic viscosity of the
fluid. A typical value of a is 0.2. Equation (8) is an
empirical scaling law, which holds for the turbulent wall
stress on many smooth surfaces, such as a flat plate, a ro-
tating disk, and a straight pipe. Our measured T, for
distilled water and the 25 wt.% glycerol solution
(n=2.087, ) are found to be well fitted to Eq. (8) with
a=0.2 [the solid curves in Fig. 8(a)]. Figure 8(b) replots
the data in Fig. 8(a) for distilled water (solid circles) and
the 25 wt. % glycerol aqueous solution (open circles) as a
function of ©'®. The solid lines are the linear fits to data,

w (Hz)
150
(b) .
0.002746
& 100 F _
£
~
z
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FIG. 8. (a) The measured wall stress T, in the unbaffled cell
as a function of w for three solutions: distilled water (solid cir-
cles), the 25 wt. % glycerol aqueous solution (open circles), and
the 55-ppm PEO solution (diamonds). The solid curves are the
fits to Eq. (8) with «=0.2. In (b) we replot the data for distilled
water (solid circles) and the 25 wt. % glycerol aqueous solution
(open circles) as a function of ®'®. The solid lines are the linear
fits to data, and the numbers on the graph are the slopes of the
fitted straight lines.
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and the numbers on the graph are the slopes of the fitted
straight lines. It can be seen that the two fitted straight
lines have different slopes, and the ratio of the two slopes
is as follows:

B= Agy/ Agaree =1.17 .
From Egq. (8) one expects the ratio
B=(p/p,)"¥n/n,)*=1.20,

which agrees well with our drag measurement.

Figure 9 shows the measured T, in the baffled cell as a
function of o for distilled water (closed circles) and the
PEO aqueous solution with ¢ =55 ppm (diamonds). One
can clearly see an enhancement of the drag reduction at
large . For the largest accessible @ (=310 sec™ '), we
obtain a 25% drag reduction, which is 2.5 times larger
than in the unbaffled cell. Another important change is
that in the baffled cell the onset angular velocity o, is
greatly reduced from wy,~250 sec ™! to wy~150 sec™'. It
is also found that the measured T, remains the same
value for the PEO solution with ¢ =100 ppm, which indi-
cates that the drag reduction is already saturated in our
concentration range [1]. It is notable that T, in the
baffled cell is 1.55 times larger than that in the unbaffled
cell, so the flow field is clearly changed by the baffles.
Yet the exponent a in Eq. (8) has the same value for both
cells filled with water or the glycerol solution. However,
for the PEO solution the exponent a changes its value to
a=0.4 in the baffled cell.

C. An interesting wall effect

The above measurements of G (gt,L) for the V, and V,
geometries in the baffled cell were performed in the bulk
region of the turbulent fluid and are little affected by
changing the direction of the rotation of the inner
cylinder. However, when the vertical incident beam is
deliberately moved to the corner where a baffle plate and
the outer wall meet, it is found that the polymer additive
affects the upstream flow differently from the downstream
flow. Figure 10 shows the measured G(qt,L) in water
(solid circles) when ©w=94 sec”!, L=1.5 mm, and
q=qy, [see Eq. (6)]. The incident beam was 1.5 cm away

from a baffle plate in the ¢ direction (upstream side) and
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FIG. 9. The measured wall stress T, in the baffled cell as a
function of w for distilled water (solid circles) and the 55-ppm
PEO solution (diamonds). The upper solid curve is a fit to Eq.
(8) with a=0.2, and the lower solid curve is the fit with a=0.4.
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FIG. 10. The measured G(gt,L) in water (solid circles) and
in the PEO solution (open circles). The two measurements were
made in the V, geometry when ©=94 sec”! and L =1.5 mm.
The incident beam was 1.5 cm away from a baffle plate in the ¢
direction (upstream side) and was 4 mm away from the outer
wall.

was 4 mm away from the outer wall. The open circles in
Fig. 14 show measurements made under the same condi-
tions, but with water replaced by the 50-ppm PEO solu-
tion. It is clearly seen that G (qt,L) in the PEO solution
decays faster than that in water, indicating an enhance-
ment of velocity differences. The decay time 7 for the
PEO solution is reduced by a factor of 1.12. The max-
imum enhancement was found at small (0 =94 sec™!),
and at large o (0=203 sec”!) the difference in G (qt,L)
between water and the PEO solution disappeared. When
the incident laser beam was changed to the downstream
side of the baffle plate (by changing the direction of the
rotation), no enhancement of velocity differences was
found in the PEO solution. Instead, the measured
G (qt,L) in the PEO solution shows an expected slower
decay than that in water, i.e., velocity differences are
suppressed. The suppression effect is even larger than
that shown in Fig. 7. The measured 7 in the PEO solu-

tion is increased by a factor of 1.13 when w=94 sec™!,

and it is increased by a factor of 1.32 when w=203 sec ™ .

It has been known [36] that there is an enhancement of
the recirculating vortex formation in the upstream corner
of a contraction flow for concentrated polymer solutions
and polymer melts. At low Reynolds numbers the vortex
grows with increasing flow rate, and at higher Reynolds
numbers when the inertia becomes important, the size of
the vortex decreases with increasing flow rate. It is possi-
ble that the enhancement of velocity differences observed
in our dilute polymer solution at low Reynolds number is
related to the enhancement of the vortex formation. A
systematic study of velocity differences in the baffled cell
at low Reynolds numbers may be of interest in itself.

IV. DISCUSSION

As mentioned in Sec. III B, the observed anisotropic
suppression of velocity differences in the mean flow direc-
tion may result from the elastic stress in the polymer
chains opposing the stretching and shearing of fluid ele-
ments. To judge the effect of the turbulent elongational
shear S(r) on polymer chains, one has to compare S (r)
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with the polymer relaxation rate ['=(kyzT /67, )R, >.
When S (r) is small compared to I, polymer molecules
relax in a time shorter than S(r)~!, and hence the
stretching effect on the polymer molecules will be small
(weak-shear region). In the strong-shear region, where
S(r)>T, the shear will strongly stretch the polymer
chains, and this stretching is believed responsible for the
onset of the drag reduction.

In our measurements the angular velocity w ranged
from 42 to 385 sec”!. The corresponding Reynolds num-
ber Re, =wa?/v is in the range 3.3X10* to 3X10°,
where a (=2.8 cm) is the radius of the inner rotating
cylinder. Our visual observations show that the flow in
the unbaffled cell is turbulent even at the lowest angular
velocity @ =42 sec”!. The Reynolds number correspond-
ing to this angular velocity (Re= 10*) is much larger than
the critical Reynolds number Re, for the Taylor vortex
instability (Re,~10?) [37]. To have an order-of-
magnitude estimate for the onset of the drag reduction,
we invoke the Kolmogorov theory [21] of fully developed
turbulence and the turbulent boundary layer theory [35]
because no other theory is available for flows with the
moderate Reynolds number. The turbulent elongational
shear S(r) is estimated using the maximum turbulent
shear [21] S(I;)~vRe*?/a?, which is the most impor-
tant shear for stretching polymer chains [6]. Here
1,~1,Re™3"*is the Kolmogorov dissipation length.

In analyzing turbulence near a wall, one should use a
Reynolds number Res, which is based on the turbulent
boundary layer thickness 6 rather than Re,. The two
Reynolds numbers can be related by the empirical equa-
tion [35]

Res=0.37Re?> . )

Now we can estimate the onset of the drag reduction in
terms of a critical Reynolds number R, by equating S (/,)
to I'. This also defines an onset angular velocity w, using
R =wya?*/v. For our polymer with R » =80 nm, we ob-
tain the onset angular velocity w,~230 sec”!, at which
S(l;)~500 sec”!. At this Reynolds number the Kolmo-
gorov dissipation length /;~0.04 mm. From Fig. 8(a)
one can see that the above estimation for the onset of the
drag reduction agrees satisfactorily with the measure-
ment.

We now address the most difficult question: how the
stretched polymer chains interact with hydrodynamic
flows at small scales. This question cannot be answered
conclusively at present because of the following reasons.
First of all, most theoretical models for turbulent-drag
reduction have not yet led to any quantitative predictions
that could be compared with experimental results.
Secondly, because most experimental studies on
turbulent-drag reduction have been focused on the hydro-
dynamic effect of polymer additives, microscopic infor-
mation about stretching and orientation of polymer mole-
cules in turbulent flows is not available. Nevertheless,
our experimental results can still shed light on the
theoretical modeling of turbulent-drag reduction. Mea-
surements of the correlation function G(qt,L) indicate
that the suppression of velocity differences at small scales
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occurs in the bulk region of the turbulence. This is con-
sistent with the Tabor—-de Gennes approach [6], which
discussed the properties of homogeneous, isotropic,
three-dimensional turbulence in the presence of polymer
additives without any wall effect. Their main idea is that
the polymer effects on the turbulence at small scales are
described by an elastic modulus, but not a viscosity.

Another finding of the experiment is that the suppres-
sion of turbulent-velocity differences occurs at both large
scales and small scales. This suggests a coupling of veloci-
ty fluctuations among various scales, which is absent in
the hypothesis that stretched polymer chains only affect
the turbulent-energy cascade at small scales ( ~/;) via ei-
ther the enhancement of the elongational viscosity [2,5]
or the elastic modulus of the stretched chains [6]. Lan-
dahl [3,7,8] has discussed such a coupling and proposed
that the major dynamic effect of polymer molecules is to
cause stabilization of small-scale secondary motions in
the viscous boundary layer, thereby inhibiting the pro-
duction of turbulent bursts. The reduction of the tur-
bulent bursts results in a turbulent-drag reduction.
Changes of the larger-scale structures in the turbulent
bulk region, due to intermittent bursts from viscous
boundary layers, may be a dominant feature for the trans-
port of momentum in turbulent flows. Each burst is an
explosive production of Reynolds stress, and the HS tech-
nique is capable of measuring the velocity differences
within the bursts. A main feature of the Landahl stabili-
ty analysis is that the viscoelasticity does not seem to be
the key fluid property; rather, the anisotropic stress
caused by the stretching of the polymer chains in a tur-
bulent flow is a more likely candidate. This conclusion is
consistent with our finding that there exists a large aniso-
tropic suppression of turbulent-velocity differences in the
polymer solution.

Recently, Ryskin [5] calculated the viscosity increase
in Lumley’s model [2] using a raveling-unraveling poly-
mer model (“yo-yo model”) to describe the polymer
stretching [5]. The viscosity increase was then related to
some measurable drag-reduction parameters. Our
turbulent-drag measurements show that the wall stress
T, for the PEO solution in the baffled cell goes as w'-®
(a¢=0.4), while T,, measured in water is proportional to
"% (@=0.2; see Fig. 9). This finding cannot be ex-
plained by an enhancement of the turbulent viscosity due
to the stretching of polymer chains, as has been proposed
[2,5]. It is believed that polymer molecules are stretched
only in the turbulent bulk region where the viscosity is
increased to a larger value 7, relative to the solvent. In
the viscous boundary layer, on the other hand, the lami-
nar shear cannot stretch the polymer chains much, and
hence the viscosity remains the same as 7, the viscosity
of the solvent [2]. If indeed this is so, one would antici-
pate that the enhancement of the turbulent viscosity can
only cause the amplitude A4 in Eq. (8) to change, but not
the exponent «, as we now argue. If we replace the poly-
mer solution by a simple fluid with the viscosity 7,, the
resulting wall stress T, for the fluid will satisfy Eq. (8):

Tt/Tsolz(T]t /nso])a ’

where T, is the wall stress for the solvent. The wall
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stress Tpgg for the polymer solution is different from T,
because the viscosity in the viscous boundary layer is
different. The wall stress Tpgy can be related to T, by
the proposed equation [5] Tpgq =(1,,/1,)T,. Therefore,
the ratio of the two wall stresses between the polymer
solution and its solvent is

B:TPEO/Tsol:(nsol/nt )l'a .

This suggests that the o dependence of Tpgy should be
the same as that for the solvent, and this is inconsistent
with our measurements.

It should be mentioned that the weak viscosity (7°2)
dependence of the measured T, in simple fluids [see Fig.
8(b)] indicates that there exists a viscous boundary layer
near the wall of the rotating cylinder. From Eq. (8) one
can see that the 7*2 dependence is associated with an '
dependence of the wall stress T,,,. When the inner rotat-
ing cylinder is replaced by a four-blade propeller (its di-
ameter was 6.35 cm, and the width of the blade was 1.27
cm), the measured drag in the baffled cell goes as w? for
both the PEO solution and water; no drag reduction is
observed. This is because the drag for the propeller is
mainly from the pressure difference across the blade (the
pressure drag), while the friction drag (the skin drag) is
very small.

V. CONCLUSION

We have studied turbulent-drag reduction in dilute
PEO aqueous solution. The technique of photon-
correlation homodyne spectroscopy was used to measure
turbulent-velocity differences in a concentric cylinder
cell, in which the inner cylinder rotates. Different com-
ponents of the velocity differences were probed by chang-
ing the direction of the scattering vector q. Velocity
differences at various length scales were measured by
varying the size of the scattering volume. A large aniso-
tropic suppression of turbulent-velocity differences is
found in the bulk region of the turbulent fluid. The
suppression effect is associated with an enhancement of
the turbulent-drag reduction. The experiment reveals
that the predominant polymer effect is on the velocity
component along the mean flow direction. Gradients of
this component appear to be suppressed in all directions
in which the gradients are substantial. This effect
presumably arises from the elastic stress in the polymer
chain opposing the stretching and shearing of fluid ele-
ments.

The measured correlation function G (gt,L) is found to
be of the scaling form G(qtu (L)) with u (L)~ L¥, where
u (L) is the characteristic turbulent velocity at the length
scale L. The log-log plots of G (gqt,L) for various values
of the slit width L and the angular velocity o, at the fixed
scattering geometry and the fixed beam position in the
flow cell, can be brought into coincidence by sliding them
horizontally with respect to each other. The scaling be-
havior of G(qt,L) is independent of the scattering
geometries and the flow cells. However, when one com-
pares the correlation functions measured in water with
those in the PEO solution (keeping the other conditions
unchanged), it is found that the above scaling description
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for G (qt,L) is no longer valid. A scaling G(qtu (L)) indi-
cates that the velocity-density function P(V,R) has a
scaling form Q(V /u (R))/u(R). The above results, thus,
suggest that the scaling argument an still be used to de-
scribe the turbulence in the polymer solution.

By comparing the measurements in the PEO solution
with those in water, we find that the polymer additive
causes suppressions of velocity differences over the whole
spectrum of length scales. The large-scale velocity fluc-
tuations are suppressed, but their statistical properties
over varying length scales remain unchanged by addition
of the polymer. On the other hand, the small-scale fluc-
tuations are damped out much more strongly, resulting in
a different functional form for P(V,R). The latter obser-
vation is consistent with the notion that the polymer-
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turbulence interaction causes a truncation of the
turbulent-energy cascade at small scales. The measure-
ments are also in agreement with LDV results that in tur-
bulent polymer solutions the lifetime of large-scale vor-
tices is increased, and the high-frequency velocity fluctua-
tions (small-scale motions) are reduced. Still lacking is a
theory providing quantitative predictions that can be
used to compare with experimental results.
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