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Abstract The presence of macromolecular polymer
structures in a fully developed turbulent channel flow
has been shown to substantially increase the drag
reduction compared to non-structured polymer flows.
This study presents a detailed analysis of experimental
data obtained using laser Doppler velocimetry (LDV) to
develop insights into the effects of the presence of
macromolecular polymer structures on the turbulence
characteristics of a channel flow. It is argued that
polymer structures could contribute to minimizing the
interaction between the inner and outer regions of the
flow, which, in turn, can contribute to the modification
of the coherent structure of the turbulence.

1 Introduction

Most studies that focus on the effects of polymers on
turbulence deal with fully developed flows in either cir-
cular pipes or rectangular channels (e.g., Rieschman and
Tiederman 1975; Mizushina and Usui 1977; McComb
and Rabie 1982; Willmarth et al. 1987; Luchik and
Tiederman 1988; Harder and Tiederman 1991; Wei and
Willmarth 1992, among others). The study of Riesch-
man and Tiederman (1975) showed that optimum effi-
ciency is achieved when the polymers are located in the
buffer region of the boundary layer. For low percentages
of drag reduction, the effects of the addition of polymers
on the mean velocity profile translates into an un-
changed viscous sublayer and a shift of the logarithmic
region towards higher velocities while remaining parallel

to the logarithmic layer of the corresponding Newtonian
velocity profile. Large percentages of drag reduction
seem to come associated with an increase in the slope of
the logarithmic layer up to a maximum indicated by the
maximum drag reduction asymptote (MDR; Virk 1975).
Polymer flows show the peak of the streamwise velocity
fluctuations at larger values of y+ than the corre-
sponding Newtonian flow. However, the maximum va-
lue of the streamwise turbulence intensity differs
substantially among studies. The normal turbulence
intensities, on the other hand, consistently show atten-
uation in the buffer region. The Reynolds shear stress in
polymer flows has been shown to decrease in the buffer
region. The experiments of Willmarth et al. (1987) and
Harder and Tiederman (1991) showed that a Reynolds
stress defect could take place for drag reduction levels
around 35% when using a polyethylene oxide (PEO)
solution and a polyacrylamide (PAM) solution, respec-
tively. A Reynolds stress defect implies that the sum of
the viscous stress and the Reynolds stress is not equal to
the stress calculated from the corresponding pressure
gradient. Similar results have been confirmed recently by
other studies (e.g., Warholic et al. 1999; Den Toonder
et al. 1997; Ptasinski et al. 2003, etc.). The visualization
studies of Donohue et al. (1972) reported an increase in
the streak spacing of the coherent turbulent boundary
layer in the presence of drag-reducing polymers and a
significant decrease in the bursting rate. The real-time
holography experiments of Achia and Thompson (1977)
corroborated the latter findings, as did the studies of
Berman (1986), Tiederman et al. (1985), and Luchik and
Tiederman (1988), among others. Recently, some direct
numerical simulations of drag reduction with polymer
additives have questioned the theories of Lumley (1977)
and de Gennes (1990), which consider that polymer drag
reduction can be explained based on the modification of
the small dissipative scales due to the additives. The
studies of De Angelis et al. (2003) and Benzi et al. (2003)
argue that the mechanism of drag reduction is mainly
linked to the modification of the dynamics of the large
scales.
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In the past, some consideration has been given to the
differences and similarities between homogeneous and
heterogeneous drag reduction in fully developed flows.
However, the amount of work on heterogeneous drag
reduction is very limited when compared to that on
homogeneous drag reduction, where very dilute polymer
solutions are either premixed in the flow of interest or
else injected such that homogeneity of the resulting flow
is ensured. Heterogeneous solutions are characterized by
the presence of threads of concentrated polymer solu-
tions. Heterogeneous drag reduction has been observed
by Vleggaar and Tels (1973), Bewersdorff (1984), and
Berman (1986), among others. These studies focused on
the injection of highly concentrated polymer solutions
into the centerline of pipe flows. The studies of Hoyer
and Gyr (1996, 1998) concluded that the large levels of
drag reduction attained by such heterogeneous polymer
flows could be due to agglomerates of dissolved polymer
molecules that translate into larger polymer concentra-
tions close to the wall. The study of Vlachogiannis and
Hanratty (2004) showed that wall injection of concen-
trated hydrolyzed polyacrylamide (HPAM) can achieve
very large levels of drag reduction when polymer struc-
tures are present in the solutions prior to injection.
Previous studies reported by the authors (e.g., Shen et al.
2003; Kim et al. 2004) address the comparison of
homogeneous and heterogeneous polymer flows for the
same flow characteristics and the same average polymer
concentration at the channel test section when the
polymer is injected at the wall. Those studies showed
larger drag reduction for the heterogeneous polymer
flow and that polymer structures, even if not present in
the prepared solution, could be induced by the injection
system and the mixing process that takes place in the
channel. Those structures were mostly located in the
neighborhood of the channel centerline. Kim et al.
(2004) reported on the laser Doppler velocimetry mea-
surements of the mean and the turbulent characteristics
of both homogeneous and heterogeneous polymer flows
in a fully developed turbulent channel flow. That study
presented the distribution of the velocity fluctuations
and the shear stress across the channel, and did not seem
to indicate substantial differences in the region where the
majority of the polymer structures are present. The
purpose of this study is to conduct a detailed analysis of
the higher order moments of turbulence along with the
power spectra of the data, and the corresponding gov-
erning length scales of both heterogeneous and homo-
geneous flows. This study attempts to further establish
the differences, if any, that the large macromolecular
polymer structures might be inducing on the flow by
congregating mostly along the channel centerline.

2 Experimental apparatus and procedures

This experimental study makes use of a recirculating
water channel where the flow is driven by a 0.076 m3/s
centrifugal pump into a 5.99-cm wide by 59.94-cm high

and 6.35-m long channel test section. The bulk velocity
in the test section can be up to 2.11 m/s, leading to a
Reynolds number based on the channel’s width of up to
1.26 · 105. The measurement station is located 5.28 m
(or 88.5 channel widths) downstream of the test section
entrance and 84.4 channel widths from the injection slot.
Twenty-one equally spaced pressure taps located on one
of the test section walls monitor the pressure gradient.
The polymer injection slots are located 22.86 cm (or 4.1
channel widths) downstream of the test section entrance
on both sides of the channel. They are 0.25-cm wide,
59.94-cm high and are inclined at an angle of 25� to the
wall. A pneumatic system using compressed nitrogen
drives the polymer solution from the 16-gallon pressure
storage tanks to the injection slots. Flow meters near
each injection slot are used to monitor the flow rate.
Optical access to the measurement station for the LDV
measurements is provided by slots (2.54-cm high by
15.24-cm long) located on the side walls of the test sec-
tion that are covered with 0.005-cm-thick, clear Mylar
film. By adjusting the water levels in the two small water
tanks on both sides of the channel, the pressure exerted
on the Mylar film by the water in the tanks is forced to
match the pressure exerted by the water in the test sec-
tion. The channel water, polymer solution, and room
temperatures are measured using type K thermocouples
with 0.1�C resolution. A detailed description of this
experimental facility can be found in Kim et al. (2004).

2.1 Experimental instrumentation

Laser Doppler Velocimetry was used in this study to
measure the velocity components and corresponding
turbulence characteristics. The LDV system makes use
of a 5-W Coherent Innova 70C argon-ion laser. The
laser beam is split into three different color beam pairs
and fiber optic cables were used to couple them with the
custom-made, single, waterproof three-component LDV
probe made by TSI Inc. In this study, only 2D mea-
surements are reported. The beams are crossed at the
same point and aligned with the receiving fiber. Each
beam pair forms an effective measuring volume
approximately 83 lm in diameter with a length-to-
diameter ratio of approximately 2.5:1. The LDV system
is operated in the coincidence mode and acousto-optic
Bragg cells are used to shift the frequency of one beam in
each pair. Scattered light is collected in the back-scatter
mode, color filtered, and focused onto individual
photomultipliers. The signals from the frequency
downmixers are fed onto a TSI IFA 655 digital-burst-
correlator signal processor that determines and records
the frequency of the Doppler bursts from all channels
after band-pass-filtering the signals. The correlation
processor is digitally interfaced to a Pentium II PC to
process the signals. The water in the channel and the
polymer solutions are seeded with titanium dioxide of
rutile particles in crystalline form of 3 lm in diameter.
Measurements were taken at 80 locations between walls.
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The sampling rate was around 50 Hz in the near wall
region and reached up to 600 Hz near the centerline. At
each measuring position, up to 50,000 velocity triplets
were collected. These data were then number averaged
and refined. Realizations that were more than three
standard deviations away from the mean on any com-
ponent were removed. Corrections for velocity bias were
performed with the transit time weight method. This
correction is based on the inverse proportionality of the
burst time to the magnitude of the velocity vector. The
signals were also corrected for electronic noise, deter-
mined from the power spectrum of the corresponding
fluctuating velocity. Corrections were also made to ac-
count for the size of the measuring volume; approxi-
mately three viscous lengths in these experiments. A
detailed description of the indicated error corrections
can be found in Kim et al. (2004). The data for both
water and polymer flows have an uncertainly of 1% on
mean velocity, less than 1% on normal stresses and 3%
on shear stresses, and 6% on skewness and flatness. A
more detailed description of the experimental setup and
procedures can be found in Kim et al. (2004).

2.2 Polymer solution preparation and experimental
procedures

In this study, a non-ionic polyacrylamide (Hyperfloc
NF301, Hychem Inc., Tampa, FL, USA) is used as the
drag reducing agent. The weight average (Mw) molecular
weight and z average radius of gyration (Rg,z) were
measured by multi-angle laser light scattering. The re-
sults are Mw=7.5·106 g/mol and Rg,z=170 nm as re-
ported by Kim et al. (2004). Preparation of the polymer
solution involves de-aeration of filtered tap water by
heating it while stirring magnetically. After combining
the granular polymer, isopropyl alcohol, and water, the
solution requires both long-term hydration and gentle
mixing. The mixing is done with a Nuova magnetic
stirrer for the first ten minutes and then rolled by a
Bellco Cell Production Roller Apparatus. A compre-
hensive study to assess the consistency of the polymer
solution preparation procedures was performed and
further details can be found in Sun Chee Fore et al.
(2004). The polymer solution is injected through the
slots in the channel walls for up to ten minutes to ensure
that no polymer build-up takes place in the channel. Re-
circulation through the channel consequently degrades
the polymer and injection is then re-started. The mea-
surements reported in this study were made at a Rey-
nolds number equal to 5.6·104, based on the channel
width and the centerline velocity. During the experi-
ments, the temperature was held constant at 22±1�C.

3 Results

As mentioned earlier, this comparative study of the
turbulence structure of polymer flows with and without

macromolecular polymer structures follows the study of
Kim et al. (2004). A brief summary of the mean velocity,
normal and shear stresses measured for injection con-
centrations (Ci) of 10,000 ppm (heterogeneous polymer
flow) and 1,000 ppm (homogeneous polymer flow), and
an average test section concentration (Ch) of 14 ppm
presented in Kim et al. (2004), are presented herein. The
percentage of drag reduction corresponding to
Ci=10,000 and 1,000 ppm are 39 and 13.1%, respec-
tively. The shear velocity us=(sw/q)

1/2, where sw is the
wall shear stress and q is the density of water, corre-
sponding to the Newtonian, heterogeneous, and homo-
geneous polymer flows are 0.038, 0.029, and 0.035 m/s,
respectively, which correspond to Res (based on us, half
channel width, and water viscosity at 22�C) of 1,190,
908, and 1,096, respectively. The results presented in
Kim et al. (2004) showed that the case corresponding to
higher injection concentrations displayed a change in
slope in the logarithmic region of the streamwise mean
velocity component, while for the low injection con-
centrations, the logarithmic law experienced a shift up-
wards. The maximum u+ was moved away from the wall
in both polymer flows with respect to the Newtonian
flow. The shift was more important for the heteroge-
neous polymer flow, for which there are important
changes not only close to the wall, but also across the
channel. The normal and Reynolds stresses are signifi-
cantly reduced across the channel for the heterogeneous
polymer flow, while the changes with respect to the
Newtonian flow for the homogeneous polymer flow only
take place in the region up to roughly y+=100. The
presence of macromolecular polymer structures was
shown to concentrate mostly in the neighborhood of the
channel centerline via flow visualization, turbidity, and
birefringence measurements. The mechanism by which a
larger concentration of polymer structures in the
neighborhood of the channel centerline can translate to
a larger reduction of wall shear stress in a turbulent
channel flow was not clear from the results presented
regarding mean velocity components, as well as normal
and Reynolds stresses. The purpose of this study was to
further probe the data to gather more knowledge
regarding the turbulence structure of the flows with and
without polymer structures to be able to shed more light
on the phenomena of heterogeneous drag reduction.

3.1 Further analysis of the turbulence structure

A reduction in the turbulent intensity in the y direction
and also a lower contribution to turbulent momentum
from the velocity fluctuations (shown by the distribution
of the correlation coefficient as presented by Kim et al.
(2004)) can be associated with the reduction of the
Reynolds stress observed due to the presence of poly-
mers in the flow. To further investigate this, the joint
probability density function of uv+ as a function of u+

and v+ for various locations across the channel was
computed and is presented in Figs. 1, 2, and 3 for
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Fig. 1a–c Joint probability density function of steamwise and
normal velocity fluctuations at y+= 400 for a Newtonian flow,
b polymer flow with Ci=1,000 ppm, and c polymer flow with
Ci=10,000 ppm

Fig. 2a–c Joint probability density function of steamwise and
normal velocity fluctuations at y+=100 for a Newtonian flow,
b polymer flow with Ci=1,000 ppm, and c polymer flow with
Ci=10,000 ppm
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y+=400, 100, and 50, respectively. The reduction in the
rms of the normal velocity fluctuation in the polymer
cases is made obvious by the important anisotropy of
the fluctuations shown in the figures corresponding to
the joint probability density function. In all cases, and as
expected, the probability of events from quadrants II
and IV is higher than for quadrants I and III. Figure 1a,
b shows that, at y+� 400, the results for Ci=1,000 ppm
and water are practically identical, unlike for
Ci=10,000 ppm. In the heterogeneous polymer flow, the
magnitude of both streamwise and normal velocity
fluctuations have decreased, and there is also a decreased
occurrence of realizations in quadrants I and III. Similar
behavior is observed further away from the wall and
closer to the centerline. Figure 2, corresponding to a
location of y+� 100, shows once again quite similar
results between water and the homogeneous polymer
flow, despite a small reduction in the v fluctuations in the
latter case. On the other hand, the changes observed for
the heterogeneous polymer flow are quite important,
with an important reduction in the v fluctuations. In this
case, the principal axes for the Reynolds stress tensor
have rotated significantly towards the laboratory axes,
displaying an angle of �5.37�, while it is �17.1� for the
Newtonian flow. By y+� 50 (Fig. 3), the principal axes
become practically aligned with the laboratory axes in
the case of the heterogeneous flow, for which there is a
clear increase of the u fluctuations, while the v fluctua-
tions are being significantly damped. In this case, the
principal stress axes showed an angle of �2.68� with the
laboratory axes, in comparison to �12.6� corresponding
to the Newtonian flow. The homogeneous flow at the
same y location also showed that the principal axes be-
come more parallel to the flow direction (�8.02�), while
no significant changes in the magnitudes of the fluctua-
tions are appreciable compared to the Newtonian flow.
The changes in orientation of the principal axes of the
Reynolds stress tensors, with respect to the laboratory
axes, translate into a smaller magnitude of Reynolds
stresses in the drag-reduced flows and a reduction in the
correlation coefficient. The presence of the polymer
structures seems to not only enhance the effects seen
with homogeneous polymer flows near the wall, but,
more importantly, to maintain those effects all across the
channel. Figure 4a shows the distribution of the angle of
the principal shear stress axes computed from the
mathematical formulation of the shear stress in a rotated
coordinate system (Hinze 1975):

uv� ¼ v2 � u2
� �

sina cosaþ uv cos2a� sin2a
� �

ð1Þ

after computing the angle that maximizes the principal
shear stress, where uv* is the principle shear stress.
The reduction of the angle of the principal shear stress
when polymers are present is remarkable in compari-
son to the Newtonian flow. This reduction is partic-
ularly important within the near wall region for
homogeneous flows (y+<100) and all through the

Fig. 3a–c Joint probability density function of steamwise and
normal velocity fluctuations at y+=50 for a Newtonian flow, b
polymer flow with Ci=1,000 ppm, and c polymer flow with
Ci=10,000 ppm
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channel for heterogeneous flows. Figure 4b shows the
corresponding distribution of the maximum shear
stress (uv*). In the near wall region, the presence of
the polymers induces an increase of the principal shear
stress with respect to the Newtonian flow. In the
homogeneous flow, this increase seems to take place in
the region y+<100, while in the heterogeneous flow,
it happens in y+<300. Consequently, the region
where the polymer molecules can be stretched is sub-
stantially increased by the presence of the polymer
structures.

3.1.1 Turbulence production

Turbulent kinetic energy production, in general, is
maximum close to the wall due to the strong mean shear
and large Reynolds stresses in that region. Figure 5a
shows the production term corresponding to the normal
stress uu for water, as well as both polymer flows, and
Fig. 5b shows the production of shear stress uv. The
mean steamwise velocity gradient was determined by
differentiating the best polynomial fit to the measured
mean velocity. The results agreed to within 5% of those
obtained from differentiating the experimental data di-
rectly. The data corresponding to the lower injection

Fig. 5a, b Production of a Reynolds normal stress (u2) and
b Reynolds shear stress for the Newtonian and both polymer flows

Fig. 4 a Distribution of the angle of the principal shear stress axes
and b distribution of the principle shear stress for the Newtonian
and both polymer flows
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concentration show a remarkable similarity to that of
water from the centerline up to approximately y+� 60
when production is decreased; in fact, the maximum
attained is � 0.05 at around y+� 25. In contrast, the
data corresponding to the highest injection concentra-
tion show agreement with that from water without
injection, from the channel centerline up to approxi-
mately y+� 200. The maximum production seems to
take place around y+� 30, roughly with the same
magnitude as that measured for the homogeneous flow.
The streamwise velocity fluctuations for the structured
polymer flow are lower than those corresponding to
water or the homogeneous polymer flow from the cen-
terline up to approximately y+� 150 and for y+<25.
At y+� 35, the streamwise velocity fluctuations corre-
sponding to the structured polymer solution become a
maximum. The normal velocity fluctuations are consis-
tently lower than water all across the channel.

The results presented in Fig. 5b for the production of
uv show identical distributions up to y+� 60 for both
water and homogeneous polymer flows. From there
onto the wall, the values of shear stress production
measured for the homogenous polymer flow are lower
than those corresponding to the water flow. An impor-
tant reduction of the Reynolds shear stress with respect
to water takes place for the homogeneous polymer flow
in y+<150. The maximum turbulent stress takes place
around y+� 150. The results obtained for the produc-
tion of uv when polymer structures are present are lower
than those corresponding to water and the homoge-
neous polymer solution results, almost consistently for
y+<500. The data corresponding to both homogeneous
and heterogeneous polymer distributions become com-
parable in the region 30<y+<40, after which, and
closer to the wall, the production of uv becomes much
smaller for the case with polymer structures.

3.1.2 Higher order moments of the fluctuating velocity
components

The skewness and kurtosis, or flatness, corresponding to
the streamwise and normal velocity fluctuations are
shown in Figs. 6a, b, and 7a, b, respectively. These
quantities represent the main characteristics of the cor-
responding probability density distributions. The skew-
ness, or third moment, gives an indication of the
symmetricity characteristics of the corresponding prob-
ability density function. The fourth moment, or flatness,
gives an indication of how large the probability density
function is in the tails of the distribution. They are de-
fined as S(u)=u3/(u2)3/2 and F(u)=u4/(u2)2, respectively,
for the streamwise velocity fluctuation and similarly for
the other velocity components. Fluctuations with
Gaussian distributions have zero skewness and a value
of approximately three for kurtosis. As it can be seen
from Figs. 6 and 7, in the near wall region, both high
order moments differ significantly from the values cor-
responding to a Gaussian distribution, and more so for

the normal velocity fluctuations. The data shown in
Fig. 6a for the skewness of the axial velocity fluctuations
shows the expected trend for the water data. The data
agrees with the results reported by Wei (1987) for
channel flows with Reynolds numbers in the range
2,970<Re<39,582. Figure 6a also shows comparable
magnitudes for the lower polymer injection concentra-
tion case with respect to the results from water, except
for the region 20<y+<100, where the skewness of the
polymer flow is lower than that of water, and y+>500,
where it is larger. The region 20<y+<100 coincides
with the portion of the channel were the magnitude of
the streamwise velocity fluctuations of the drag-reducing
flow are significantly larger than those corresponding to
the Newtonian flow. On the other hand, the skewness
corresponding to the normal velocity fluctuations shown
in Fig. 6b show consistent Gaussian-like results for the
homogeneous polymer flow and the Newtonian flow
from roughly around the same y+ location, where the
maximum of v+ takes place; that is, y+� 100, onto
y+� 500 from where S(v) becomes slightly larger than
zero in both flows. The largest injection concentration
case shows initially larger values of the skewness of the
streamwise velocity fluctuation with respect to the water
data up to y+=30 and lower afterwards up to y+� 500.
The increase of the skewness is due to the decrease in the
same region of the mean velocity with respect to the
Newtonian flow. For y+>500, the values of S(u) for
both polymer flows, that is, with and without polymer
structures, are comparable and slightly larger than those
corresponding to water. The region of negative skewness
is largest for the flow with macromolecular polymer
structures present, which will come associated with the
reduction in mean velocity experienced by the flow in
that region. Large negative values of S(u) might be
associated with more large-amplitude negative stream-
wise velocity fluctuations than positive ones. For dilute
homogeneous polymer flows, Luchik and Tiederman
(1988) showed a reduction of ejections in the near wall
region. Taking this into account, the larger region of
negative skewness, if associated with less ejections,
should have a much larger amplitude than otherwise
found in Newtonian flows. The skewness of the normal
velocity fluctuations presented in Fig. 6b shows Gauss-
ian-distributed fluctuations for both polymer flows from
roughly the location where the maximum of v+ takes
place, y+� 200, and all the way to the centerline. In the
near wall region, S(v) of the polymer flow with the
highest concentration is consistently much lower than
S(v) for both Newtonian and homogeneous polymer
flows.

The flatness of the streamwise velocity fluctuation
(Fig. 7a) shows lower values than a Gaussian distribu-
tion in the region 10<y+<50 for both polymer flows
and also for the Newtonian flow. The corresponding
flatness for both polymer flows show lower values than
those of water up to y+=50, and comparable magni-
tudes thereafter. The kurtosis corresponding to the
normal velocity fluctuation shown in Fig. 7b show
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consistent Gaussian-like results after y+=30 for the
Newtonian and the low-polymer-concentration flows.
The changes in F(v) for the structured polymer flow take
place over a larger region, y+<200.

3.1.3 Turbulent length scales

To get a better understanding of the effect of the poly-
mer molecules and structures on the flow, the integral
and Kolmogorov length scales were computed. Fol-
lowing the approach of Warhaft and Lumley (1978) and
Chambers and Antonia (1984), the integral length scale,

‘, was determined by invoking Taylor’s frozen turbu-
lence hypothesis as the inverse of the wave number
corresponding to the peak of the energy spectra, deter-
mined by multiplying the power spectra by the corre-
sponding wave number. The integral length scale
represents the size of the strongest eddies in the flow.
The results corresponding to the distribution of the
integral length scale across the channel for both polymer
flows and the Newtonian flow are shown in Fig. 8a. The
results indicate that the integral scales for the larger
injection concentration polymer flow are larger than
those corresponding to the Newtonian flow and the
homogeneous polymer flow. Important discrepancies

Fig. 6a, b Skewness of the a streamwise and b normal velocity
fluctuations for the Newtonian and both polymer flows

Fig. 7a, b Flatness of the a streamwise and b normal velocity
fluctuations for the Newtonian and both polymer flows
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take place close to the wall, where the heterogeneous
flow integral length scale is about 1.8 and 3.4 times
larger than those of the homogeneous and Newtonian
flows, respectively, at y+� 50. In the region closer to the
channel centerline, where the bulk of the polymer
structures concentrate there, are also significant differ-
ences indicating that, in that region, the strongest eddies
in the flow are larger for the heterogeneous polymer
flow. The sizes of the integral length scale close to the
centerline seem to be comparable to the sizes of the
polymer structures as inferred from the flow visualiza-
tions performed as part of this study. Qualitatively, this
will seem to indicate that the polymer structures are
large enough to interact with the larger eddies present in
the flow and possibly affect their motion.

To test the behavior of the smallest eddies in the flow,
the Kolmogorov length scale was computed also for
both polymer flows and the Newtonian flow at various
locations across the channel. The Kolmogorov length
scale is defined as g ¼ m3

�
e

� �1=4
; where � is the dissipa-

tion rate computed based on the scaling law
e ¼ u2

� �3=2.l; where ‘ is the turbulence integral scale
calculated as indicated above.

The results corresponding to the Kolmogorov length
scale distribution across the channel are presented in
Fig. 8b. From the results, it can be observed that the size
of the smallest eddies has increased over that of the
corresponding Newtonian flow for both polymer flows.
At y+� 50, the Kolmogorov length scale is 1.2 and 1.1
times that corresponding to the Newtonian flow. The
conclusions reached for homogeneous polymer flows in
the past (Hinch 1977; Koskie and Tiederman 1991, etc.)
regarding the damping of the smallest eddies by the
presence of the polymer are corroborated by the results
shown herein for the homogeneous polymer flow. In the
case of the heterogeneous polymer flow, the latter con-
clusion seems to be aggravated; that is, the sizes of the
smallest eddies in this flow are much larger than in the
corresponding homogeneous polymer flow. The main
difference between both homogeneous and heteroge-
neous polymer flows does not take place only in the near
wall region, but also, important changes to the eddy
sizes can be appreciated closer to the channel’s center-
line.

4 Discussion

The ability of a turbulent flow to stretch a polymer and
consequently modify the viscosity resulting in the
damping of small eddies and the thickening of the vis-
cous sublayer has been argued by Lumley (1977) to ex-
plain the phenomenon of polymer drag reduction. On
the other hand, de Gennes (1990) argued that the elastic
characteristics of the polymers are the main mechanism
behind polymer drag reduction. Both qualitative theo-
ries seem to be able to possibly explain some aspects of
polymer drag reduction reported by different experi-
mentalists in the past. A complete quantitative descrip-

tion of the wall turbulence dynamics and its
modification due to the presence of the polymers is still
not available.

From the results presented herein and in Kim et al.
(2004), it can be observed that the well documented ef-
fects of polymers in turbulent flows take place in both
homogeneous and heterogeneous turbulent channel
flows for the same average concentration at the test
section. Nonetheless, the fact that the level of drag
reduction for the heterogeneous polymer flow is more
than double than that obtained for the homogeneous
polymer flow while the macromolecular polymer struc-

Fig. 8a, b Distributions of the a integral length scale and b the
Kolmogorov length scale across the channel for the Newtonian
flow and both polymer flows
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tures are mostly found to stay in the neighborhood of
the centerline of the channel seems a surprising result if,
indeed, polymer drag reduction is exclusively a near wall
phenomenon.

In accordance to Lumley’s theory, the uncoiled
polymer molecules, which will tend to orient in the same
direction of the flow, will induce an increased viscosity
near the wall, caused by elongational deformation of the
polymer molecules, which will translate into the char-
acteristic turbulence anisotropy that appears in polymer
flows and that is shown here for both homogeneous and
heterogeneous polymer flows. That is, the extended
polymer molecules inhibit the amplitude of the normal
velocity fluctuations significantly. The relaxation of the
polymers takes place by transfer of some of the mean
and turbulent kinetic energy into elastic energy to the
polymers that, in turn, translate into the uncoiling of the
molecules, which results in inhibiting the transfer of
energy among the streamwise and normal velocity fluc-
tuations (Ptasinski et al. 2003). The ability of the tur-
bulent flow to relax the polymers has been shown herein
by demonstrating that important extensional motions
exist for both homogeneous and heterogeneous polymer
flows. The region where polymers can potentially be
stretched by the turbulent flow seems to be larger for the
heterogeneous flow. Also, when polymers are present,
the most energetic velocity fluctuations take place in the
flow direction. Consequently, it is expected that there
will be more streamwise stretching of the vorticity field
in the inner region of the flow when polymer is present;
that, is the coherent structures in this region will be
oriented more parallel to the mean flow. This conclusion
agrees with the results shown by particle image veloci-
metry measurements shown in the literature, as well as
by direct numerical simulations (e.g., Warholic 1997;
Sureshkumar et al. 1997; Dimitropoulos et al. 2001, etc.)

In the near wall region of a Newtonian flow, the
turbulence process is dominated by the production of
dissipative scales, or small-scale vortices, by mean shear.
It has been conjectured that the large extensional vis-
cosity of the polymer flows in the near wall region is able
to influence this process by damping the production of
the dissipative scales. This translates into an increase of
the Kolmogorov length scale for the drag-reduced flow.
This has also been shown in this study for both homo-
geneous and heterogeneous polymer flows from the
values of the Kolmogorov length scale. The changes for
the homogeneous polymer flow are relatively small with
respect to the Newtonian flow, but those found in the
heterogeneous flow are quite substantial. It is conceiv-
able that the bursting period, as has been shown by some
investigators in the past for homogeneous flows (Luchik
and Tiederman 1988), will decrease due to the very large
elongational viscosity that will minimize the instabilities
leading to bursting.

In the near wall region, the main difference between
the homogeneous and heterogeneous polymer flows
studied herein seems to be that small and sporadic
polymer structures can be seen for the heterogeneous

polymer flow. In the outer flow, the differences are
substantial, with the presence of the larger bulk of
polymer structures. It seems plausible to speculate that
polymer structures could respond to a turbulent flow as
a combination of effects by increasing the elongational
viscosity in regions of strong extensional flow, but also
by displaying elastic behavior, especially at high fre-
quencies. This combination of effects (or theories, that is
Lumley’s and de Gennes’) could result in an enhanced
damping of the normal velocity fluctuations. Larger
scale turbulence structures will be generated and smaller
scales than the structures will be damped. The polymer
structures might demonstrate a better ability to block
the exchange of flow between the inner and outer regions
of the flow and, as a consequence, the interaction of the
dominant structures in both regions could be severely
hindered. The trends shown by the length scales in the
near wall region agree with these conclusions. This
blocking effect will take place at certain intervals in time,
during which, the polymer will be effective. As it de-
grades, this phenomenon will be relaxed and the
entrainment of polymer from the outer region will then
take place to further sustain drag reduction. This process
of blocking the interaction between the inner and outer
regions of the flow resembles the shear-sheltering
mechanism discussed by Hunt and Durbin (1999) and
also by Ptasinski et al. (2003) for homogeneous dilute
polymer flows.

5 Conclusions

In this study, the effects of the presence of macromo-
lecular polymer structures on the turbulence structure
of a channel flow are discussed. It is argued that the
extensional motions in the flow could not only poten-
tially stretch the polymers, but also elastically force the
polymer structures, contributing to a more significant
damping of the normal velocity fluctuations. So long
as the polymer molecules are non-degraded, the con-
sequent effect could be a fluctuating minimization of
the interaction between the inner and outer flows. This
blocking effect induced by the polymers can potentially
be enhanced by the presence of polymer structures
and, consequently, it contributes to the modification of
the coherent structure of the turbulence near the wall
by orienting and stretching the vortical structures in
the near wall region in the direction parallel to the
mean flow. It also contributes to the damping of
the smaller scales, which results in the increase of the
Kolmogorov length scale in that region. The inter-
mittency of the blocking mechanism imposed by the
polymer molecules and enhanced by the polymer
structures could allow for the feeding of polymer from
the outer flow to the inner region of the flow. It is not
obvious, based on these results, whether the bulk of
polymer structures present in the channel’s centerline
could force the flow by modifying the larger turbulent
structures.
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