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An experimental investigation of a polymer drag reduced flow using
state-of-the-art laser-Doppler anemometry in a refractive index-matched
pipe flow facility is reported. The measured turbulent stresses deep in the
viscous sublayer are analyzed using thetoolsof invariant theory. It isshown
that with higher polymer concentration the anisotropy of the Reynolds
stresses increases. This trend is consistent with the trends extracted from
DNS data of non-Newtonian fluids yielding different amounts of drag re-
duction. The interaction between polymer and turbulenceis studied by con-
sidering local stretching of the molecular structure of a polymer by
small-scale turbulent motions in the region very close to the wall. The
stretching process is assumed to re-structure turbulence at small scales by
forcing these to satisfy local axisymmetry with invariance under rotation
about the axis aligned with the main flow. It is shown analytically that kine-
matic constraints imposed by local axisymmetry force turbulence near the
wall to tend towar ds the one-component state and when turbulence reaches
thislimiting stateit must be entirely suppressed across the viscous sublayer.
Based on this consideration it is suggested that turbulent drag reduction by
high polymers resembles the reverse transition process from turbulent to
laminar. Theoretical considerationsbased on the elastic behavior of a poly-
mer and spatial intermittency of turbulence at small scales enabled quanti-
tative estimates to be made for the relaxation time of a polymer and its con-
centration that ensure maximumdrag reduction in turbulent pipe flows, and
it isshown that predictions based on these arein very good agreement with
available experimental data.
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Introduction

The addition of small amounts of dilute polymers to wall bounded flows can
lead to large drag reduction (DR). This phenomena has received much attention since its
discovery more than 50 years ago. Nevertheless, detailed knowledge about the chief
mechanism for the action of the polymer and its effect on turbulence is not available.
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In respect to important reasearch effortsin thisfield the early studies of Metzner
and Park [1], Lumley [2, 3], Virk [4], Berman [5], and the more recent contributions of
Tabor and Gennes [6], Ryskin [7], Thirumalai and Bhattacharjee [8], and Sreenivasan
and White[9] should be mentioned. Turbulence measurementsin drag reduced flow only
became possible with the development of advanced optical measuring techniques. The
experimental work of Rudd [10] and Logan [11], and subsequent contributions of Reis-
chman and Tiederman [12], Luchik and Tiederman [13], Walker and Tiederman [14],
Willmarth et al. [15], Wei and Willmarth [16], and Warholic et al. [17] provided impor-
tant information on modifications of the statistical properties of turbulence in
wall-bounded flows by presence of polymer additives. Most of these experimental inves-
tigations were carried out for alow percentage of DR. The mean velocity profile was
found not to follow aclassical log law. The root mean square of the streamwise and nor-
mal velocity fluctuations, normalized with the wall friction velocity determined for the
polymer flow, were larger and lower, respectively, than in Newtonian liquid. These
trends became more pronounced as DR increased. For large DR, experiments showed
that the turbulent shear stress is approximately zero, indicating that turbulence is not
maintained by the well-known mechanism (which ensures that rates of energy genera-
tion and viscous dissipation are in balance) and that the persistence of turbulence is asso-
ciated with the statistical dynamics of extra polymer stresses.

In order to gain amore detailed insight into the phenomena of polymer drag re-
duction, direct numerical simulations have been performed by Toonder et al. [18],
Sureshkumar et al. [19], Dimitropulos et al. [20], Sibillaand Baron [21], Angelis et al.
[22], and Dubief et al. [23, 24]. These numerical studies provided considerableinforma
tion about the behaviour of turbulence in presence of apolymer solution in the flow: the
influence of a polymer on the mean flow and turbulence stresses and their detailed bud-
gets including instantaneous three-dimensional flow patterns. These simulations, like
those of Newtonian turbulence, cannot themselveslead to improved understanding with-
out a form theory capable of distinguishing the cause from the consequence. A lack of
generally accepted and well-supported theory for the remarkable evidence that one drop
of along-chain polymer properly mixed with afew hundred liters of liquid can reduce up
to 80% of friction drag in a pipe flow illustrates the huge gap that exists in our current
knowledge of wall turbulence. This situation immediately suggests that something sub-
stantial and very fundamental can be learned about turbulence by studying the mecha
nism of polymer drag reduction.

The theory of turbulent drag reduction in simple, nearly parallel wall-bounded
flows can be worked out proceeding from the basic equations that govern the turbulent
stresses and by using (but not misusing) the turbulence closure based on the application
of the two-point correlation technique and invariant theory [25]. Conclusions emerging
from the theory can betested by direct comparisonswith numerical simulations or exper-
iments. The mechanism responsiblefor large drag reduction can beidentified without ap-
peal to theempirical input or auxiliary approximation. However, itsdescription might not
be digestible for those who reason about turbulence (in a deterministic fashion) exclu-
sively in the physical space where observations usually take place: exposition and usage
of arguments and resulting deductions may therefore seem unreasonable, confusing or
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entirely wrong. If the matter isanalysed in the functional space formed by the two scalar
invariants which emphasize the anisotropy of turbulence, the problem of large drag re-
duction turns out to be the first one to attack because of its simplicity and specifc and un-
conventional usage of arguments then appear logical and transparent. By arguing in the
real space and the functional space it was possible to specify thisinteraction in the form
of kinematic constraints and to show how these constraints force suppression of turbu-
lence close to the wall, leading to significant drag reduction.

In this paper we present experimental investigations of turbulent drag reduction
using polymer additives. The base of thisinvestigation came out of thework of Jovanovié
and Hillerbrand [26] in connection with the flow control of alaminar boundary layer at
very high Reynolds numbers. The performed experiments confirmed the major conclu-
sion which emerged from the above-mentioned theoretical work, namely that the mecha-
nism of drag reduction is associated with an increase in anisotropy of turbulence at the
wall.

This paper a so provides consideration of the two most important issues rel ated
to maximum turbulent drag reduction for pipeflows: determination of the relaxation time
of apolymer and its concentration. Following the elastic theory, the relaxation time of a
polymer (t,y) is determined by requiring that it should be larger than the characteristic
time-scale of turbulent motionsin the dissipation range (tx ). Since the small-scale struc-
ture of turbulence in the dissipation range is universal, the concentration of a polymer is
determined fromitsspatial extent using well-established relationswhich hold inisotropic
turbulence and the experimental evidence that the mean separation between regions asso-
ciated with motions at Kolmogorov's scale is comparable to the integral length-scale of
turbulence.

Experimental investigation of polymer drag reduction

The conclusion emerging from the theoretical work of Jovanovi¢ and
Hillerbrand [26] is that the efective way to suppress small-scale fluctuations in the
near-wall regionisto force them to be predominantly one-component. To verify whether
thisimplication also holdsfor polymer drag reduction, an experimental programme using
state-of-the-art laser-Doppler (LDA) measuring technique was initiated. This technique
allows accurate experimental data to be obtained deep inside the viscous sublayer, en-
abling a quantitative basis to be formed for the interpretation of the dynamics of turbu-
lence using the tools of invariant theory.

Test section and instrumentation

M easurements were performed in the refractive index-matched pipe-flow fecility at
the Lehrstuhl fiir Srdmungsmechanik in Erlangen. Thistest rig has been used extensively for
diferent LDA measurements. It isaclosed-loop pipeflow installation driven by ascrew con-
veyor pump. Flow rates between 0.6 and 20 m?h! can be achieved with a tolerance of 1%.
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Figure 1. Layout of the LDA optical system

With a pipe diameter of 50 mm a maximum Reynolds number of Re = 4.4-10% can be real-
ized. The test section is located about 4 m downstream, providing a development length of
about 100 pipe diameters. In the present experiments, the flow wastripped at the pipeinlet to
ensure additiondly fully developed flow conditions. A more detailed description of the ex-
perimental apparatus can be found in Durst et al. [27].

The arrangement of the LDA optical system and the test section is showninfig. 1.
The optical system consisted of a 15 mW helium-neon laser and adouble Bragg cell unit. In
the near-wall region measurements were performed with the Bragg cells operated at 40.0 and
40.3 MHz, providing ashift frequency of 300 kHz. The measuring control volume was about
60 umin diameter (minor axis d,) and had alength of 230 um (major axisd;). These values,
based on the e2 intensity cut-of point, were calculated from:

471
dp=—— 1)
Endyen COSQ
and
421
= @)
Endpean SN

where E is the beam expansion factor, A the laser wavelength, f the focal length of the
transmitting lens, dyegm the diameter of the unfocused laser beam and ¢ haf the
intersection angle of the beams.
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Although afully devel oped state of turbulence at the measuring station had to be
ensured, the facility was not operated at maximum speed, because the thickness of the
viscous sublayer decreased with increasing mean flow velocity. To allow measurements
in the direct proximity of the wall, a Reynolds number of 2.5-10* was chosen.

To quantify drag reduction, which is defined as:

DR=1— %o (3)

Tw

it was necessary to determine the wall shear stress 7,,. This was accomplished by
measuring the mean velocity at a fixed and predetermined position from the wall within
the viscous sublayer.

In order to analyse the structure of turbulencein aDR flow using invariant the-
ory, the second-order moments are required. For measurements in the viscous sublayer
(x5 < 5)itispossibleto plot datain the anisotropy invariant map using axial and tangen-
tial fluctuation values only. Figure 2 shows direct numerical simulation (DNS) results of
Mansour et al. [28] for x5 <5 plotted in the anisotropy invariant map: once using all
Reynolds stress components and once using the u? and uZ components only. It can be
seen that thereison significant differencein the values obtained. Therefore, the mean ve-
locity and the fluctuating componentsuf inaxial and u§ intangential direction at afixed
position inside the region of the viscous sublayer were sufficient for the purpose of this
investigation.
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Figure 2. DNSdata from Mansour et al. [28] for x5 < 5 plotted on the
expanded scalein the anisotropy invariant map
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Turbulent pipe flow without polymer additives

Preliminary measurements without the addition of polymer additives were per-
formed to verify the measured quantities. For velocity measurements in the axial direc-
tion, the LDA system wastraversed in the vertical di rectlon By rotating the transmitting
optics by 90°, the tangential velocity component u3 was measured in the horizontal
plane. In order to obtain statistically accurate results, measurements were taken for 4
minutes at each point. This period corresponds almost to the time during which the entire
oil circulated once through the experimental loop and therefore cannot be selected
higher.

Thewall shear velocity u, was calculated from the slope of the measured mean
velocity profilein the viscous sublayer. Additionally, u, was estimated from the Clauser
diagram (u, = 0.08088 m s1) and using the Blasius formula for the friction coeficient:

— -1/4
= 0.0791[U sD J (4)
- Uz 1%
2/3 B

With a bulk velocity of Ug =140 ms™* the wall shear velocity yields
= 007968 ms’1 This value deviates less than 2% from the calculated value of
= 008096 ms*
For axial turbulence intensity measurements, the expression [27]:

— \2
— — d?( d0
u12mees :ulztrue +é[ j} (5)
true

dx;

was used for correcting the measured data for the finite size of the measuring control
volume. The resulting corrections were of the order of less than 8% in the near-wall
region. The mean velocity does not require a correction since the leading term of the
correction represents the curvature of the velocity profile, which isnegligible closeto the
wall. Figure 3 confirms the Ilnear dependence of the mean veIOC|ty U1 and of the
corrected turbulenceintensity u? on the dimensionlesswall distance x; = x,u,/v . Since
the mean velocity in the tangential direction is approximately zero, no correctlons
concerning the finite size of the measuring control volume had to be applied to u3

Infig. 4, thelocal mean velocity isplotted with respect to the dimensionlesswall
distance. Comparison with the universal law of thewall, experimental dataof Durst et al.
[27] and DNS results shows good agreement. Figure 5 shows the loca root mean square
values of the axial fluctuation component normalized with the wall shear velocity as a
function of the dimensionless wall distance. These measurements compare well with
available DNS results and experiments reported by Durst et al. [27].

For measurements of the fluctuating component in the tangential direction u3,
the optical system wasarranged in such away that the major axis of the elliptical measur-
ing volume was normal to the wall. Therefore, the spatial resolution in the tangential
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Figure 3. Velocity profile and turbulent intensity profilein theregion
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Figure 4. Local mean velocity versus dimensionless distance from the
wall: comparison with the universal law of the wall, DNS results and
experimental resultsof Durst et al. [27]

direction was limited and prevented measurements closer than ~230 pum from the wall.
Figure 6 shows comparisons of experimental results with those obtained from numerical
simul ations and the measurements reported by Durst et al. [27], which were performed at
the sametest rig. It can be seen that measurement errors exist in the region x; <10. The
dimensionless size of the measuring volume was:
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Figure 5. Axil turbulent intensity component u’ = uf : comparisons
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Figure6. Tangential intensity component u'3 =u3z :comparisonswith
DNS results and experiment of Durst et al. [27]
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which indicates that it covered not only the near-wall region but also parts of the wall.
With the addition of polymers, u, decreasesdrastically. Therefore, thedimensionlesssize
of the measuring volume decreases and correct measurements of the tangential intensity
component in the near-wall region become possible.
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Turbulent flow with polymer additives

The polymer can be added to the flow in different ways. It can be injected into
the flow at different concentrations or a homogeneous mixture can be prepared in ad-
vance. In order to guarantee a homogeneous mixture from the start it was decided to pre-
pare the mixture outside the installation. A 50 ppm solution of aFORTUM" polymer, il-
lustrated infig. 7, mixed with Diesel oil was prepared. Thismixturewasstirred slowly for
1 week before distributing it to four 200 | kegs of Diesel ail yielding 5 and 10 ppm solu-
tions, respectively. These solutions were stirred for another 24 h before being returned to
the installation. Since the polymer is sensitive to mechanical straining, all these steps
were performed very carefully and slowly. The viscosity was measured for the pure mix-
ture of the two Diesel oilsand the 50 ppm solution, yielding a constant kinematic vis-
cosity of v = 3.2.10°%ms=2,

o  Hydrogen atom

Carbon atomin CaHyg

D carbon atom in CizHzs

A Continuation of main chain

Figure 7. lllustration of the molecular structure of a FORTUM polymer sample after
K oskinen [29]: M = 25-10° gmol ™, M gogecane = 168.4320 gmol ™, M oane = 112.2880 gmol %, |
=2x154 A, Faio = C12H24/CgH 16 = 1/3, Nmonomer = M polymer/[rdloM octane + (1 = 4/0)M dodecane]

Sincethe polymer solution showed arather short lifetime, with detectable degra-
dation efects after 1 h of continuous operation, it was not possibleto obtain the entire ve-
locity profile of the flow in one session of measurements. Owing to the elaborate prepara-
tion procedure of the polymer solutions, the measurement of the entire velocity profile
was abandoned and measurements at one point inside of the viscous sublayer were taken
until the polymer had degraded and no further drag reduction could be observed. At regu-
lar time intervals, a sample of aworking fluid was taken in order to check its kinematic
viscosity, which was found to maintain a constant value.

" FORTUM Power and Heat Oy, P. O. Box 20, 00048 FORTUM, Finland
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Mean velocity and turbulence intensitiesin axial and tangential directions were
measured for each of the solutions. Measurements were taken for about 10 h. Subse-
quently, the exact location of the measurement control volume was verified.

Results of the measurements with polymer additives are presented in figs. 8-10.
The higher the concentration of the polymer, the lower isthe velocity. Thisimpliesaless
steep velocity gradient at the wall, as expected for adrag reduced flow. Astime passes,
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Figure 8. Behaviour of the mean velocity with time for degrading
polymer solutions

0.14
uy [m/s] . .
0.12 R S S AL
. .. 's. gE:. % o
0.10 o Vet Ll pm  Soeds foFP
0.08| .. A
0.06], 2=

0.04|,
0.02 . 5ppm

°10 ppm
0.00
0 100 200 300 400 500 600 ¢[min.]

Figure 9. Behaviour of the axial turbulent intensity component in
degrading polymer solutions
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Figure 10. Behaviour of the tangential turbulent intensity component
in degrading polymer solutions

the influence of the polymer vanishes and the value of the velocity increases until a
steady valueisreached. The sametrend can be observed in histories of the turbulencein-
tensities.

Asshowninfig. 11, DR decreased fast within thefirst 2 h. With an addition of
10 ppm polymers a maximum DR of 70% could be observed. The effect had completely
vanished after continuous operation for 7.5 h. The highest value of DR with a5 ppm poly-
mer concentration was around 50%. For this concentration of a polymer, the effect had
disappeared 4 h after the beginning of the measurements.
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Figure 11. DR for different concentrations of a polymer
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The measured data were analysed by plotting these on the anisotropy invariant
map. Figure 12 shows the obtained results. The position of theinitia point in the aniso-
tropy invariant map depends on the polymer concentration and induced DR. With higher
concentrations of a polymer its location moves closer to the one-component limit. As
shown earlier, the same trend can be observed in Newtonian fluids for decreasing Rey-
nolds numbers (see fig. 17). Astime passes, the data indicate a clear tendency to move
downwards along the two-component state from a position close to the one-component
limit towardsthe isotropic two-component limit. These trendsin the anisotropy invariant
map lasted about 25 and 80 min. for polymer concentrations of 5 and 10 ppm respec-
tively, beforethetrend in the datareversed direction on the anisotropy map. The reversed
trend in the data corresponds roughly to aremaining DR of about 30%.

11,
0.51
0.4
B4 min.
min.
0.3 25 min.
o d
0. B
-0.1 0 0.1 ||'|a 0.3 0.1 0 0.1 I, 0.3

Figure12. Measurement resultsplotted on theanisotropy invariant map (together with those
shown in previous figure) demonstrate that with decreasing DR the data points move away
from the one-component limit

Thisreversed trend has no physical explanation but is caused by areduced res-
olution in measurements due to the degradation of the polymer. Owing to polymer addi-
tion, the wall shear velocity u, decreased drastically. Thus, the initial dimensionless
size of the measuring control volume was calculated to be:

so that precise measurements in the viscous sublayer with x5 < 5 were possible. With
degradation of the polymer u, increased and also the dimensionless size of the measured
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control volume. At the point of 30% DR, the major axisd,” assumed avalue larger than
the thickness of the viscous sublayer. For this reason, measurements in the viscous
sublayer did not yield correct results for alow percentage of DR.

Figure 13 showsthat thistrend is confirmed by datafrom direct numerical simu-
lations of drag reduced, fully turbulent flows. Thetrgjectories of thejoint variation of the
invariants of a; across the anisotropy-invariant map from the numerical database of atur-
bulent channel flow from Dimitropulos et al. [20] are presented and it can be seen that
that with increasing DR, which is accompanied by suppression of wall turbulence [17],
the point that correspondsto the position at thewall x, = 0 moves upwardsin thedirection
of the one-component limit.
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Figure 13. Anisotropy-invariant mapping of turbulencein afully developed channel
flow with DR from direct numerical smulations of Dimitropulos et al. [20]. The
trend in the data at the wall (x, = 0) strongly supports the conclusion that DR
increases as turbulence appr oaches the one-component limit
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The mechanism of polymer drag reduction

The problem of polymer DR remains poorly understood mainly because the in-
teraction between a polymer and turbulence is essentially at the molecular level of the
former. Thisinteraction involves modification of the molecular structure of a polymer by
turbulent motionsin the near-wall region. Figure 14 shows a conceptual scenario where,
under very specia circumstances, turbulence in the near-wall region forces rolled-up
chains of apolymer partially to unroll and stretch in the mean flow direction.

The polymer molecule in solution at equilibrium

—j Monomer of length / N monomers of length /

R, = N5 5
s ~F
; kgT

1 ng — the solvent viscosity
/' kg — Bolzmann constant
" T - absolute temperature

-
olvent \\ (tZimm)poI =

-

S _== " The stretched polymer molecule in the near-wall
region of turbulent pipe flow

tpool > ttur e T T - Statistics of fine
e X, T scales invariant
o >_/under rotation
‘ = [ 3 : 3 .. about xy axis
) X4 ’.4'
\\‘{ X3 > ! '

Figure 14. Behaviour of a polymer in solution at equilibrium (top) and its response to
stretching by turbulent motions at small scalesvery closeto thewall (bottom). Here Ry and
Rr are hydrodynamical and Flory radius, respectively

In the unrolled state, polymer chains dictate characteristic length scal es associ-
ated with thefine structure of turbulence. These scalesare elongated in the streamwisedi-
rection and are therefore strongly anisotropic. In the most extreme case, polymer chains
form afilament structure with alength-scale arrangement which is almost axisymmetric
around the axis aligned with the mean flow. Hence it is reasonable to assume that the
chief mechanism of DR is related to the ability of the activated polymer to re-structure
turbulence at small scales by forcing them to satisfy constraints imposed by loca
axisymmetry. Local axisymmetry as illustrated in fig. 14 requires that the statistics of
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higher order velocity derivatives, which contribute to the turbulent dissipation correla-
tions, must satisfy invariance under rotation about the axis orientated in the mean flow di-
rection.

Inthe near-wall region, the presence of the polymer increases not only the aniso-
tropy in length scales but al so anisotropiesin the dissipation and turbulent stresses, since
these are closely related across the viscous sublayer. This can be shown using the
two-point correlation technique and invariant theory [25]. If the polymer concentration
(c) anditsrelaxationtime (t,,) are appropriately matched to the properties of turbulence,
it will undergo considerable modification and reach, at the wall, astate of maximum ani-
sotropy. This state can beidentified on the anisotropy-invariant map showninfig. 15and
corresponds to the one-component limit (11, = 2/3). For these limiting conditions Jovano-
vi¢ and Hillerbrand [26] provided an analytical proof which showsthat if turbulence (at

o

One-component turbulence

0.4

51

Isotropic'two—component

turbulence Axisymmetric turbulence

af4,
I, 75[5||||a|/

1 |

—-0.1 a 0.1 02 My 03

Figure 15. Anisotropy-invariant map of the tensor a; =

=uju; /q2—1/35i- and thelimiting values of scalar invariantsl|,=
= g;g; and 111, = ayaa for the different states of the turbulence,
after Lumley and Newmann [30]. Here uju; isthe Reynolds stress
tensor and ¢? isitstrace q2 = UgUg. According to Lumley [31], all
realisticturbulence must exist within thear ea delimited by themap
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small scales) closeto thewall islocally axisymmetric asillustrated in fig. 14, it must un-
dergo very rapid laminarization and therefore considerable DR owing to suppression of
the turbulent dissipation rate &, which, under common circumstances, reaches a maxi-
mum at the wall (seefig. 16).
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E One-component limit
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\ Increasing DR
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Figure 16. Distribution of the turbulent dissipation rate &
versus distance from the wall, normalized on the inner
variables u; and v, in a plane channel flow (DR = 0) from
direct numerical simulations of Kim et al. [33], sketched ¢
profiles for non-vanishing DR and the limiting state at the
wall for maximum DR

For an extreme situation, when (1) — 2/3 and (g)a1 — O, the statistical dy-
namics of the turbulent stresses constructed by combining the two-point correl ation tech-
nique and invariant theory written in Cartesian notation [25]":

ou? 1
a—utl =Py +aPs +‘F[§ Ps - P11)+ (C—27ep)ay; -
2 2.2
S STy TATAE t)
3 ax2 q2 2 6)(22

—
S0if (1) a1 —>2/3

In (8)-(11) Pyj = —UjukdUj / & — Ujuy 0U j /0% represents the production of the turbulent stresses by mean
motion, x, measures the distance from the wall, ¢, is the homogeneous part of the turbulent dissipation rate
defined by eq.(17) and 1, ¢, and Fare scalar functionsthat depend on the anisotropy invariantsand the turbulent
Reynolds number
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suggest that the viscous diffusion process can almost be neglected, 8% yu; /6°x5 —0
forcing turbulence to tend towards the ax_isynlnet@ state with the streamwise intensity
larger than in the other two directions, u? > u2 = u3. Since in axisymmetric turbulence
there is no shear stress u; U, , it is to be expected that for large DR there will be no
traditional mechanism of the energy production P, =-uu,0U/0x, which ensures
self-maintenance of turbulence in wall-bounded flows.

The system (8)-(11) therefore permits an insight into the two important i ssues of
turbulent DR that need to be distinguished: modifications of turbulenceinduced in there-
gion of the viscous sublayer are of acausal nature and the significant reduction of turbu-
lent energy production in the flow region away from the wall is a consequence of the
mechanism associated with DR. Under these circumstances, turbulence can persist in
polymer flows only if interaction between the polymers and turbulence induces addi-
tional polymers stresses. Thus, the evolution of turbulence in drag-reducing flows resem-
bles the reverse transition process in the limit when Re — Re,;; asillustrated in fig. 17.

The specific process by which an increase in the anisotropy of turbulence influ-
ences DR isrelated to the ability of dilute flexible polymers to decrease the contribution
of turbulenceto the average energy dissipation rate. For apipeflow this can be expressed
as the rate of work done against the wall shear stress per unit mass of fluid:

7,mDLUg _ 4u3[;J 8 12)

g

I

1, 2
n—LD
Ty
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Re =385

Figure 17. Anisotropy invariant mapping of turbulence in a channel flow. Data which
correspond to low Reynolds number (based on the channel half-width and the wall friction
velocity) show the trend as Re — Rei; towards the theoretical solution valid for small,
neutrally stable, statistically stationary axisymmetric disturbances[32]

where D and L are the pipe diameter and its length, respectively, U g represents bulk
velocity, z,, corresponds to the wall shear stress, 7, = 1(0U1/9X5),, and u, is the wall
friction velocity, u, = (t/p)Y? . From this equation, we may conclude that for a given
mean flow Ug ) and pipe diameter (D), only adecreasee inensuresDR. It istherefore not
surprising that measurements of the energy spectra of turbulence in drag-reducing flows
display attenuation of fluctuations at high wave numbers (small-scal es) across the entire
flow [17]. These fluctuations contribute substantially not only to & but also to the
dynamics of the dissipation process, which are extremely complicated.

Determination of the relaxation time of a polymer
for maximum drag reduction

In the previous section, we provided an explanation for the physical mechanism
that causesturbulent DR by polymers. It isassociated with modifications of turbulence at
small scales by changesin the molecular structure of apolymer. It istherefore reasonable
to assumethat turbulent motions at high wave numbersare responsiblefor interaction be-
tween turbulence and a polymer. These motions are characterized by Kolmogorov’'s

length scale, defined as:
3 \V4
Mk =[V—] (13)

and additional scales which can be derived from v and n:
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e velocity scale ux = vin,
o timescalet, =nZ /v, and
e pressurescaepk = pvinx .

To ensure that the polymer produces DR, the characteristic time-scale of turbu-
lence (t,, =1tk ) must be smaller than the relaxation time of apolymer (t,y) in order to acti-
vate rolled-up chains of a polymer to unroll and in this way initialize DR [2]. This re-
quirement may be formulated in the form:

Using the well-known relationship for interpretation of the turbulent dissipation

rate in terms of the energy (2k = q2 = usUs) and the Taylor microscale (1) that holds in
homogeneous turbulence:

2

c= 5vq— (15)
12
and from expression (13) we find:
o =032 (16
5 q

It is possible to show, using the two-point correlation technique [34], that the
turbulent dissipation ratein wall-bounded flows may beinterpreted in termsof the Taylor
microscale as follows:

2.2 2
g:lv o°q 5 an
4 OX, OXy 22
Hﬁ_/
€h

Exploring the series expansion for the instantaneous vel ocity fluctuations about

the wall [35]:

U =&y Xy +8oX5 +...
U= +bx5+..lasx, >0 (18)
Ug = C Xy + CoX5 + ...

wherethe coeficients a;, b, and ¢; arefunctions of time and space coordinates x; and X3, it
is possible to show that 2 and g are linear functions of the distance from the wall:

— as X, >0 (29
a=vyaf + %,

For pipe and channel flows, experimental investigations and numerical simula-
tions indicate that the limiting behaviour of turbulence intensities close to the wall is
nearly independent of the Reynolds number [36, 37]:
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JUZ 10, ~04

— as X, >0 (20)
This behaviour yields: .
a? ~016-% (21)
2
14
J— u4
cf ~004— (22)
%4

Fromthe above limiting behaviour of intensity componentscloseto thewall, we
deduce from expression (16) the time-scale tk of turbulence at the wall:

(ti ) z@u—vz (23)

Another estimate of the time-scale ti follows from consideration of turbulence
at the pipe centreline. For thisflow region, experiments show that all threeintensity com-
ponents are nearly equal and scale with the wall friction velocity [27, 36]:

\/? z\/@ ~y U2 ~0.75u, (24)

This experimental evidence suggeststhe relation for the upper estimation of the
time-scale ty:

v
(t ) center 0265 (R;) center — (25)
uT

where (R;)center 1S the turbulent Reynolds number R
, = q /v a the pipe centreline, which can be calculated approximately using the
correlation (shown in fig. 18) suggested by Jovanovié¢ and Pashtrapanska [38]:

u,D
\4

1/2
R, zl996( j +0108 (26)

By requiring that the relaxation time of the polymer t,, islarger than expression
(23) and smaller than or equal to expression (25):

14 14
10?< tpor <0265 (R;) center —5 27)

T T

we obtain the condition that needsto be fulfilled in order that polymer molecul es become
substantially elongated, resulting in maximum DR. The lower bound for tx expression
(23) isfar more representative than the upper bound expression (25), since effects close
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Figure 18. Crossplot of R, versus Rel” for fully developed turbulent
pipe (Re, = u,.D/v) and channe flows, from Jovanovi¢ and
Pashtrapanska [38]

tothewall are of the causal naturefor nearly all production of turbulencein wall-bounded
flows and therefore strongly influence its contribution to the viscous drag.

Figure 19 showsexperimental resultsof Durst et al. [39] for polymer drag reduc-
tion, defined in terms of the dimensionless coefficients of resistance:

T T T T T T T T P //I /l/l/‘
——— 7 =20°C e
o 4mm L ///
15 ® 8mm //// A
+ 12 mm . max.drag
PAM 3 in 0.05 mNaCl . reduction
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Figure 19. Drag reduction in pipes of different diameters versus a
polymer time scale normalized by a viscous time scale v/ u,2 in afully
developed turbulent pipeflow (from Durst et al. [39]) and the predicted
value of a Deborah number (De) for the maximum DR effect
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Ap A1 —»
F_=)hU 28
L D2P B (28)

for the solvent (1) and adilute polymer solution (1 ,) versus the Deborah number (De):

De=-P (29)
1%

u2

T

These experimental results, which were obtained in a turbulent pipe flow at
moderate Reynolds numbers, confirm that maximum DR is already reached when the De
exceeds avalue of about De > +/10. This findi ng isin close agreement with the conclu-
sion that emergesfrom the time-scal e argumentation discussed above and isin agreement
with the lower bound of the constraint derived expression (27) for therelaxation time of a
polymer. Considering that the molecular weight of a polymer (M) is distributed accord-
ing to the probability density distribution the onset of DR at De~ 0.5 isnot surprising. If
theright-hand sidetail of the probability density distribution of the molecular weight of a
polymer extends to three times of the mean value (M) then the requirement
too > (tk ) wai » Which correspondsto M, together with the Zimm relation for t, suggests
that the onset of DR starts already at De ~ 0.44 (see also fig. 14)

The optimum concentration of a polymer

If we assume that the entire interaction between a polymer and turbulenceislo-
calized in the dissipation range of the spectrum, thisimpliesthat the volume occupied by
fluid motions which scale with Kolmogorov’s variables (1, tk, Uk, and px) should be
equal to the volume of a polymer in order to obtain maximum DR. Since the small-scale
structure of turbulenceis (believed to be) universal for all turbulent flows, the volume oc-
cupied by it can be determined by considering well-established results which hold for
isotropic turbulence.

For isotropic turbulence at large Reynolds numbers, the turbulent dissipation &
may be related to the integral length scale of the energy containing range [40, 41]:

q3
f

At very low Reynolds numbers, e. g. in the final decay period of classical
grid-generated turbulence, the expression for ¢ can be derived analytically [42]:

2
e=1950vL | R, <1 (31)
2
f
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Figure20. Thearrangement of polymer moleculesfor maximum DR in afully developed pipe
flow isdictated by spatial intermittency of turbulence at small scales

Following the suggestion of Rotta[43], we combine expressions (30) and (31) to
obtain an interpolation equation for ¢ valid for low and large Reynolds numbers:

q° q°
e~1959v 9 01029 (32)
2

Expressing ¢ in terms of Taylor's microscale, using expression (15), with (32)
we are in position to correlate the length scale ratio A/L; in terms of the turbulent
Reynolds number:

Li ~-0049R, + % (0009604R? +10208)Y2 (33)

f

which attains a maximum value of 1.597 when R; — 0 and vanishesfor R, — . Using
expressions (13) and (15), the above ratio A/Ls can be transformed to the ratio of
Kolmogorov's length scale to the length scale L;:

’l_K ~-00327R}? +03343R;"?(0009604R? +10208)"2 (34)
.

Experimental investigations of statistical properties of the fine scale structure of
turbulence by Batchelor and Townsend [44] and Kuo and Corrsin [45] reveal that the
mean separation between flow regions in space where turbulent motions correlate well
with Kolmogorov’s length scale is comparable to the (integral) length scale L; of turbu-
lence (see fig. 20). This finding implies that there is one Kolmogorov structure (ni) in-
sidethelarge-scale structure of turbulence (L), so that the volume occupied by apolymer
(c) relative to the volume of entire fluid (V) can be estimated as follows:

3
\;z [’l_K] ~[-00327RY2 +03343R;Y2(0009604R? +10208Y%]® (35
f
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It isimportant to note that the above expression predicts a decrease of ¢/V with
increasing Reynolds number.

Using expressions (26), (35) and the Blasius correlation formulafor the friction
coefficient, the optimum concentration of apolymer for the maximum DR effect was pre-
dicted for pipeflow andinfig. 21 the results are compared with measurements carried out
by Tilli et al. [46] for Polyacrylic acid (PAA) dissolved in water. The predicted concen-
tration is seen to follow very closely the measurements performed in the Reynolds num-
ber range Re=1.0-10* - 7.2 -10%

Concentration PPM DR-effect
10 1~

0 1 2 3

5 6
Reynolds number -10*

Figure2l. Measured DR effectsat different PAA concentrations
in agueous solutionsasa function of the Reynoldsnumber; from
Tilli et al. [46]. The solid line represents prediction of the
optimum concentration of a polymer for the maximum DR
effect

Conclusions

High spatial resolution laser-Doppler measurements were performed in arefrac-
tive index-matched pipe flow facility in order to provide experimental evidence for the
chief mechanism responsible for polymer DR. Special care was taken to maintain
well-controlled flow conditions during the experiments and to account for all possiblein-
terferencesthat can influence theinterpretation of the measured L DA signals. The exper-
imental resultsfor the mean velocity and turbulence intensity components obtained deep
in the viscous sublayer permitted the evolution of turbulence to be traced across the ani-
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sotropy invariant map. Anisotropy invariant mapping of turbulence in the viscous
sublayer reveals that with decrease of DR the anisotropy near the wall decreases along
the line which characterizes the two-component state starting from nearly the one-com-
ponent limit which correspond to large DR and finishing approximately midway between
the one-component limit and the i sotropic two-component limit for vanishing DR effect.
These observations, extracted from the experimental results, are in close agreement with
the theoretical analysis and support the notion that turbulent DR by dilute addition of
high polymersisassociated with the ability of long-chain polymersto induce an increase
in the anisotropy of turbulence in close proximity to the wall.

Statistical analysis of the dynamic equations for turbulent stresses, using the
two-point correlation technique and invariant theory, have been performed to investigate
polymer DR phenomena. By considering local stretching of the molecular structure of a
polymer by small-scal e turbulent motionsin the region of the viscous sublayer, aconcep-
tual scenario was inferred from theory for the behavior of a polymer and its interaction
with turbulence that leads to significant DR effects. According to this scenario, the
stretching processis responsible for the re-structuring of turbulence at small scales close
tothewall by forcing it to satisfy local axisymmetry with invariance under rotation about
the axis aligned with the mean flow. Analytical considerations|ead to the conclusion that
under these circumstances turbulence at the wall tends towards the one-component limit
and when it reaches this limiting state turbulence must be entirely suppressed near the
wall. In addition to these findings, qualitative analysis of the turbulent transport equa-
tions, when projected into the invariant space, suggested that DR by high polymers mim-
icsreverse transition from the fully turbulent state towards the laminar flow state. These
analytical deductionswere supported by all available resultsfrom direct numerical simu-
lations of wall-bounded turbulent flows including those of non-Newtonian fluids.

Examination of the statistical dynamics of the turbulent stresses for conditions
of large DR suggest that suppression of the viscous diffusion process at the wall is the
major cause for polymer DR and significant reduction of turbulent energy productionin
the flow region away from the wall can be regarded as alogical consequence. These ef-
fects are reflected in a significant reduction of the average turbulent dissipation rate £
which controls the turbulent drag. These findings areillustrated in fig. 22, which shows
distributions of the root mean square of the streamwise vorticity fluctuations (wf)” 2
which are the largest contribution to the turbulent dissipation rate, ¢ = w; @, in aturbu-
lent channel flow.

Parameterisation of the mechanism associated with polymer DR was accom-
plished by considering the elastic behaviour of a polymer and accounting for spatial
intermittency of turbulence at small scales. The analysis assumed that the interaction be-
tween a polymer and turbulence is localized in motions at small scales which are of the
intermittent nature and responsiblefor the viscous destruction of the turbul ent dissipation
rate. Favourable agreement was obtai ned between predictions, based on theoretical con-
siderations, and available experimental results for the relaxation time-scal e of a polymer
and its concentration that produce the maximum DR effect.

37



THERMAL SCIENCE: Vol. 9 (2005), No. 1, pp. 13-41

— - = Newtonian
FENE-P,L =10
FENE-P, L =30

ause increasing DR We, = 50

Consequences

0.15

0.1

Root mean square streamwise vorticity fluctuations

0 50 100 X5 150
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