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Abstract

Turbulent drag reduction by dilute addition of high polymers is studied theoretically and ex-
perimentally by considering 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 as-
sumed 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 assumed that
kinematic constraints imposed by local axisymmetry force turbulence near the wall to tend
towards the one-component state and when turbulence reaches this limiting state it must be
entirely suppressed across the viscous sublayer. These suggestions are supported by ex-
periments which are carried out under well controlled laboratory conditions in a refractive
index-matched pipe flow facility using laser-Doppler anemometry.

Introduction

Turbulent drag reduction due to the addition of small amounts of dilute polymers to flowing
liquids has been known for more than 50 years. This phenomenon was discovered by Toms
in 1948 and owing to his pioneering contribution it is often termed as Toms effect in the litera-
ture (Toms 1948). In spite of enormous research efforts in recent decades in attempts to pro-
vide at least a qualitative understanding of the chief mechanisms involved, no satisfactory
explanation has yet been obtained. The problem of polymer drag reduction remains poorly
understood mainly because the interaction between a polymer and turbulence is essentially
at the molecular level of the former. This interaction involves modification of the molecular
structure of a polymer by turbulent motions in the near-wall region. Fig. 1 shows a conceptual
scenario where, under very special circumstances, turbulence in the near-wall region forces
rolled-up chains of a polymer partially to unroll and stretch in the mean flow direction.
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Fig. 1: Behavior of a polymer molecule in solution at equilibrium (top) and its response to stretching by
turbulent motions at small scales very close to the wall (bottom).Here Ry and Ry are hydrodynamic
and Flory radius, respectively.

In the unrolled state, polymer chains dictate characteristic length scales associated with the
fine structure of turbulence. These scales are elongated in the streamwise direction and are
therefore strongly anisotropic. In the most extreme case, polymer chains form a filament
structure with a length-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
drag reduction is related to the ability of the activated polymer to re-structure turbulence at
small scales by forcing them to satisfy constraints imposed by local axisymmetry. Local axi-
symmetry as illustrated in Fig. 1 requires that the statistics of higher order velocity deriva-
tives, which contribute to the turbulent dissipation correlations, must satisfy invariance under
rotation about the axis orientated in the mean flow direction.

In the near-wall region, the presence of the polymer increases not only the anisotropy in
length scales but also anisotropies in the dissipation and turbulent stresses, since these are
closely related across the viscous sublayer. This can be shown using the two-point correla-
tion technique and invariant theory (Jovanovi¢ 2004). If the polymer concentration (c) and its
relaxation time (z,,;) are appropriately matched to the properties of turbulence, it will undergo
considerable modification and reach, at the wall, a state of maximum anisotropy. This state
can be identified on the anisotropy-invariant map shown in Fig. 2 and corresponds to the
one-component limit (77, =2/3). For these limiting conditions Jovanovi¢ and Hillerbrand pro-
vided an analytical proof (see Jovanovi¢ et. al. 2005) which shows that if turbulence (at small
scales) close to the wall is locally axisymmetric as illustrated in Fig. 1, it must undergo very
rapid laminarization and therefore considerable drag reduction owing to suppression of the
turbulent dissipation rate ¢, which, under common circumstances, reaches a maximum at the
wall.
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Fig. 2: Anisotropy-invariant map of the tensor a;= u,~_uj/q2-1/3 o; and the limiting values of scalar in-
variants I1,= a; a;; 111,= a; a; a; for the different states of the turbulence, after Lumley and Newmann
1977. Here, u; u; is the Reynolds stress tensor and q2 is its trace expressed by q2= u, u,. According to

Lumley 1978, all realistic turbulence must exist within the area delineated by the map.

Experimental verification of the chief mechanism of polymer drag reduction

In order to provide further experimental evidence that supports theoretical considerations of
the chief mechanism responsible for polymer drag reduction, we decided to initiate an ex-
perimental program using laser-Doppler (LDA) measuring technique. This technique allows
accurate experimental data to be obtained deep inside the viscous sublayer, enabling a
quantitative basis to be formed for the interpretation of the dynamics of turbulence using the
tools of invariant theory.

Measurements were performed in the refractive index-matched pipe-flow facility at the Insti-
tute of Fluid Mechanics in Erlangen. This test rig has been used extensively for different LDA
measurements (siehe Durst et. al. 1995). It is a closed-loop pipe flow installation driven by a
screw conveyor pump. Flow rates between 0.6 and 20 m® h™ can be achieved with a toler-
ance of 1 %. With a pipe diameter of 50 mm a maximum Reynolds number of Re = 4.4x10*
can be realized. The test section is made of DURAN-50 glass. The flow was supplied from a
large settling tank to the working section that was located about 4 m downstream, providing a
development length of about 100 pipe diameters. In the present experiments, the flow was
tripped at the pipe inlet to ensure additionally fully developed flow conditions. The test fluid (a
mixture of two Diesel oils) was selected to match the refractive index of the glass. For simpli-
fication of the measurement and the traversing system, the pipe was mounted in a rectangu-
lar box (made of DURAN 50) through which the refractive index-matched fluid was also
guided. Hence, the displacement of the LDA measuring control volume was directly propor-
tional to the traversing performed.
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Fig. 3: Schematic and photographic views of the LDA System and the test section

The LDA measuring system was mounted on a 3-D traversing table, which could be moved
in the plane normal to the pipe axis by using computer-controlled stepping motors and along
the pipe axis with the help of a manual traversing system (see Fig. 3). The positions were
read by digital indicators. The optical system consisted of a 15 mW helium-neon laser and a
double Bragg cell unit. For measurements in the region away from the wall Bragg cells were
driven at 40.0 and 41.5 MHz, providing a shift frequency of 1.5 MHz. In the near-wall region
measurements were performed with the Bragg cells operated at 40.0 and 40.3 MHz, provid-
ing a shift frequency of 300 kHz. The measuring control volume was about 60 um in diameter
(minor axis d,) and had a length of 230 um (major axis d,).

The LDA system employed was operated in the forward scattering mode. The image of the
measuring volume was directed onto a pinhole in front of an Avalanche photodiode. In order
to minimize the influence of noise on the measured data, the output signal from this diode
was bandpass filtered before being processed by a TSI Model 1990 counter.

Although a fully developed 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 2.5x10* was chosen.

To quantify drag reduction, which is defined as

T
DR:I——V;”’”’ : (1)

w

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

In order to analyse the structure of turbulence in a drag reduced flow using invariant theory,
the second-order moments are required. For measurements in the viscous sublayer (x," < 5)
it is possible to plot data in the anisotropy invariant map using axial and tangential fluctuation
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values only. Fig. 4 shows DNS results (see Mansour et al. 1998) for x," < 5 plotted in the
anisotropy invariant map: once using all Reynolds stress components and once using the u’
and uy’ components only. It can be seen that there is no significant difference in the values
obtained. Therefore, the mean velocity and the fluctuating components u12 in axial and u32 in
tangential direction at a fixed position inside the region of the viscous sublayer were sufficient
for the purpose of this investigation.
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Fig. 4: DNS data (from Mansour et al. 1998) for x,” < 5 plotted on the expanded scale in the anisotropy
invariant map.
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Experimental results

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 advance. In order to
guarantee a homogeneous mixture from the start it was decided to prepare the mixture out-
side the installation. A 50 ppm solution of a FORTUM polymer (see Fig. 5) was prepared by
mixing it into oil. This mixture was stirred slowly for 1 week before distributing it to four 200 |
kegs of Diesel oil yielding 5 and 10 ppm solutions, 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 mixture of the two Diesel oils and the 50 ppm solution, yielding a
constant kinematic viscosity of v = 3.2x10° m s.
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Fig. 5: lllustration of the molecular structure of a FORTUM polymer sample: M = 25x10° g mol ™,
Maodecane = 168.4320 g mol™, Mocune = 112.2880 g mol™", 7 = 2x1.54 A, ryo = C12Has/ CsHy6 = 1/3,
Nmonomer: Mpolymer/ [rd/o Moctane + (1'rd/o) Mdodecane]

Since the polymer solution showed a rather short lifetime, with detectable degradation effects
after 1 h of continuous operation, it was not possible to obtain the entire velocity profile of the
flow in one session of measurements. Owing to the elaborate preparation procedure of the
polymer solutions, the measurement of the entire velocity profile was abandoned and meas-
urements at one point inside of the viscous sublayer were taken until the polymer had de-
graded and no further drag reduction could be observed. At regular time intervals, a sample
of a working fluid was taken in order to check its kinematic viscosity, which was found to
maintain a constant value.

Mean velocity and turbulence intensities in axial and tangential directions were measured for
each of the solutions. Measurements were taken for about 10 h. Subsequently, the exact
location of the measurement control volume was verified.
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Fig. 6: Drag reduction for different concentrations of a polymer

As shown in Fig. 6, drag reduction decreased fast within the first 2 h. With an addition of 10
ppm polymers a maximum drag reduction of 70 % could be observed. The effect had com-
pletely vanished after continuous operation for 7.5 h. The highest value of drag reduction

45-6



with a 5 ppm polymer 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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Fig. 7: Measurement results plotted on the anisotropy invariant map (together with those shown in
previous figure) demonstrate that with decreasing DR the data points move away from the one-
component limit.

The measured data were analysed by plotting these on the anisotropy invariant map. Fig. 7
shows the obtained results. The position of the initial point in the anisotropy 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. The same trend can be ob-
served in Newtonian fluids for decreasing Reynolds numbers (see Jovanovi¢ et. al. 2005). As
time passes, the data indicate a clear tendency to move downwards along the two-
component state line from a position close to the one-component limit towards a position
close to the isotropic two-component limit. These results are in close agreement with those
obtained from direct numerical simulations (Mansour et. el. 1998). The polymer degrades
with time and the flow returns to its Newtonian behavior. The above-discussed trends in the
anisotropy invariant map, which are associated with changes along the two-component
state, for polymer concentrations of 5 and 10 ppm lasted about 25 and 80 min, respectively,
before the trend in the data reversed direction on the anisotropy map. The reversed trend in
the data corresponds roughly to a remaining drag reduction of about 30 %.

This reversed trend has no physical explanation but is caused by a reduced resolution in
measurements due to the degradation of the polymer. Owing to polymer addition, the wall
shear velocity u, decreased drastically. Thus, the initial dimensionless size of the measuring
control volume was calculated to be

+ dl ur,initial
dF =1 "lnmid 39 2)
14

so that precise measurements in the viscous sublayer with x,” < 5 were possible. With deg-
radation of the polymer u, increased and also the dimensionless size of the measured control
volume. At the point of 30 % drag reduction, the major axis d,” assumed a value larger than
the thickness of the viscous sublayer. For this reason, measurements in the viscous sublayer
did not yield correct results for a low percentage of DR.
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Conclusions

High spatial resolution laser-Doppler measurements were performed in a refractive index-
matched pipe flow facility in order to provide experimental evidence that supports fundamen-
tals associated with the chief mechanism responsible for polymer drag reduction. Special
care was taken to maintain well-controlled flow conditions during the experiments and to ac-
count for all possible interferences that can influence the interpretation of the measured LDA
signals. The experimental results for the mean velocity and turbulence intensity components
obtained deep in the viscous sublayer permitted the evolution of turbulence to be traced
across the anisotropy invariant map. Anisotropy invariant mapping of turbulence in the vis-
cous 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-
component limit which correspond to large DR and finishing approximately midway between
the one-component limit and the isotropic two-component limit for vanishing DR effect. These
observations, extracted from the experimental results, are in close agreement with the theo-
retical analysis and support the notion that turbulent drag reduction by dilute addition of high
polymers is associated with the ability of long-chain polymers to induce an increase in the
anisotropy of turbulence in close proximity to the wall.
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