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Two-component laser velocimeter measurements in a fully developed turbulent
water channel flow with polymer injection were used to examine the effect of polymer
injection on the Reynolds stresses and the production terms in the Reynolds stress
transport equations. These measurements show that while the root-mean-square
(r.m.s.) fluctuation level of the streamwise velocity was increased, the r.m.s. of the
wall-normal velocity and the Reynolds shear stress were reduced. The decrease in the
Reynolds shear stress resulted from altered contributions from the quadrants of the
(u,v)-plane. Although the Reynolds shear stress decreased, the magnitude of the
velocity fluctuation products which most contributed to that stress increased.
Production of the streamwise Reynolds normal stress was decreased but production
of the Reynolds shear stress was unchanged. This shows that the processes
represented by pressure—strain correlation terms in the Reynolds stress transport
equations may be directly affected by the polymer.

1. Introduction

Drag reduction resulting from the presence of long-chain, high-molecular-weight
polymers in turbulent flow of liquids has received considerable attention since the
initial publications of Toms (1949) and Mysels (1949). Although a thorough
understanding of the way in which polymers reduce drag has proved elusive, the use
of polymer drag reduction for engineering purposes has proceeded (see e.g. Hoyt
1984). The purpose of this study is to enhance our understanding by comparing the
turbulent structure in a fully developed two-dimensional channel flow with that
which occurs when a relatively small flow rate of drag-reducing polymer solution is
injected through a wall slot into it. Previous investigations have examined the mean
velocities and Reynolds stresses in flows with uniform polymer concentration. This
study uses two-dimensional laser velocimeter measurements to examine these
quantities along with the relevant production terms from the Reynolds stress
transport equations as the flow evolves from the Newtonian state upstream of the
wall-slot injector to a drag-reduced state downstream. Use of the Reynolds stress
transport equations in interpreting these changes gives an indication of what aspects
of the turbulence production and maintenance process are directly affected by the
polymers.

Polymer solutions capable of causing drag reduction in turbulent flows are
typically non-Newtonian, viscoelastic fluids. The polymer used in this study was an
aqueous solution of SEPARAN AP-273, a polyacrylamide manufactured by Dow
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Chemical. Argumedo, Tung & Chang (1978), Tsai & Darby (1978) and Cho, Hartnett
& Park (1983), among others, have demonstrated that this polymer solution exhibits
shear-thinning behaviour: the shear viscosity decreases with increasing shearing
strain rate. Ryskin (1987) showed that, when drag-reducing polymer solutions are
placed in a purely elongational strain, for example flow through an axisymmetric
nozzle, the viscosity increased with increasing elongational strain rate. This
‘extensional’ viscosity can be up to two orders of magnitude larger than the shear
viscosity. These results are evidence of the complex constitutive nature of polymer
solutions.

Constitutive relations that model the steady and laminar shear response of the
polymer solution have been proposed by Argumedo et al. and Tsai & Darby. Tsai &
Darby also modelled the response of the fluid to certain transient inputs. At present
these rheological models have not been implemented in numerical simulations of
turbulent flow.

Near the polymer injector, the rheology of the water—polymer mixture is
complicated by the presence of concentration variations. For the flow examined in
this study, Walker & Tiederman (1989) showed that near the injector the
instantaneous polymer concentration can vary from 0 to 500 p.p.m. in the near-wall
region. Over this range of concentrations, the shear viscosity varies in a nonlinear
way from values near the viscosity of water (about 1 ¢P) to more than 10 cP. 1t is
clear that the other rheological properties also vary in some undetermined manner.

The average turbulent structure is described by the spatial variation of the terms
in the Reynolds-averaged Navier—Stokes equations and the Reynolds stress
transport equations. For an incompressible, stationary turbulent flow the Reynolds-
averaged Navier—Stokes equations are
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where U; is the time-averaged mean velocity in the z, direction and wu; is the
fluctuation about that mean. Here, p is the fluid density, u is the dynamic viscosity
and P is the time-averaged mean pressure. This form of the equations allows for
spatially varying viscosity. The non-Newtonian nature of the polymer solution
requires additional terms which are not specifically specified here. The terms u;w;
comprise the Reynolds stress tensor.

Transport equations for the elements of the Reynolds stress tensor for Newtonian
fluids are given by (see e.g. Bradshaw 1978)
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Here, p’ is the instantaneous fluctuation about the mean pressure P, and v is the
kinematic viscosity. The left-hand side of (2) represents the time rate of change and
advection of a given Reynolds stress. Term I on the right-hand side of (2) represents
production of Reynolds stress by interaction of the turbulent motion with the mean
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rate-of-strain field. Term I1 accounts for the generation, destruction or redistribution
between components by means of pressure fluctuations and is generally referred to
as the pressure—strain correlation. The pressure—strain correlation causes the normal
stresses to become more isotropic. Terms IIT and IV represent transport through
turbulent fluctuations, with III accounting for transport by velocity fluctuations
and IV for transport by pressure fluctuations. Viscous transport of Reynolds stress
is represented by term V, and term VI represents generation or destruction due to
viscous stress fluctuations. For flows with polymer injection additional terms would
be required to account for spatially varying viscosity in the flow and the non-
Newtonian behaviour of the fluid. ,

The spatial behaviour of the terms in (2) is presented by Mansour, Kim & Moin
(1988) and Spalart (1988) for a fully developed channel flow and a zero-pressure-
gradient boundary layer, respectively. These results were obtained by direct
numerical simulation of turbulent flow of Newtonian fluids and show that, near the
wall, the maintenance of turbulent stresses is dominated by production (I),
dissipation (VI) and the effect of the pressure—strain correlations (1I). Berman (1989)
derived terms in the momentum and turbulence kinetic energy equations due to the
interactions of turbulence with polymer molecules using a FENE dumbbell model.
His results showed that for fully developed channel flow both the production and
dissipation of turbulence kinetic energy were reduced relative to Newtonian flows.

The complete response of the turbulent structure to the introduction of a drag-
reducing polymer solution can only be determined through experiment. Owing to the
viscoelastic nature of drag-reducing polymers, measurements of velocity using hot-
wire anemometers, hot-film devices or Pitot tubes can be in error (see Metzner &
Astarita 1967). This leaves the laser velocimeter as the only viable method
for measuring velocity and turbulence statistics in aqueous solutions. Most
laser velocimeter investigations have been restricted to one-component velocity
measurements although recently two-component velocity measurements have been
made in flows with a uniform polymer concentration, by Willmarth, Wei & Lee (1987)
and Luchik & Tiederman (1988).

The turbulence quantity most often measured is the profile of the mean streamwise
velocity component, U, reported by Berner & Scrivener (1980), McComb & Rabie
(1982) and Bewersdorff (1984) for circular tubes, Rudd (1972) and Logan (1972) for
square tubes, and Reischman & Tiederman (1975), Luchik & Tiederman (1988) and
Willmarth et al. (1987) for rectangular channels. The effects of drag-reducing
additives on the mean velocity profile (normalized with inner variables: U* = U/u,,
y* = yu,/v, where u, = (1,/p)}, v is the kinematic viscosity evaluated at the time-
average wall strain rate and 7, is the average wall shear) are clearly established. The
linear sublayer (y* < 8) remains unaffected and the logarithmic overlap region is
displaced toward higher velocities with a slope relatively unchanged from the
Newtonian value.

The root mean square (r.m.s.) of the streamwise velocity («’) also exhibits specific
trends in drag-reduced flows. In Newtonian flows the peak in %’/u, occurs at about
y* = 15. For drag-reducing flows, this peak is shifted outward in both physical
distance and y*. The results presented by Luchik & Tiederman (1988) and Willmarth
et al. (1987) show that the r.m.s. of the normal velocity, v’, decreases both physically
and nondimensionally throughout the viscous sublayer. Similar results were
obtained by Logan (1972) but the interpretation of those results was complicated by
the effect of secondary flows on the shear velocity in the square duct used in that
study.

13 FLM 218
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Luchik & Tiederman (1988) also measured the turbulent shear stress, %o, and
found that the location of the peak in & moved outward and the peak value was
decreased. Willmarth et al. (1987) found #7 greatly decreased across the entire flow
and proposed the existence of a non-Newtonian retarding force to account for the
discrepancy between the total stress and the sum of the turbulent and mean viscous
shear stresses. This behaviour was not seen in the experiments of Luchik &
Tiederman, where the polymer was mixed uniformly with the flow, but is similar to
that presented by Bewersdorff (1984) for pipe flows where a very high-concentration
polymer solution was injected at the centreline.

These studies indicate that the presence of polymers in a turbulent flow results in
significant changes in the Reynolds stresses. The behaviour of the terms in the
Reynolds stress transport equations has not been examined for these flows and the
mechanism(s) by which the polymer solutions cause these structural changes have
not been identified.

In a flow with polymer injection, the turbulent structure evolves from a fully
developed, Newtonian flow to a flow in a drag-reduced state. This evolution is the
result of direct modification of the terms in the momentum equation and the
Reynolds stress transport equations due to the presence of the polymer solution. The
present study focuses upon important terms in these equations which are present in
both Newtonian and non-Newtonian flows. In the momentum equation, these terms
include the Reynolds stresses. In the Reynolds stress transport equation, the
production terms (I in equation (2)), the pressure—strain correlations (II) and the
viscous dissipation terms (VI) also occur in both types of flow. These quantities
represent most of the important processes in the near-wall region for Newtonian
flows and their significance is expected to be undiminished in flows of polymer
solutions. In this study the Reynolds stresses and production terms are measured
directly using a two-component laser velocimeter. By examining the response of
these measured quantities to the presence of the polymer solution, the behaviour of
the other significant terms which cannot be measured (i.e. the pressure-strain
correlation and the viscous dissipation terms) may be inferred. In this way, the
effects of the polymer on the processes responsible for the maintenance of turbulent
stresses in wall flows are identified. The modification by the polymer solution of
velocity fluctuations contributing to the Reynolds shear stress @ is also examined
in detail. These effects result in changes in the Reynolds stresses which in turn are
responsible for the macroscopic phenomenon of drag reduction.

In the next section, the experimental facilities and the apparatus and procedures
used for this investigation are discussed. Measurements of turbulence structure for
the fully developed channel flow (no injection) are presented to establish the
‘standard’ character of the basic water flow. These data serve as a measure by which
modification to the flow can be detected and demonstrate the accuracy of the data.
The latter is very important, since the mean velocity gradient must be estimated to
evaluate the production term in equation (2). Also, a highly accurate method for
determining the wall shear stress in fully developed flows is shown. The concentration
field in injected flows is then discussed briefly. Changes in the mean quantities and
Reynolds stresses resulting from the developing concentration field are discussed,
and the causes of these changes are inferred from examination of the Reynolds stress
transport equations. The detailed behaviour of the velocity fluctuations is then
examined. In these results, the effect of the injection process on fluctuation structure
is isolated from the modification of the flow by the polymers by examining a flow
with water injection.
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2. Apparatus and procedure
2.1. Experimental facilities

The water flow loop used in these experiments, shown in figure 1, was driven by four
ninety gallon per minute centrifugal pumps operating in parallel. At each end of the
test section there was a large stilling tank to isolate the test section from any
hydrodynamic disturbances in the flow loop. The upstream stilling tank contained a
perforated plate followed by a screen and open-cell sponge section, and a smooth
two-dimensional contraction at the outlet. The inlet of the channel was preceded by
a flow straightener consisting of closely packed plastic drinking straws which ensured
that no large-scale vorticity existed in the channel entry flow. The downstream tank
contained a perforated plate to damp out disturbances and a copper coil through
which cooling water was passed to maintain the channel water at a constant
temperature.

The flow loop had a rectangular-cross-section channel (6.0 cm high by 57.5 em
wide) as the test section. The test section was constructed from }in. acrylic and
polycarbonate sheet and was more than 100 channel heights long. Polymer solutions
were injected through flush-mounted, angled slots located in both of the 57.5 cm
walls of the channel. The injection slots had a width, measured in the streamwise
direction, of 2.5 mm and were inclined 25° to the flow direction as shown in figure 2.
The injectors were located about 80 channel heights downstream of the inlet.

The coordinate system used in the description of the apparatus and presentation
of the results is also shown in figure 2. The z-axis is parallel to the flow direction and
the y-axis is normal to the flow direction and the long (57.5 cm) dimension of the
channel cross-section. The origin of this coordinate system is located at the centre
(mid-span) of the injection slot in the lower 57.5 cm wall of the channel.

2.2. Polymer solution preparation

The additive was an aqueous solution of SEPARAN AP-273, a polyacrylamide
manufactured by Dow Chemical, at a concentration of 700 p.p.m. based on weight.
The dry powder was suspended in 300 ml of isopropyl alecohol and mixed into filtered,
deaerated tap water at about 38 °C using a magnetic stirrer. The concentration of
this initial mixture was about 5000 p.p.m. and it was allowed to hydrate for 12 to 24
hours. This solution was then diluted to 700 p.p.m. using filtered tap water and
allowed to hydrate for 12 to 24 hours before using.

The repeatability of the polymer solutions was confirmed in two ways. The steady
shear viscosity was checked over a range of shear rates using a Brookfield LVT-SCP3
cone and plate viscometer. Also, samples of each batch were diluted to 100 p.p.m.
and drag reduction was measured in a 1.405 cm diameter tube for a range of flow
rates. Only polymer solutions which yielded consistent results in these two measures
were used.

2.3. T'wo-component laser velocimeter system

The laser-velocimeter transmitting optics consisted of a Thermo-Systems In-
corporated (TSI) model 9100-8 system incorporating a Lexel model 85.5 500 mW
argon-ion laser. This is a two-component, three-beam system where velocities are
measured using one blue (488 nm) beam, one green (514.5 nm) beam, and a
blue-green beam containing both wavelengths. Both channels were frequency
shifted 40 MHz using a single Bragg cell ahead of the colour separator. The beam
spacing was 25 mm and the beams were expanded to 2.5 mm and focused with a

250 mm transmitting lens.
132



382 D. T. Walker and W. G. Tiederman

Injection reservoir
Downstream

chamber
Upstream

chamber Entrance nozzle Flowmeters

and straws

! Entry length
. L—————— 488 m —

—

s
p—

e -

Vibration isolation

Centrifugal

Tap
pumps water
Storage tank
{ Filter and
Drain (Not to scale) water
softener

Ficure 1. Schematic of flow loop.

Laser
velocimeter
transmitting

—.‘ l-— 2.5 mm optics

»V,o

Flow
i

Ll ' NN Z 7777 77 ALl L

Brass insert with
injection slot

Polycarbonate wall

Ficure 2. Injection slot and coordinate system.

Modifications to the standard TSI 9100-8 system consisted of the following. The
beam displacer in the output end of the model 9112-1 dichroic colour separator was
rotated 90° to place the green beam at 90° from the blue beam. After the colour
separator, the blue-green beam was displaced to the optical axis using a TSI 9174
50 mm beam displacer. These changes placed the blue—green beam on the optical axis
and the blue beam and green beam at nominally +45° from vertical. In this way,
velocity components at +45° to the flow direction were measured.

The test section was viewed through plate glass windows located in the 6.0 cm
channel endwalls. These windows were flat within +3 pm and minimized beam
deflection by the channel walls. This ensured that optimum signal quality was
obtained and that accurate measurements of spatial location were possible. The
location of the measurement volume relative to the wall was determined using a TSI
model 9140 receiving optics assembly and eyepiece installed in the transmitting
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optics. By moving the probe volume toward the wall, the y-location where the image
of the probe volume intersected the wall could be determined to within about one-
half the probe volume diameter. This position was then used as a reference for all
subsequent vertical location measurements.

The receiving optics were standard TSI two-component items. Scattered light was
collected in forward scatter using a 250 mm focal length lens. A 2.27X telescope was
inserted behind the collection lens to increase the spatial resolution of the receiving
optics. A 50 pm aperture was used in a TSI 9143 field-stop assembly to ensure spatial
coincidence of the two measured velocities. The light passing through the aperture
was recollimated and passed through a dichroic colour separator. The separate
colours were bandpass filtered and focused on two photomultiplier tubes.

The spatial resolution of the measurement system is defined by both the
configuration of the transmitting optics and the receiving optics. The axis of the
receiving optics was located in the (y, z)-plane at an angle of 9.5° from the axis of the
transmitting optics. For this orientation, the extent of the probe volume in the y-
direction is defined by the diameter of the beam intersection (I, = 63 pm). The 2-
dimension of the measurement volume is determined by the diameter of the field of
view of the receiving optics (I, = 55 pm). The length of the probe volume along the
z-axis defined by the field of view of the receiving optics and the collection angle, was
I, = 330 pm. Non-dimensionalizing with the shear velocity and kinematic viscosity
of the water flow yields: I; = 1.6, [; = 1.8, and I} = 9.6.

The photomultiplier output for each channel was high-pass filtered at 25 MHz to
remove the pedestal frequencies and was electronically down-mixed to yield an
effective shift frequency of 0.5 MHz using a TSI model 9186 down-mixer. The
frequency of the down-mixed signals was determined using two TSI 1980 counter
processors. These data were acquired using a Masscomp 5520 microcomputer
communicating with the TSI model 1998 interface through a Masscomp PI16F fast
parallel interface. Data were not transferred to the computer unless measurements
were made on both channels within a predetermined coincidence window. The length
of the coincidence window was set equal to the estimated minimum transit time
through the probe volume (about 100 ps).

2.4. Seeding, sampling and velocity bias

The major problem with laser velocimetry is that the fluid velocity must be deduced
by measuring the velocity of particles suspended in the fluid. To obtain accurate fluid
velocities no more than one particle can be in the measurement volume at any given
time. The estimated velocity statistics must also be unaffected by fringe bias, filter
bias, or velocity bias (see Edwards 1987).

For this study the flow was seeded with homogenized whole milk which contains
fat particles about 0.3 pm in diameter. To ensure that the flow was uniformly seeded,
the injected fluids were seeded at the same concentration as the water in the flow
loop. In the case of the polymer solutions, this was accomplished by adding the seed
to the water used to dilute the solution to its final concentration.

The maximum particle arrival rate achievable with only one particle in the
measurement volume on average can be estimated by dividing the velocity of the
flow by the diameter of the probe volume. For the flow in question this results in a
particle arrival rate of about 4 kHz to 8 kHz, depending on position in the flow. For
the results presented here, the water in the flow loop was prepared by filtering with
a diatomaceous earth filter to remove the natural hydrosol present in the water. The
water was then seeded at a concentration of 15 ml/10001 which resulted in
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maximum validation rates of about 2 kHz. This ensured that the probability of
having more than one particle in the probe volume at any given time was mirfimized.

Fringe bias was overcome by frequency shifting. The effective fringe velocity (after
down-mixing) was more than three times the maximum velocity in the flow. This
provided almost uniform angular response for the velocity measurements. The
possibility of filter bias was eliminated by setting the filters in the signal processors
to yield a pass-band equivalent to +2.5m/s which is +3 times the centreline
velocity, U,.

Velocity bias occurs because there is a higher probability of measuring a high-
velocity particle than a low-velocity particle (see McLaughlin & Tiederman 1973).
For the flow in question, which has a turbulence intensity of 30—40 % near the wall,
the error in the estimate of the mean velocity would be as large as 15 % if this effect
was ignored. For the two-component measurements, velocity bias was eliminated
using the fixed-waiting-time sampling method. In this method the data acquisition
gystem is inhibited for a fixed amount of time between one realization and the next.
The validation rate was maintained at about five times the Kolmogorov frequency
and the inhibit time was ten times the inverse of the validation rate. (The
Kolmogorov timescale was estimated by assuming that dissipation of turbulence
kinetic energy was equal to production at the production peak). Based on the results
of Gould, Stevenson & Thompson (1989), this approach should be adequate to
eliminate velocity bias effects from the mean quantities and it is assumed that the
effects on higher statistical moments are also eliminated.

Large data sets were used to reduce, as much as was practical, the error inherent
in estimating statistics from finite-size ensembles. For the water flow results, all
statistics were based on ensembles of 25000 independent realizations for each
velocity component. Statistics for the flows with water and polymer injection were
calculated using ensembles of 10000 independent realizations. This resulted in an
uncertainty of less than 0.5% on U, 1% on u’, 2% on v’ and up to 7% on @ at 95 %
confidence. Except for very near the wall, this was the dominant source of error in
the calculated statistics; for y* < 10 the uncertainties are larger owing to decreased
signal quality.

3. Results
3.1. Water flow

Measurements in the water flow with no injection were made 100 mm downstream
of the injector. This type of channel flow has been studied by many investigators.
Hussain & Reynolds (1975) performed one-component hot-wire velocity mea-
surements in an air flow in a 32:1 aspect-ratio channel which minimized endwall
effects. Kreplin & Eckelmann (1979) examined the near-wall structure of an oil
channel flow where, owing to the high viscosity, excellent spatial resolution was
obtained with hot-film probes. Wei & Willmarth (1989), made high-spatial-
resolution, two-component laser velocimeter measurements over a range of Reynolds
numbers. Kim, Moin & Moser (1987) and Mansour et al. (1988) have also presented
results from a full numerical simulation of turbulent channel flow.

Integral parameters for the water flow are presented in table 1 along with the
values of the major flow variables. Integration of the mean velocity profile yielded
a mass-averaged velocity, U, of 0.574 m/s. The Reynolds number based on mass-
averaged velocity and channel height was 36000 and the momentum-thickness
Reynolds number was 1770.
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TaBLE 1. Experimental conditions for water flow with no injection

The shear velocity, u,, for the water flow with no injection was determined using
the linear variation of total shear stress for a fully developed flow:

dvu
Ttotal = /‘—@—pw = ‘rw(1 —y/a‘)) (3)

where a is the channel half-height. Rearranging and using the definition of shear
velocity, u, = (r,,/p)t results in

_ _ [vdOU/dy—ww ]
e = Y "[ (T—y/a) ]

An estimate of the shear velocity at each y-location is determined from (4) using the
measured value of 77 and the estimated value of the mean velocity gradient for each
measurement location. The values for all y-locations are then averaged to determine
the shear velocity for the flow. Figure 3 illustrates the implementation of this
technique. The value of the shear velocity was 0.027610.0010 m/s at 95%

(4)
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confidence. This is equivalent to a strain rate of 798 s™ at the wall, a viscous length
v/u, of 0.0346 mm and y* = 867 at the channel centreline.

Since the flow is fully developed, static pressure drop should be proportional to the
wall shear stress (if one assumes that this high-aspect ratio channel approximates
flow between infinite parallel plates). The value of shear velocity calculated from the
static pressure drop is about 10% higher than the value determined from the total
shear stress. This is due to the presence of secondary flows in the corners and the
larger wetted area of the 10:1 aspect-ratio channel.

Figure 4 shows the mean streamwise velocity profile normalized with shear
velocity and kinematic viscosity. The two solid lines in the figure represent the near-
wall variation in U™,

Ur =y, (5)

and the relationship for the logarithmic overlap region

U+ = iln y*+B. (6)
There is good agreement between the line and the data in the linear region and there
is good correspondence with the logarithmic law using « = 0.41 and B = 6.0 (Luchik
& Tiederman 1987).

Figure 4 also shows the root-mean-square (r.m.s.) velocity fluctuation level for the
streamwise and normal velocity components as a function of distance from the wall.
These results have a maximum »* of 2.9 at about y* = 15 and a »’* of about one at
the channel centreline. The r.m.s. of the dimensionless normal velocity has a broad
peak of about 1.2 centred near y* = 100, and »"* decreases to slightly less than one
at the channel centreline. In general, these values for «'* and »'* agree well with
Kreplin & Eckelmann (1979), and are slightly higher than the smallest sensor results
of Ligrani & Bradshaw (1987). However, they are about 10% higher than those
reported by Wei & Willmarth (1989), Hussain & Reynolds (1975) and Kim et al.
(1987). Very near the wall (y* < 10) »'* appears to approach a constant value of 0.5.
This disagrees with the results of Kim et al. (1987) and Finnicum & Hanratty (1985)
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F1aure 5. Turbulent shear stress for fully developed channel flow; , total shear stress
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which both reported that v" ~ y® near the wall. This indicates that the measurements
of v’ are in error for y* < 10. These errors result from two contributing factors: the
inevitable decrease in signal quality for laser velocimeter measurements as one
approaches a wall and the +45° orientation of the measured velocity components.
The latter requires that ¢’, which is small, be calculated from the difference between
two nearly equal, larger magnitude quantities. The former increases the uncertainty
in the measured quantities used to calculate v". These two effects combine to affect
the accuracy of the calculated v" values.

The effect of gradient broadening on the measured «" levels due to the finite size
of the measuring volume is estimated to introduce about 6 % error at y* = 5 and less
than 1% error for y* > 10 (see Karpuk & Tiederman 1976). The results of Luchik &
Tiederman (1986) show that for laser velocimeter measurements the r.m.s. levels are
not affected by spatial averaging over the spanwise length of the probe as is the case
with hot-wire and hot-film devices. Therefore, since the uncertainty in u, is small,
these results are believed to accurately represent the turbulence structure.

The turbulent shear stress %w is shown in figure 5 normalized with u, ; also shown
is a line representing the linear variation in total shear across the channel. Away from
the wall, where the mean viscous shear is small, the agreement between the line and
the data is excellent.

Equation (3) can be solved for 7w:

1

—up = ;[rw(1—%)—yd0/dy]. (7)
Figure 6 shows the same data on a semi-log coordinates, which allows a more detailed
examination of the near-wall region, along with a line representing (7) (the values
determined from subtracting the mean viscous shear stress from the total shear
stress). There is good agreement between these two values, although there is some
scatter in the data near the peak in —u®.

The correlation coefficient R, = —uv/u'v’ is a measure of how strongly the «- and
v-fluctuations are correlated, i.e. the degree to which the velocity fluctuations



388 D. T. Walker and W. Q. Tiederman
1.2

08

—uw* 0.6

2510 20 50 100 200 300 1000
y+
Figure 8. Turbulent shear stress for fully developed channel flow; ——, equation (7).

1.0

0.8 -

“o

04

02f ¥ N

0 1 1 I I ) I I L
1 2 5 10 20 50 100 200 500 1000
+

Y
Fieure 7. Correlation coefficient for fully developed channel flow.

contribute to momentum transport. The peak value of R,,,, shown in figure 7 is about
0.35 which is lower than the value in the numerical simulations of Moin & Kim (1982)
(~ 0.4 at Re = 24 300) and Kim ef al. (1987) (0.45-0.50 at Re = 5600). The results of
Wei & Willmarth (1989) decrease from 0.45 to 0.35 as Reynolds number increases
from 30000 to 80000. Assuming the trend toward lower peak values with increasing
Reynolds number is correct, the present results are compatible with the numerical
results, although they are somewhat higher than those of Wei & Willmarth. The
occurrence of a local peak in R,, near y* = 12 which occurs in the channel flow
computations of Moin & Kim (1982), Kim et al. (1987) and Moser & Moin (1987) does
not agree with the present experimental results.

Figure 8 shows the u® production profile normalized with shear velocity and
kinematic viscosity. Also shown is a line representing this quantity calculated using
the value of wo from (7). The agreement between the two results is excellent and they
compare favourably with results presented by Mansour et al. (1988), Spalart (1988)



Turbulence in a channel flow with polymer injection at the wall 389

0.8

0.7
0.6

_du+ 93

dy+

0.4

03}

02+ ke ¥

0.1+

-

0

L |
1 2 s 10 20 50 100 200 500 1000

Ficure 8. Reynolds stress production (u? component) for fully developed channel flow; —,
production calculated using —%7 from equation (7).

0.8

0.7+

0.6 -

0.5+

5 dU*

o 04r

0.3} Fre

021
*

0 B T 1 L I tl* * T hkddd

1 2 5 10 20 50 100 200 500 1000

y+
Ficure 9. Reynolds stress production (#% component) for fully developed channel flow.

and Nagano & Hishida (1985). Reynolds shear stress (%) production is shown in
figure 9. This quantity has a peak near y* = 10 that is significantly higher than that
reported by Spalart (1988), Mansour et al. (1988) and Nagano & Hishida (1985).
Those studies all showed a peak of about 0.1-0.15 at y* = 15-20.

3.2. The structure of turbulence in injected flows

To examine the effect of the evolving polymer concentration field on the structure of
turbulence, two-component velocity measurements were made while injecting a
700 p.p.m. aqueous solution of SEPARAN AP-273. The flow in the channel was
maintained at the conditions for the flow with no injection. Injection occurred at
both the top and bottom walls at a flow rate equal to the mass flow rate through the
linear portion of the viscous sublayer of the undisturbed channel flow. The polymer
concentration and injection flow rate were those determined to be optimum for
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FiaUurE 10. Mean concentration profiles for injected flows: () z = 10 mm, (b) 25 mm,

(¢) 50 mm, (d) 100 mm, (e) 200 mm.

producing drag reduction by Walker, Tiederman & Luchik (1986). This injection
resulted in 25 % drag reduction in the region from 50 to 150 mm downstream of the
injector and a peak drag-reduction level of 44 % in the region from 150 to 250 mm
based on the measured change in the static pressure drop. Measurements of turbulent
structure were made at locations 25, 50, 100 and 200 mm downstream of the injector
{at = 730, 1450, 2910 and 5810 respectively). To determine the effect of injection
alone, two-component velocity measurements were made at x = 25 mm in a flow
with water injection at the same mass flow rate.

Unless otherwise indicated, the results are normalized with the shear velocity for
the fully developed flow without injection. The distance from the wall is normalized
with this shear velocity and the kinematic viscosity of the channel water. These
normalizations are for reference only and are not meant to imply any scaling
arguments. Included, also for reference, are lines representing the appropriate results
from the fully developed flow.

Figure 10 shows mean polymer concentration profiles as a function of distance
downstream of the injector. These results were acquired using a laser-induced
fluorescence technique (see Walker & Tiederman 1989). The near-wall mean
concentration is 0.75 at x = 10 mm and then levels off at about 0.62 from 25 to
50 mm downstream of the injector. At x = 100 mm the near-wall concentration is
reduced to 0.5 and at 200 mm it is down to 0.25. For 2 < 100 mm the thickness of the
high-concentration layer at the wall is about 75 wall units and only at x = 200 mm
does it extend beyond y* = 100. Other features of the concentration field for this flow
are discussed by Walker & Tiederman (1989).
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Fi16URE 12. Turbulent shear stress profile for flow with water injection;

—, fully developed flow.

The mean velocity profile for the flow with water injection is compared to the
standard channel flow profile in figure 11. There is a slight acceleration near the wall,
and a slight deceleration for y* from 30 to about 100. For y* > 200 the injection has
negligible effect. The region where the flow is modified corresponds roughly to the
portion of the flow where the mean concentration is non-zero. Root-mean-square
velocity fluctuations normalized with the shear velocity for the flow with no injection
are also shown in figure 11, It is clear that while «’ is virtually unchanged from the
standard channel flow, the r.m.s. of the normal velocity is increased for y* < 80. The
turbulent shear stress for the water injection flow is shown in figure 12. Compared to
the standard channel flow, there is a general increase in — %o in the near-wall region.
These results show that the major effects of the injection process on the structure of
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Fieure 13. Mean velocity profiles for flow with polymer injection: (a) x = 25 mm, (b) 50 mm,
(¢) 100 mm, (d) 200 mm; , fully developed flow.

turbulence are to increase the turbulent shear stress and the r.m.s. of the normal
velocity in the near-wall region where the injected fluid is concentrated.

Figure 13 shows the mean velocity profiles for z-locations between 25 and 200 mm
downstream of the injectors during polymer injection. The outer flow (y* = 50) has
accelerated slightly for all streamwise locations while near the wall the flow has
decelerated. This is the opposite of what occurred for water injection. The region of
deceleration corresponds to the high-concentration wall layer, indicating that the
deceleration is related to the presence of the polymer solution (due to both an
increase in viscosity and the onset of drag reduction). The reduction in velocity near
the wall, which is responsible for the acceleration of the outer flow, is relatively
constant for the first three streamwise locations and is slightly smaller at the 200 mm
station.

For polymer injection, the r.m.s. fluctuation levels for the streamwise velocity are
shown in figure 14. There is a 15 % increase in peak fluctuation level at all z-locations
and the peak has moved outward from y* = 15 to about 30. Near the wall, the r.m.s.
level has decreased, while in the region where the polymer concentration is small
{(y* = 50) there is no change relative to the water flow. Figure 15 shows the r.m.s.
fluctuation level of the normal velocity. At z = 25 mm the r.m.s. level is increased
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near the wall, similar to the behaviour in the flow with water injection. Near the wall,
v" decreases with streamwise distance. The damping of ¢" extends significantly
beyond the high-concentration wall layer (based on the mean concentration profile)
for x = 100 mm and 200 mm. Similar behaviour was seen by Walker & Tiederman
(1987). This previous study, which examined only mean concentration profiles, did
not show, however, that the polymer solution instantaneously extends beyond y* =
150 yielding non-zero r.m.s. concentration levels in this region (see Walker &
Tiederman 1989).

Reynolds shear stress profiles for polymer injection are shown in figure 16. At z =
25 mm the maximum in —%w is about 15% higher than the water flow. This level is
significantly higher than for the flow with water injection indicating that the
injection of the polymer solution causes more disturbance to the flow than water
injection. Elevated —u® levels persist to the next streamwise station, £ = 50 mm. At
z = 100 mm the levels of —%w are significantly reduced over the entire near-wall
region. This reduction is increased at x = 200 mm so that for y* < 30, — %7 is near
zero and the peak —u7 is reduced by more than 25% and is moved away from the
wall to about y* = 200. In a manner similar to that for v’, #? is reduced in the near-
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water injection.

wall region and this effect extends beyond the high-concentration layer at the two
downstream locations.

The correlation coefficient R, , is shown in figure 17. At x = 100 mm and 200 mm,
R, is significantly decreased in the near-wall region. This means that the decreased
—uw levels that occur at these streamwise locations are not a result of a general
decrease in the fluctuation level, but result from a smaller contribution from the
fluctuations to net momentum transport. A closer look at this decrease will come
later when the joint probability density function of v is discussed.

Figures 18 and 19 show the production terms which appear in the Reynolds stress
transport equations. For the normal stress «?, shown in figure 18, production (term
I in equation (2)) is increased at £ = 25 mm and 50 mm owing to the increase in ww
which is the result of the injection process. At z = 100 mm the production has
significantly decreased in the high-mean-concentration wall region, and at x =
200 mm production has been virtually eliminated. Shear stress production, shown in
figure 19, shows a marked increase at the two upstream locations due to the increase
in ¢’ resulting from the injection process. At the two downstream locations,
production is essentially the same as in the water flow.
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These results are surprising considering the behaviour of the Reynolds stresses
themselves. Although normal-stress production is virtually eliminated by z =
200 mm, «’ remains elevated and essentially constant with respect to distance from
the injector; meanwhile, v' decreases with streamwise distance. An increase or
decrease in the rate of the destruction due to viscous stress fluctuations (term VI in
(2)) would affect all stresses more or less equally since over the range of lengthscales
which contribute to term VI the turbulence is nearly isotropic. Energy is produced
in the »? component of the Reynolds stress tensor and then transferred to the other
components. The behaviour of %’ and v’ indicates that this transfer is inhibited. This
may result from unknown viscous effects which arise from the non-Newtonian
character of the polymer solutions. However, for Newtonian flows energy is
transferred from u? to v* through the pressure—strain correlations (term II). The
observed behaviour of the normal Reynolds stresses indicates that the processes
represented by the pressure-strain correlations may be altered by the presence of the
polymer solution.

The turbulent shear stress was observed to decrease significantly with streamwise
position while the production rate for this stress was essentially unchanged from that
of the water flow. Spalart (1988) and Mansour et al. (1988) showed that visecous stress
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fluctuations play only a minor role in the destruction of the turbulent shear stress;
the dominant destruction mechanism is represented by the pressure—strain
correlation {term II). This indicates that the mechanism which apparently modifies
the pressure—strain correlations and inhibits the transfer of energy between the
normal stresses may also cause increased destruction of the Reynolds shear stress.

These results have all been scaled with the shear velocity and kinematic viscosity
of the water flow with no injection. This was done to provide a basis for a direct
comparison of structural changes in the flow with no injection and the various
streamwise locations in the injected flow. Had the structure been normalized with
the local values of shear velocity and kinematic viscosity, the higher viscosity of the
pressure solution and the lower wall shear stress resulting from the drag reduction
would have had the following effects. The location of the peak values of ww, v" and the
production would have moved to lower values of y* and the peak values would have
increased. In this way the structure of the drag-reduced flow would have appeared
more like a Newtonian flow. The behaviour of 4’, however, would have still deviated
significantly from that for a Newtonian flow. Normalization with the local value of
shear velocity would have increased the peak in «’ even further. Thus the transfer of
energy from «’ to v would still appear to be inhibited. Therefore, normalizing on local
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values of shear velocity and kinematic viscosity would cause the turbulent structure
to appear more like a Newtonian flow, but the conclusions drawn would not be
affected. :

Figure 20 (a) shows the joint probability density function of uv as a function of u
and v for the y-location corresponding to the peak in #p in the water flow with no
injection (y* = 45). As expected, uv-realizations in quadrants II and IV (v < 0,v >
0 and u > 0,v < 0, respectively) are more probable than in quadrants I and III
(x>0,v>0and v <0,v <0), yielding a negative value for u.

Figures 20 (b) and 20 (c) show similar plots for 2 = 100 mm and 200 mm in the flow
with polymer injection. These results are for the same y-locations as those shown in
figure 20(a), but have reduced levels of —uw (see figure 16). In figure 20(b), the
magnitude of the wu-fluctuations has increased while v-fluctuation levels have
decreased. There is also an increased probability of occurrence for uv-realizations in
quadrants I and IIL. In figure 20(c) this behaviour is more pronounced, with the
probability density function being nearly symmetric about the wu-axis. At these
locations, the principal axes for the Reynolds stress tensors have rotated toward the
laboratory axes. This results in a reduced magnitude for #» and is responsible for the
reduction in R, seen in figure 17.

The changes in the joint probability density functions caused by the polymer
appear to be very subtle, even though the effect of these changes is to reduce —uw
by more than 60% at x = 200 mm when compared to the water flow with no
injection. To better determine the effect of these small changes, we can examine the
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probability density function for uv weighted with the product —wu». This function,
when integrated over the (u,v)-plane, gives the value of —#7. By examining its
behaviour, one can determine directly the contribution to —#w made by each
location in the (u,v)-plane.

Figure 21 (a) shows the relative contribution to —#v as a function of u and » for
the water flow with no injection at the y-location corresponding to the — %7 peak. This
figure corresponds to the probability density function shown in figure 20(a). It can
be seen that the largest contributions to —%v come from quadrants II and IV with
relatively small negative contributions from quadrants I and III. The maximum
positive and negative contributions are from u,v values that are removed from the
#, v origin but are not at the extreme outer edges of the probability density function
shown in figure 20 (a). This is because, while realizations far removed from the origin
result in large instantaneous we values, the probability of occurrence is low and
realizations near the origin, while more probable, have low uv-values.

Figure 21(b) shows similar results for z = 100 mm in the flow with polymer
injection. These results are for the same y-location as figure 21 (a) and correspond to
the probability density function of figure 20(b). The differences caused by the
polymer solution are clearly evident here. In quadrants II and IV, the maximum
contributions are from smaller values of v and larger values of » than for the flow
with no injection. In addition, the total contributions from these quadrants have
been reduced owing to the decrease in the fluctuation level of ¢. In quadrants I and
IIT, the reduction in v-fluctuations is more than offset by the increase in the u-
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Fiaure 21. Joint probability density function for 4 and v weighted with —uw at y* = 45, (a) for
fully developed flow; and flow with polymer injection at (b) x = 100 mm and (¢) z = 200 mm.
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fluctuations. This results in a larger negative contribution to —#w from these
quadrants than in the water flow. The decreased positive contribution from
quadrants IT and IV and the increased negative contribution from quadrants I and
III result in a net decrease in the magnitude of —uw.

Figure 21(c) show similar behaviour at x = 200 mm, except that the negative
contributions to —%?o from quadrants I and III have increased. These contributions
offset more of the positive contributions from quadrants II and IV. This results in
a further reduction in —uw.

If one examines the location in the (u,v)-plane of the maximum positive and
negative contributions to —%w, one can gain an indication of what type of motions
contribute to net turbulent momentum transport and how these are altered by the
presence of the polymer solution. For the water flow (figure 21a) the largest positive
contributions to —&® come from velocity fluctuations with a magnitude, (u®+?), of
about 2.7u, in quadrant II and 4.5u, in quadrant IV. The largest negative
contributions are from velocity fluctuations of about 2.2u, in quadrants I and III. At
z = 100 mm in the flow with polymer injection, the maximum positive contribution
results from fluctuations of magnitude 3.3%, in quadrant I1 and 4.6, in quadrant IV.
The largest negative contributions are again from fluctuations of about 2.7«, in both
quadrants I and III. For x = 200 mm, the magnitude of the fluctuations resulting in
the maximum positive contributions to —uv are essentially unchanged from those at
z = 100 mm. However, the maximum negative contributions at z = 200 mm are
from fluctuations with magnitude larger than 3u,.

These results show that velocity fluctuations which make the largest contributions,
either positive or negative, to — v increase in magnitude when the polymer solution
is present. Taken together with the observed decrease in —%# which occurs, this
confirms the finding of Luchik & Tiederman (1987) that the velocity scales
agsociated with momentum transport are increased by the polymer solution.

4. Summary and conclusions

By examining a fully developed turbulent channel flow with polymer injection at
the wall, this study attempted to gain new understanding of the way in which long-
chain, high-molecular-weight, water-soluble polymers cause viscous drag reduction
in turbulent wall lows. Two-component laser velocimeter measurements were made
in a flow with polymer injection and a flow with water injection to examine the effect
of both the injection process and the evolving polymer concentration field on the
structure of turbulence.

The water flow results were consistent with those in the literature for fully
developed, two-dimensional turbulent channel flow. However, a method was
presented which uses two-component velocity measurements to determine the local
wall shear velocity with higher accuracy (13 %) than can be obtained from pressure-
drop measurements in channels with aspect ratios of 10 to 1 or less.

In the flow with polymer injection, the r.m.s. streamwise velocity levels were
increased by about 15% at all streamwise locations. Initially, the injection process
causes elevated levels of the r.m.s. of the wall-normal velocity and the turbulent
shear stress. However, the action of the polymer solution subsequently reduced these
quantities significantly below the levels present in the water flow for z > 50 mm. The
decreased magnitude of —%v results from both the decrease in v" and a decrease in
the degree of correlation between the u- and v-velocity fluctuations.

The polymer solution reduced the production rate for u? while the production of
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wo was not changed. The reduced levels of v" and wo along with the increase in «’
caused by the polymer indicates that the polymer may alter the processes represented
by the pressure—strain correlations. These correlations represent both the transfer of
energy from u? to v% and the principal source of % destruction. Assuming that the
Reynolds stress transport equations are not significantly altered for the polymer
solution, it is concluded that the polymer solution inhibits the redistribution from u’
to v and causes increased destruction of uw.

Detailed examination of the w- and v-velocity fluctuations showed that the
decrease in —uT caused by the polymer solution resulted from both a decrease in the
positive contributions from quadrants II and IV and an increase in the negative
contributions to —uw from quadrants I and III. It was also determined that
although —w7 was decreased by the polymer solution, the magnitude of the velocity
fluctuations that most contributed to —uw increased.
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