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The decay of grid turbulence in polymer and surfactant solutions
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~Received 23 September 1998; accepted 3 May 1999!

The decay of turbulence behind a towed grid is studied in polymer and surfactant solutions with the
use of particle image velocimetry. Unlike in water, the turbulent energy components show marked
anisotropy, and decay more slowly. These differences are stronger for initial periods of time, but
persist through the entire period of decay. The major difference between the polymer and surfactant
solutions is that the small scales are more strongly damped in the former. ©1999 American
Institute of Physics.@S1070-6631~99!04108-2#
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I. INTRODUCTION

It is known for about 50 years that small amounts
long-chain polymers or surfactants, when added to turbu
water flows, have an incommensurately large macrosco
effects, for instance, a few tens of parts per million~by
weight! of a polymer can reduce the pressure drop in a p
flow by as much as 80%. Many research articles1 have ap-
peared on the interaction between turbulence and drag re
ing agents ~DRAs!, and those by Lumley,2 Virk,3 de
Gennes,4 and Den-Toonderet al.5 may be said to represen
some prevailing perspectives on the problem. Despite
immense volume of work,1 the physics of the interaction o
turbulence with DRAs is not adequately understood. One
the unresolved questions concerns the distinctly differ
ways in which the polymer works in the wall-region and
the outer region of a wall-bounded flow. The effort expend
on answering this particular question is also large, but
outcome again is not definitive;6 part of the difficulty is that
one does not fully understand the role of the wall and ou
regions in creating and maintaining turbulence in ordin
pipe or boundary layer flows.7 It therefore seemed helpful t
understand the effects of the polymer in homogeneous
bulent flows where wall effects play no direct role. This
our first goal.

This same goal has prompted previous measuremen
turbulence behind grids.8,9 However, the conclusions ther
were somewhat obscured by the unreliability of hot-fi
probes in polymer solutions. We have bypassed this prob
by using particle image velocimetry~PIV!. To our knowl-
edge, there has been only one other noninvasive stud
polymer solutions in grid turbulence.9 This study, using lase
Doppler anemometry, showed that polymer additives in g
turbulence lower the rate of decay and suppress small s
components above a threshold concentration. These re
seem to support the notion that polymers affect turbule
outside of the wall region, but are limited in two respec
First, the benchmark results for water were not fully satisf
tory. Second, since the measurements were pointwise
only one component of turbulence was obtained, neither
anisotropy~even in grid turbulence, as we shall see pr
ently! nor the spatial structure could be studied. The P
technique acquires two-component velocity data in a tw
2381070-6631/99/11(8)/2387/7/$15.00
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dimensional slice of the flow field, and so provides som
information regarding the anisotropy and the flow structu

The papers by Friehe and Schwartz8 and McCombet al.9

concerned polymers. Recently, there has been an increa
interest in surfactant DRAs.10,11 The experimental evidenc
in these and other papers suggests that the mechanism
drag reduction for surfactants may be different from that
polymer solutions, but the number and quality of papers
surfactant effects lag behind those for polymers. In parti
lar, experiments comparing surfactants and polymers in
same apparatus are rare; indeed, we know of only one s
experiment11 in pipe flow. It thus seemed valuable to com
pare polymers and surfactants in the simpler case of tu
lence behind a towed grid. We believe that our data are
first of their kind, this being the second reason for the pap

In the next section, we present experimental details
the work, while Sec. III describes the principal results. Int
pretations and discussions are summarized in Sec. IV.

II. EXPERIMENT

We performed experiments in a 303303120 cm3 plate-
glass tank, filled with the fluid. The grid had a square me
of size M51.27 cm and soliditys50.44. This solidity is
comparable to those in most standard experiments on
turbulence~see Sreenivasan12 for a summary!. For purposes
of comparison, we first studied the decay of turbulence
hind the towed grid in ordinary tap water. This was followe
up by similar studies in three dilute solutions of Polyethyle
Oxide ~Polyox grade COAG! and two surfactant solution
~Ethoquad T/13/50 produced by Akzo Nobel!. All three
polymer concentrations were typical of those used in d
reduction studies. For these concentrations, the shear vis
ity of the solution exceeded that of water by only sm
amounts; for the highest polymer concentration, the solut
viscosity was 18% more that of water~see Table I!. Within
this limit, the increase in shear viscosity was linear w
polymer concentration. The solutions were thus conside
dilute. The surfactant was of the cationic type~tallow tris-
hydroxyethyl ammonium acetate!. We used two different
surfactant concentrations, both comparable to those use
drag reduction studies in pipe flows. In contrast to polyme
the surfactant concentrations were large enough to incre
7 © 1999 American Institute of Physics
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the shear viscosity significantly, by as much as six times
of water at the highest concentration. Since it is known t
cationic surfactant solutions are drag-reducing only in
presence of an appropriate counterion salt, we doped t
with sodium salicylate~Table I!. This is believed to promote
the formation of rodlike micelles—apparently a necess
condition for drag reduction.10

For all cases, the grid was towed at the speedU
52.5 m/s from the bottom to the top of tank. For water, t
Reynolds number based on mesh sizeRM'32 000. The di-
rection of motion of the grid was taken to be thelongitudinal
direction,x. Perpendicular to the longitudinal direction~but
in the plane of the camera! was thetransversedirection, y
~Fig. 1!.

The flow in a vertical sliceA in the central region of the
tank was mapped by means of a two-color particle ima
velocimetry ~PIV! system~Fig. 1!. The dimensions of the
slice were 2.1731.4430.1 cm. A digital color-camera cap
tured the scattered light from nearly neutrally buoyant se
ing particles. The seeding was done with polydisperse
minum oxide particles with typical diameter of the ord
<10 mm. A simple estimate13 of the velocity lag due to the
density difference between water and aluminum oxide i
mm/s or about 0.5% for a typical velocity of 1 mm/s. Afte
adding the seeding particles to the tank and mixing its c
tents, several hours of wait preceded the experiment. T
waiting time allowed the largest seeding particles to settle
the tank bottom. We added sufficient amount of seeding
terial to ensure an adequate particle image density~about 10
per interrogation volume! for a successful PIV interrogation
and determined this seeding densitya posteriori to be
'1025 by mass fraction.

TABLE I. Table of viscosities for water as well as polymer and surfact
solutions of various concentrations. For surfactants, the concentratio
denoted by two numbers. The first denotes the concentration of the su
tant itself, the second the concentration of sodium salicylate.

Fluid ~concentration! Viscosity ~cp!

polymer ~100 ppm! 1.18
polymer ~50 ppm! 1.08
polymer ~25 ppm! 1.05
surfactant~5.0 mM/12.0 mM! 6.1
surfactant~2.2 mM/4.8 mM! 2.8
water 1.0

FIG. 1. The schematic of the tank. The imaged areaA is not to scale.
Downloaded 10 Mar 2008 to 140.105.16.64. Redistribution subject to AIP
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The laser illumination consisted of a red light sheet a
a green light sheet, superimposed in space but separat
time by a few milliseconds. We used two different colors
resolve the directional ambiguity that limits more tradition
PIV schemes. The green light~532 nm! was generated with a
pulsed Nd-YAG laser with a pulse length of 6 ms and 1
mJ peak energy. The red~607 nm! light was generated by
passing the light of an identical laser through a Raman c
The Raman cell was filled with a 50–50 mixture of N2 and
He gases at 1050 psi; this generated the red light with
efficiency of about 30%. The two beams were superimpo
by means of a dichromic mirror. The light sheets we
formed with two spherical lenses, and one cylindrical lens13

Over the extent of the imaged area, the light sheet thickn
did not exceed 1 mm.

A set of PIV images was taken at a fixed delayDT after
the grid passed the imaged area. The time of acquisition
the PIV images varied between 50tM,DT,23104tM ,
where tM , the characteristic time scale, is given byM /U.
Large decay times of the order of 104tM can be probed only
in towed grid experiments; in wind tunnels with the flow pa
a grid, the usual range covered is only a few hundred m
distances.

For each value ofDT, we used an ensemble of 36 im
ages for water, of 24 images for polymer solutions, a
mostly 15 images, occasionally 12, for surfactant solutio
~The reasons for the smaller size of surfactant data will
come clear momentarily.! Pulling the grid through the poly-
mer and surfactant solutions did not affect subsequent
quences of measurements, thereby ruling out polymer~and
surfactant! degradation.

After the experiment, the images were transferred fr
the digital color camera to a PC. A cross-correlation P
analysis between the red and the green field of each im
yielded the two-dimensional projection of the flow field inA
on thex–y plane. The camera’s CCD array was 152431012
pixels. The magnification was such that 1 pixel correspon
to 14.2mm. For averaging purposes, we used cells of 64364
pixels, with adjoining cells 16 pixels apart.

Since an important step in polymer and surfactant
periments was the proper preparation of the solutions,
procedure calls for some comments. We prepared the p
mer solution by suspending the Polyox powder in ethyle
glycol, and then dissolving this mixture into a few liters
water. We used a slow magnetic stirrer over long periods
time to achieve a uniform concentration without mecha
cally degrading the polymer. This concentrated polymer
lution was gently poured into the tank to which water w
subsequently added to fill it up. The contents of the ta
were mixed by gently pulling the grid up and down a fe
times. The polymer solutions were clear and translucent,
their optical properties stable over the course of the exp
ment.

The surfactant solution was prepared by mixing it in
few liters of water by gently stirring the solution. The tan
was filled with water to which the appropriate amount
sodium salicylate was added. The surfactant solution w
then added to the contents of the tank. As before, the
was manually traversed up and down to achieve unifo

t
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c-
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2389Phys. Fluids, Vol. 11, No. 8, August 1999 Decay of grid turbulence in polymer . . .
mixing. The surfactant solution was translucent but with
greenish tint. This coloring increased in intensity over t
course of a day; towards the end of the day, the fluid
sorbed too much of the red laser light for the PIV system
function properly. This is the principal reason for the smal
size of data collected for surfactants.

Following these steps, the seeding particles were ad
and the fluid was stirred slowly with the grid. Allowing th
fluid to sit still for a few hours, after this last step, not on
resulted in the larger seeding particles to settle to the t
bottom—as noted already—but also allowed the entrap
air bubbles to rise to the surface.

III. RESULTS

Figure 2~A! shows the decay with time of the mea
square velocity for the longitudinal velocity componen
^u82&, and transverse velocity component,^v82&. Here, ^•&
represents ensemble averaging. The decay data for both
ponents appear to follow two power laws, (t/tM)2a. The
exponent for time periods of up to about 1000 mesh time
about 1.1 for both components; for larger times, it is ab
1.5. We have used no virtual origin.

In grid-turbulence studies in wind tunnels, the decay
ponent for the first few hundred mesh distances has b
measured to be about 1.2.14 The corresponding exponen
seems to be somewhat smaller for towed grids.15 This differ-
ence is believed to be partly an effect of the degree of
isotropy at the start of the decay process. This is a topic
separate discussion; it surfaces to say here that the pre
data are consistent with the initial period of decay for cl
sical grid turbulence.

At t/tM'1000, the nominal value of the integral leng
scale, estimated from the empirical formula given
Sreenivasanet al.,14 is expected to be about 3 cm. Turbule
fluctuations are correlated for significantly greater distan
than the integral length scale, so it is reasonable to think
they begin to feel the walls of the tank sometime around
point. ~Directly measured length scales, obtained from
PIV data, were consistent with this estimate; however,
have not shown the length-scale data here primarily beca
the correlations obtained from the fixed PIV domain are
accurate enough for large separation distances.! The analysis
of turbulence decay, appropriate to the case of satur
length scale, can be found in Smithet al.16 In that paper, it is
shown that the exponent should be larger, qualitatively c
sistent with the present measurements. A more deta
analysis of this aspect can be found in Skrbek and Stalp17

The decay rates of the mean-square velocity fluctuati
in longitudinal and transverse directions are roughly
same at all times considered here. The ratio of the ene
components is about 1.25. This degree of anisotropy is c
acteristic of the grid data.18,19 Thus, the present grid turbu
lence in water can be said to behave as expected.

Figures 2~B! and 2~C! show the decay of the mean
square energy components for the polymer and surfac
solutions. There are some differences between water and
DRA solutions. First, the longitudinal and transverse com
nents of energy have different decay rates in both polym
Downloaded 10 Mar 2008 to 140.105.16.64. Redistribution subject to AIP
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and surfactant solutions. In each case, the longitudinal c
ponent initially has about the same decay exponent as
water, while the transverse energy component decays m
slowly. Beyond the point at which the new power-law sets
~about 1000tM!, the two components in each case dec
more or less at the same rate, this being substantially slo
than that in water. Table II lists the decay exponents in
two power-law regions for all three cases. That there is ini
anisotropy for polymers and surfactants is reconfirmed fr

FIG. 2. Mean square velocity fluctuations in the longitudinal and transve
directions~^u82& and^v82&, respectively! vs t/tM for ~A! water,~B! polymer
~100 ppm!, and ~C! surfactant solution~5.0 mM, with 12.0 mM sodium-
salicylate!. Linear least-squares fits in the two scaling regions are sho
The decay exponentsa are noted in Table II. The uncertainty in the exp
nents is given by the standard error of the fit.
 license or copyright; see http://pof.aip.org/pof/copyright.jsp
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Downloaded 10 Ma
TABLE II. Decay exponents for initial and later periods for water, polymer, and surfactant solutions. Th
for the initial and later periods of decay are separated bytM51000.

Fluid ~concentration!

Initial period Later period

a ~longitudinal! a ~transverse! a ~longitudinal! a ~transverse!

polymer ~100 ppm! 1.0660.08 0.8460.08 0.8960.19 0.9260.10
surfactant~5.0 mM/12.0 mM! 1.0960.08 0.7960.19 0.8860.19 0.9660.38
water 1.0960.03 1.1260.02 1.4560.07 1.5060.10
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Fig. 3 which shows the energy ratios as a function of tim
Unlike water turbulence for which isotropy holds roughly f
all times measured~longitudinal/transverse energy rat
'1.25!, the polymer and surfactant solutions are stron
anisotropic initially.

As shown in Fig. 3, the most conspicuous disparit
between water and DRAs occur at the early stage of de
Taking polymer solutions first, and considering 50tM as typi-
cal, we find that the Zimm relaxation time for the polymer
several times smaller than the maximum inverse strain-
in turbulence. It does not therefore seem likely that the po
mers are stretched to any degree once the homogeneous
of turbulence is established. The bulk of the stretching m
therefore occur before the merger of the wakes from in
vidual grid-rods occurs, perhaps in boundary layers aro
the rods. A similar qualitative argument can be made
surfactants as well.

In spite of this difference, we have already noted that
energy decay rate for the two DRAs is similar. This is qua
tatively analogous to pipe flows, where the effects of b
DRAs are similar on drag reduction. To see the differen
further, we focus our attention on the spatial structure at
fixed mesh time of 50M /U. Although a fixed value of mesh
times does not correspond to an identical eddy-turnover t
in all cases, it does enable us to make comparisons when
effects of the DRAs are most pronounced. That some of
differences can be spectacular is seen in Fig. 4, which p
typical instantaneous velocity vectors in the region A of F
1. The images there extend over 1.631 meshes fortM550,

FIG. 3. The ratio of the longitudinal to transverse energy components.
polymer and surfactant concentrations are the same as for Figs. 2.
r 2008 to 140.105.16.64. Redistribution subject to AIP
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and so capture a significant portion of the turbulent ener
containing scales. It is evident that small scales continue
exist in the surfactant case—perhaps even strengthened—
are far less apparent in the polymer case. The energy spe
densities in the two cases must therefore differ. We point

e

FIG. 4. Examples of PIV images in the areaA for t/tM550. Top, water;
center, polymer; bottom, surfactant. The dimensions of the images ar
mm. Each arrow denotes the velocity~in the plane of the camera! averaged
over a volume of dimensions 0.91 mm30.91 mm30.1 mm. The differences
between polymer and surfactant images are not equally striking for all r
izations, but the behavior displayed is representative. See text for m
details.
 license or copyright; see http://pof.aip.org/pof/copyright.jsp
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that PIV enables the measurement of wave number spe
without any recourse to Taylor’s hypothesis. In Figs. 5~A!
and 5~B! the spectral densities of polymer and surfactant d
are compared with those of water, fort/tM550. For com-
parison, we also plot a25

3 power law. For both water and th
polymer case, there is an approximate power-law region
wave numbers between 50 m21 and 500 m21. The high wave
number cutoff, determined by the size of the interrogat
volume of the PIV analysis, corresponds tok'1000 m21.
The size of the imaged area gives the low wave num
cutoff at k'50. There is no conspicuous power-law regi
for surfactants. In the low wave number range, the spe
for both DRAs exhibit a conspicuous bump atk'100 m21,
corresponding to the grid mesh. A similar bump is not a
parent in the water spectra. Presumably, the viscoelastic
ture of the DRAs exhibit a long memory effect of the initi
forcing. The longitudinal data for surfactants exhibit anoth
large bump atk'800 m21, for which we have no satisfac
tory explanation.

The attenuation of the high-frequency energy for t
polymer is clear in the PIV image of Fig. 4. The depletion
energy~compared to water! occurs in both energy compo
nents, though the large-scale in the longitudinal compon
does not differ by much. These results are consistent w

FIG. 5. Power spectra for the longitudinal (E11) and transverse (E22) ve-
locity components att/tM550 for polymer ~top! and surfactant~bottom!
solutions. The additive concentrations are the same as for Figs. 2. Plotte
comparison are the spectra for water at the same time of developmen
Downloaded 10 Mar 2008 to 140.105.16.64. Redistribution subject to AIP
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those of McCombet al.9 in grid turbulence and of Tong
et al.20 in the Couette geometry, with one possible excepti
This exception corresponds to the observation of a thresh
concentration by McCombet al.,9 similar to the well-
documented effect in pipe flows.3 We did not observe this
threshold effect even though our lowest concentration w
below McComb’s threshold. A possible explanation is th
our polymer had a molecular weight which is about twi
that used by McCombet al. For pipe flow, it is known that
the threshold concentration decreases with increasing
lecular weight3 according to a relatively large power of th
molecular weight~or the number of coils in the monomer!.
We should therefore expect the threshold concentration
one exists, to be much lower in our experiments.

In the surfactant case, even the large-scale energy is
stantially diminished. This effect cannot be explained by
increased viscosity of the surfactant solution as compare
water ~because the large scale motion in turbulent flows
expected to be independent of the Reynolds number!. The
scale-dependent depletion effects in polymers and surfact
can be seen better in Fig. 6 which plots against the w
number the longitudinal spectral density as a fraction of t
of water. The ratio for the polymer decreases up to a w
number of about 200 m21, staying essentially constant ther
after. The ratio for the surfactant starts very low and
creases up to a wave number of about 240 m21 and then
drops off up to a wave number of about 600 m21. We again
observe a large unexplained increase at a wave numbe
k'800 m21. The ratio for the transverse component is ide
tical for the surfactant, but essentially constant over all wa
numbers for the polymer.

Thus, the polymers and surfactants possess signifi
structural differences as well as statistical similarities. W
shall now discuss some more similarities. The scatter plot
u vs v ~Fig. 7! show that, in contrast with water, excessi
fluctuations are removed in both DRA cases. The direct
of velocity vector in the plane of circulation provides anoth
measure of the organization of the fluctuations; relativ
little attention has been paid in the past to direction statist
We present in Fig. 8 the probability density functions of t
direction u of the velocity vectors (u5tan21(v/u)) in the
~x,y! plane. For water, there is a small anisotropy betwe

for

FIG. 6. Ratio of the spectral densities (E11) of polymer and water, and of
surfactant and water. The additive concentrations are the same as for Fi
 license or copyright; see http://pof.aip.org/pof/copyright.jsp
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2392 Phys. Fluids, Vol. 11, No. 8, August 1999 van Doorn, White, and Sreenivasan
the longitudinal direction, possibly due to a small vertic
mean flow in the measurements. However, for the polym
and the surfactant, the longitudinal direction is more pre
lent than the transverse. In this sense, the anisotropy
served in polymer and surfactant solutions is similar to t
in the wall-region of the boundary layers in Newtonia

FIG. 7. Scatter plots of longitudinal and transverse velocity fluctuation
50tM . Top, water; center, polymer; bottom, surfactant.
Downloaded 10 Mar 2008 to 140.105.16.64. Redistribution subject to AIP
l
r
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flows.21 It is also observed that the values for the surfact
at u56p and 0 are significantly greater than those for t
polymer.

The results discussed in this section are for the high
concentration polymer and surfactant solutions. They
qualitatively the same for lower concentrations, and
quantitatively somewhere between those for water and th
for the high concentration solutions. As already mention
we did not observe any ‘‘threshold concentration’’ effects
the range of parameters studied.

IV. SUMMARY AND CONCLUSIONS

A basic reason for undertaking the present experime
was to understand better whether DRAs can have a str
effect in homogeneous turbulence outside the near-wall
gion of a pipe flow. From a first glance, the present measu
ments indeed show that the nearly homogeneous turbule
behind towed grids is significantly affected by polymer a
surfactant addition. The chief difference between water
the one hand and the DRA solutions on the other is that
turbulence structure in the latter becomes more anisotro
and large-amplitude, small-scale, fluctuations are damped
lectively. A closer look reveals that the situation is probab
more complex. The bulk of the stretching of the polyme
occurs in boundary layers around the rods, or, perhap
their individual wakes. The initial development is thus t
most crucial part of the process. In this region, we obse
large anisotropy for polymer and surfactant solutions.
plausible explanation for polymer solutions is that the po
mers are stretched and oriented vertically as the grid is pu
through the solution. In the subsequent decay, the stretc
polymers dampen the transverse fluctuations strongly. T
important conclusion would have been lost in on
dimensional measurements. The strong anisotropy of
polymer solutions could also explain the findings of two d
tinct threshold concentrations from spectra and visualiza
experiments.9

t

FIG. 8. Probability density functions of the directions of the velocity ve
tors. Hereu50 corresponds to up,u5p to down, u52~p/2! to left, and
u5~p/2! to right.
 license or copyright; see http://pof.aip.org/pof/copyright.jsp
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2393Phys. Fluids, Vol. 11, No. 8, August 1999 Decay of grid turbulence in polymer . . .
The effects of polymers and surfactants are similar
some respects and different in some others. The main p
of similarity is the reduced rate of decay. The major diffe
ence is that the small scales are more selectively dampe
polymers than in surfactants. This can mean that the ne
duction in the energy decay rate, which is about the sam
both cases, has been attained through different paths in
two cases. This conclusion supports the view that the me
nism for drag reduction could be different between polym
and surfactants.

The differences between surfactant and polymer so
tions may perhaps be understood in terms of their dispa
viscoelastic natures. Polymer solutions impart viscoelasti
due to stretching of individual molecules under high exte
sional strain of the small scale. The suppression of sm
scales may ensue from an elastic absorption of energy
those scales, resulting in a truncation of the cascade~or cas-
cadelike activity!, as suggested by de Gennes.4 When the
polymer molecules move to regions of lower shear, they m
return the stored elastic energy to the flow resulting in
decrease in the decay rate of turbulence. For surfactant s
tions, the formation of network structures may interact
rectly with the large scale structure of turbulence, absorb
return elastic energy in much the same manner as sugge
for polymer molecules.

The present measurements allow us to make a gen
observation on drag reduction in boundary layers and pip
The response to polymer addition in any inhomogene
flow depends strongly on where in the flow—and perha
also on how—the injection occurs. Even if the elastic the
were correct, the major effect is likely to occur near the w
rather than in the bulk of the flow. A more detailed discu
sion of this aspect can be found in Sreenivasan and Whi22
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