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Suppressed Diffusion of Drag-Reducing

Polymer in a Turbulent Boundary Layer

Jin Wo*
Hydronautics Incorporated, Lawrel, Md.

The concentration of drag-reducing polymer ejected from a thin wall slot into a developing
turbulent boundary layer (external flow) was measured with a laser-phototransistor unit.
Experiments included tests of ejecting polymer solutions of various concentrations at various
ejection rates. The polymer solution was colored with dye and the additive concentration
within the boundary layer was deduced from the dye concentration, which attenuated the

laser light received by the phototransistor.
fusion of polymer solution.

Introduction

IT is well known that a large drag reduction can be obtained
by adding extremely small quantities of long-chain poly-
mers to water. Although there is still missing a generally
accepted mechanism? to explain this Toms’ phenomenon,? it is
commonly considered?+® that only additives in the wall re-
gion are responsible for drag reduction. Over a smooth
surface, the wall region consists of the viscous sublayer and its
immediate neighborhood, the buffer layer. Pursuing this
line, experiments*® have been conducted involving the in-
troduction of polymer solutions from the wall into a turbulent
pure-water boundary layer.

Since the ejected polymer solution is continuously mixed
with turbulent water within the boundary layer, the drag re-
duction is largely determined by the diffusion rate of polymer
solutions from the wall region. The dilution rate of polymer
solutions in & turbulent boundary layer has been estimated?
by assuming that the turbulent diffusion is not affected by the
presence of polymers. However, such an analogy does not
seem consistent with the observations®1® on suppression of
free turbulence in polymer solutions. The purpose of the
present experiment is to investigate possible suppressed dif-
fusion of polymer solutions in a turbulent boundary layer.

Experiment

The experiment was performed in a circulating water chan-
nel, where drag-reduction studies®!* involving the use of uni-
form polymer-solutions and the ejection of polymer solutions
into a pure-water boundary layer have been conducted. The
channel has a closed test section 112 em long, 38 ¢m wide and
19 em deep. A part of the cover plate at the test section,
25.4 ¢cm wide and 53.3 em long, is cut from the rest with a
clearance of 0.25 mm (1/100 in.) along four sides; see Fig. 1a.
The resistance of this (floating) portion of the cover plate is
measured with a strain-gage.

A laser (light source) was set in front of the test section and
a phototransistor (light receiver) was placed on the back side;
see Fig. 1a. The center of the laser beam, transversely across
the ehanmel and parallel to the plate, is located vertically 1.4
mm beneath the plate and longitudinally 3.8 em upstream
from the trailing edge of the floating plate. The laser and
the phototransistor unit were calibrated with water of given
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The results indicate a suppressed tarbulent dif-

dye concentration circulating in the channel. The light in-
tensity, attenuated by dye and received by the phototransis-
tor, can therefore be related to the dye concentration. For
turbulent diffusion of very short time intervals, the additive
concentration should be proportional to the dye concentration.

The experiments, like earlier drag-reduction studies,® were
conducted at a constant channel velocity of 2.62 m/sec (8
fps). The ejected fluid consists of aqueous solutions of poly-
(ethylene oxide) additive (Polyox WSR-301) of various con-
centrations. The polymer solution, colored by a given
amount of dye, was introduced at different discharges from a
pressurized reservoir through an inclined-slot ejector into the
turbulent boundary layer developed along the cover plate.
Near tangential ejection is achieved with a slot, 0.56 mm
opening, at an inclination of 7° from the floating plate. Dur-
ing the experiment, the output of the phototransistor was
continuously recorded before, during and after the ejection.
A sample output is shown in Fig. 1b.
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Fig.1 General arrangement and sample record.
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Description

Drag Reduction with Polymer Solutions Ejected from Slot

The drag reduction under identical experimental conditions
was systematically measured earlier® and only verified occa~
sionally during the present experiment. Portions of the re-
sults relevant to the present discussion are reproduced in Fig.
2: drag reduction obtained with polymer solutions of differ-
ent concentrations ejected at rates equivalent to various mul-
tiples of the viscous-sublayer discharge (@,). The drag re-
duction is indicated by the ratio between the reduced drag and
the turbulent frictional resistance. The viscous-sublayer
discharge® is the flow rate within a layer having a nominal
thickness of 11.6 v/, where v is the kinematic viscosity of
water and 4 is the mean friction velocity of the floating plate
without additive ejection.

The features of the results have been discussed elsewhere.®
It suffices for present discussion to point out that the drag re-
duction data shown in Fig. 2 reach a plateau at an additive
concentration of 300 ppmw (parts per million by weight) for all
three ejection rates.

Dimensions of Momentum and Diffusion Boundary Layers

Since the boundary layer along the channel roof starts to
develop ahead of the floating plate, the average resistance co-
efficient of the plate was found smaller than the conven-
tional value,'2 0.074/Re'5, (Reisthe Reynolds number defined
with the length of the plate). In order to find the boundary-
layer thickness at the test station with the laser beam, it is
then necessary to find the effective origin of the developing
boundary layer by integrating the local resistance coefficient!?
(' over the total length of the floating plate

C; = 0.059/Re, " ey

and comparing the integrated resistance coefficient with the
measured value, where Re,- = Uz’/v (U is the channel velocity
and 2’ is the distance from the effective origin). In this way
the effective origin was found to be 11.7 em upstream from
the leading edge of the floating plate.

The boundary-layer thickness 6 at various distances from
the effective origin, and the thicknesses of the viscous sub-
layer é, and of the buffer layer 8, can be determined from

Sus/2" = 0.377/Re,"®; Saux/v = 11.6; &us/v = 30 (2)

and are shown in the Fig. 3, wherein uy is the local shear ve-
locity. Itisnoted that these are the dimensions for the pure-
water boundary layer; these dimensions, especially the vis-
cous-sublayer thickness, should be changed with the presence
of polymers.

Additive Concentration of Ejected Solution, C, (ppmw)

Mass diffusion from a two-dimensional source with a turbu-
lent boundary layer was studied by Poreh and Cermak.?3
Their results indicate that the diffusion boundary layer can be
divided longitudinally into four zones: 1) initial zone—the
diffusion layer is submerged in the viscous sublayer. The
thickness of the diffusion layer is the normal distance from
the wall at which the mass concentration is half of that at the
wall; 2) intermediate zone—the diffusion layer is submerged
in the boundary layer but is thicker than the sublayer. The
thickness of the diffusion layer 6, = 0.076 2°# where x is the
distance from the origin of the diffusion boundary layer and
the units are in c¢m; 3) transition zone—the ambient stream
starts to influence the growth of the diffusion layer; and 4)
final zone—the diffusion of mass extends beyond the boundary
layer in this zone. The thickness of the diffusion layer, dg,
continues to be a constant fraction of the boundary-layer
thickness, 8,/6 = 0.64. The locations of various diffusion
zones are shown in Fig. 3. The test section with the laser
beam is shown well within the final zone.

The intensity of the laser beam varies radially as the
Gaussian distribution. The beam diameter is 1.4 mm, which
is the distance between opposite radial points where the in-
tensity is 1/e? (0.135) of that at the beam center. Thelightis
essentially a collimated beam with a 0.6-mrad divergence.
The loeation of the beam center as well as the distribution of
the light intensity normal to the plate are shown in Fig. 3.
The skewed distribution is due to the use of logarithmical
scale for the normal distance. The diameter at which the
light intensity is half of that at the beam center is 0.82 mm,
and may be considered as the effective sensing range, 76.2%
of the total ilumination falls within this diameter.

Wall Concentration and Concentration Profiles
in Final Zone

According to Poreh and Cermak,? very large concentration
gradients in the initial zone made it impossible to obtain re-
liable data. The wall concentrations C,, in the intermediate
and the final zones were found to follow, respectively,

Co = 262G x7%%/U; C, = (G/0.55)/Ud (3)

where U is the ambient velocity (em/sec) and G is the ejection
rate (ce/sec/cm). The wall concentration is less certain in
the transition zone. For an ejection rate twice than the
viscous-sublayer discharge, the longitudinal variation of wall
concentration caleulated from empirical formulas, Eq. (3), is
shown in Fig. 3.

A rather complicated expression was given by Poreh and
Cermak?®® for the concentration profile normal to the wall in
the final zone. Later, Morkovin' reanalyzed their data and
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Fig.3 Physical dimensions and wall-concentration distribution for pure-water boundary layer.

provided the following profile,
C/C, = 1/expl0.693(y/8,)%1%] (4)

where y is the normal distance from the wall; see Fig. 3. The
concentration within the buffer layer but outside the viscous
sublayer, where additives for drag reduction are operational,
is seen to have essentially the wall concentration. The ideal
location of the laser beam should be within this region. How-
ever, due to the finite diameter of the present laser it was im-
possible to place the beam any closer to the wall than that
shown in Fig. 3.  Consequently, for ejection of water the con-
centration measured by the laser is about 859, of the wall
concentration,

Results

The step-like variation of phototransistor outputs, shown
in Fig. 1b, displays distinctly the dye concentrations of the
fluid for periods before, during and after ejection. From the
deflection of the signal from dark, the concentrations of the
fluid for three periods can be determined. Subtracting the
dye concentration measured for the period before ejection
from that during ejection, we obtained the added dye concen-
tration due to the ejection. The accumulated dye concen-
tration in the channel was kept at a very low level. The ex-
periment was also benefited by a large volume of water in the
channel. A flat rather than a rising trace was obtained during
the ejection period; see the sample record shown in Fig. 1b.

The added dye concentration as a fraction, s, of the original
dye concentration of the ejected fluid is plotted vs the ejection
discharge in the upper half of Fig. 4. This fraction is propor-
tional to the ratio between the added and the ejected polymer
concentrations. The data are separately plotted according to
the concentration of the ejected polymer solution. A con-
tinuous curve was then fitted through the data on the basis
of the least square principle to relate the added polymer con-
centration to the ejection rate. From the fitted curve, the
added concentration of the ejected polymer solutions at dif-

ferent ejection rates: @, 2Q;, 3Q; and 46, can be obtained
and are plotted in the lower half of Fig. 4. The discharge @,
is again the flow rate within the aqueous viscous sublayer, dis-
cussed In an earlier section.

Discussion

General Assumptions for Estimating Diffusion of Polymers
in a Turbulent Boundary Layer

The velocity distribution within the inner boundary layer
is generally considered to be modified by polymers. The fol-
lowing correlation was presented by Meyer

w/ux = 2.5In(yux/v) + 5.5+ AB; AB = alnlus/us.) (5)

where AB is the shift of logarithmic profile as a result of thick-
ening the viscous sublayer, « is a numerical constant, and
Ux. 18 the critical shear velocity for initiating drag reduction.
Both o and wuy. are characteristics of the polymer solution.
For dilute polymer solutions, us. seems to be independent of
polymer concentrations, and « increases very slightly with
the concentration. The outer law of the boundary layer is
believed not to be affected by polymers.

The turbulent diffusion rate within the boundary layer is
considered® to be proportional to the local shear velocity wuy or

dz/dt = bus (6)

where Z is the mean normal elevation of the tracer from the
wall, ¢ is time and b is a proportionality constant. This con-
stant has been considered to be the same in polymer solution
and in water. As discussed in later sections, the last con-
sideration should be re-evaluated.

Effects of Viscous Sublayer on Measurement
of Concentration

Although the turbulent fluctuation is now believed to pene-
trate into the viscous sublayer, the mass diffusivity within
the sublayer is still much smaller than that outside the sub-
layer.'” Since the sublayer is extremely thin at high Reynolds
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numbers, its effect on diffusion of material ejected from the
wall is generally neglected. However, when the ejection rate
is comparable with the flow rate within the sublayer, a large
portion of the tracer may be entrapped initially within the
sublayer. This effect, of course, becomes less important at
locations farther away from the ejection station. The in-
fluence of the viscous sublayer, nevertheless, exists even for
very large distances; its cause then is not the initial trapping
of the tracer but the slow exchange of tracer between the flow
inside and outside the sublayer.??

1t is well known®1 that polymers thicken the viscous sub-
layer

usds/v = a > 11.6 %)

The amount of thickening, as shown in Eq. (5), is related to
the shear velocity and polymer concentration. For cases with
the same shear velocity, corresponding to the plateau portion
of the drag-reduction data shown in Fig. 2, the test ejecting
more concentrated solution probably has a thicker sublayer;
because a, increasing slightly with polymer concentration, is
greater. It can be shown that the flow rate within the sub-
layer is a?/2. Consequently, even a slight thickening of the
sublayer increases appreciably the sublayer discharge.

Taken together the foregoing discussion, it seems that a
greater fraction of the ejected tracer is entrapped within the
sublayer for tests ejecting more concentrated solutions.

Therefore, the turbulent mixing, or the dilution of polymers,
outside of the sublayer, takes place with a smaller fraction of
the ejected tracer. Consequently, for ejections with more
concentrated polymer solutions, the dilution due to turbulent
mixing should be less than that indicated by the dye concen-
trations, shown in Fig. 4 and expressed as the ratio between
the measured and the original concentrations of the ejected
solution. Beeause this dilution ratio is seen in Fig. 4 to be
smaller at a lower-ejection rate, while a greater fraction of the
ejected solution is entrapped within the viscous sublayer for
ejections with more coneentrated solutions and therefore re-
sults, effectively speaking, a lower-ejection rate.

Suppressed Diffusion of Drag-Reducing Polymers in a
Turbulent Boundary Layer

The polymer concentrations measured with ejecting poly-
mer solutions of various concentrations at various multiples
of viseous-sublayer discharge are shown in the lower-half of
Fig. 4. According to Poreh and Cermak,’ for the ejection
rate 2Q. (shown in Fig. 3) the concentration measured by the
laser at the test station should be about 0.6% of the original
tracer concentration, which is more than twice the present
measured value with pure-water ejection. This could be due
to various reasons, such as different ways of ejecting the
tracer, the initial trapping of the tracer within the viscous
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sublayer and the uncertainty of the displacement thickness of
the sensor. (The dye concentration measured by the laser,
spanning over a concentration profile, may not be the actual
concentration at the geometric center of the beam). It isat-
tempted here not to resolve this discrepancy but to compare
the present measured values for different ejection conditions.

For ejections of polymer solutions of the same concentra-
tion, the measured dye concentration, as shown in the lower
half of Fig. 4, increases faster than a linear proportion with
the ejection rate. This is in favor of earlier discussion on the
initial trapping of the ejected tracer within the sublayer, be-
cause the trapped tracer is a smaller fraction of the ejected
tracer at higher ejection rates.

The data, shown in the lower half of Fig. 4, illustrate that
there is very little change of turbulent diffusion with polymer
concentration when the concentration of the ejected solution
is less than 100 ppmw; that the dye concentration increases
with the polymer concentration for ejected solutions having
their concentration greater than 100 ppmw and increases very
rapidly for ejected solutions having their concentration greater
than 300 ppmw. The last portion of the data is the most in-
teresting result of the present study, since, as shown in Fig. 2,
the drag-reduction data for these concentrations already
reach a plateau, while the laser-measured concentration in-
creases drastically with the polymer concentration of the
ejected solution. In other words, the drag-reduction data
indicates that the average shear velocity is about the same,
while the dye-concentration data indicates that the turbulent
diffusion is much less effective. Moreover, the actual turbu-
lent diffusion rate is probably even less than that indicated in
Fig. 4, if, as discussed earlier, the initial trapping of the tracer
is considered to be more severe at higher polymer concentra-
tions. In summary, the present results provide evidence of a
suppressed diffusion of drag-reducing polymers within a turbu-
lent boundary layer.

Although there may be some disagreement between the
present concentration measurements and those reported
earlier by Poreh and Cermak,® the shape of the concentration
profile reported by them is not likely to be changed. Their
measured profiles correlated by Morkovin,'* were recently
verified by Fabula and Burns® With water ejection, the
tracer concentration measured by the laser, according to Eq.
(4), is about 859 of the wall concentration. The thickening
of the viscous sublayer with additive ejection will make the
measured concentration even closer to the wall concentration.
The portion of the data shown in the lower half of Fig. 4, for
dilute polymer concentrations (less than 100 ppmw) should be
very close to the pure-water ejection. The wall concentration
for these cases should be slightly greater than the measured
value. The higher dye concentration measured with ejection
of more concentrated polymer solution (greater than 100
ppmw) is undoubtedly due to the thinning of the diffusion
layer, because the laser-measured concentration in the latter
cases (greater than 100 ppmw) is already greater than the wall
concentration for the previous cases (less than 100 ppmw).
Furthermore, the wall concentration for the latter cases
(greater than 100 ppmw) should be greater than the laser-
measured value. The thickness of the diffusion layer must be
reduced to compensate for the increase of wall concentration.

Conclusion

The results seem to indicate a suppressed diffusion of'drag-
reducing polymer within a turbulent boundary layer. For
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practical use of polymers, the results suggest a re-evaluation
of some assumptions involved in estimating polymer require-
ment for external flows. For studying polymer influence on
turbulence, the results suggest a possible change of structure
of large eddies; the latter is believed to govern the turbulent
diffusion. The present study is obviously a limited one, far
more investigations, especially detailed measurements of con-
centration profiles, are needed to clarify these points. Never-
theless, the present note will serve its purpose, if more atten-
tion is attracted to these problems.
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