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ABSTRACT

Oscillating grid apparatuses are well known and convenient tools for the fundamental study of turbulence and its interaction with other
phenomena since they allow to generate turbulence supposedly homogeneous, isotropic, and free of mean shear. They could, in particular,
be used to study turbulence and mass transfer near the interface between non-Newtonian liquids and a gas, as already done in air-water
situations. Although frequently used in water and Newtonian fluids, oscillating grid turbulence (OGT) generation has yet been rarely applied
and never characterized in non-Newtonian media. The present work consists of a first experimental characterization of the flow properties of
shear-thinning polymer (Xanthan Gum, XG) solutions stirred by an oscillating grid. Various polymer concentrations are tested for a single
grid stirring condition. The dilute and semidilute entanglement concentration regimes are considered. Liquid phase velocities are measured
by Particle Image Velocimetry. The existing mean flow established in the tank is described and characterized, as well as turbulence properties
(intensity, decay rate, length scales, isotropy, etc.). OGT in dilute polymer solutions induces an enhanced mean flow compared to water, a
similar decay behavior with yet different decay rates, and enhanced turbulence large scales and anisotropy. In the semidilute regime of XG,
turbulence and mean flows are essentially damped by viscosity. The evolution of mean flow and turbulence indicators leads to the definition of
several polymer concentration subregimes, within the dilute one. Critical concentrations around 20 ppm and 50 ppm are found, comparable
to drag reduction characteristic concentrations.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5113551

I. INTRODUCTION Induced Fluorescence). It will yet be shown hereinafter that the

validity of this no-mean flow assumption is limited without any

Oscillating grid stirred tanks have been used for many purposes
in research on turbulence, for example, the study of interactions
between turbulence and solid impermeable boundaries,"” in strat-
ified media,” ° or to study the behavior of bubbles, cells, fibers, and
aggregates suspended in a turbulent liquid phase.” "

Such devices are said to generate quasihomogeneous and
isotropic turbulence in horizontal planes (parallel to the grid) and
to yield theoretically no mean flow, which is their major advan-
tage compared to fixed grid setups. The absence of a strong mean
shear avoids the destruction of complex fluids’ components (fibers,
polymer chains, and cells) that is sometimes observed in fixed grid
turbulence.'' The fact that turbulent structures are theoretically not
advected by any mean flow makes them more easily observable by
advanced optical techniques such as PIV and PLIF (Planar Laser

reduction of turbulent properties. Note that when a mean flow does
exist in oscillating grid systems, it takes the shape of a set of sta-
tionary recirculation patterns, as will be extensively discussed in this
work. The term “mean flow” will hereinafter refer to this recircula-
tion, which can sometimes be called “secondary recirculation” in the
literature.

For the previous reasons, this type of device has been exten-
sively used for the study of turbulence and gas-liquid mass transfer
at free surfaces.””'” The combination of numerical simulations'® "
and experiments'’ ”* has allowed to describe the behavior of tur-
bulence close to a flat air-water interface and the influence of this
near surface turbulence on the fundamental and local mechanisms
of gas dissolution into the liquid phase. Yet, these mechanisms
are known to be modified when considering gas dissolution into a
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non-Newtonian or surfactant-laden liquid phase. The influence of
surface contamination by surface active agents has already been the
subject of numerical simulations”**’ and experimental works,"” but
the effect of bulk fluid rheological properties remains to be under-
stood. This phenomenon is of great interest since it is frequently
encountered in the chemical, pharmaceutical, and process indus-
tries.”*%® In this context, experiments of non-Newtonian turbu-
lence’s interactions with flat free interfaces are still needed. The con-
venience of oscillating grid setups, often used in air-water situations,
makes them interesting candidates for such experiments.

Only a few studies of oscillating grid turbulence (OGT) with
non-Newtonian liquids can be found in the literature,”” ! and none
of them seems to tackle the effects of variable viscosity on the possi-
ble mean flow and turbulence properties mapping in the whole tank.
Moreover, these studies focus on turbulence below the grid, between
the sweep region and the bottom of the tank, for which the bound-
ary condition and thus mean flows are inherently different from the
application considered here. The aim of this paper is to study the
influence of a shear thinning behavior on the hydrodynamics above
the grid and below a free surface in an oscillating grid stirred tank, as
a first necessary step for a further investigation of near surface turbu-
lence and mass transfer in similar fluids. Such properties are given to
an initially Newtonian fluid, water, by addition of a minute amount
of polymer (Xanthan Gum, XG). Fluid velocity measurements are
achieved using Particle Image Velocimetry (PIV) in a region of the
tank located between the upper position of the grid and the free
surface.

The objective is to describe OGT precisely in shear thinning
polymer solutions and see if its velocity field statistical proper-
ties can be compared to OGT in water. In other words, can this
device be used to generate controlled turbulence in such fluids, and
does the hypothesis of a negligible mean flow remain valid? An
underlying question is: can an oscillating grid apparatus be used
to study turbulence near a free surface in shear thinning poly-
mer solutions? To do so, indicators of turbulence and mean flow
topology are extracted. The effects of polymer concentration on
the existing mean flow topology are first studied. The evolution
of turbulence properties with the distance from the grid and poly-
mer concentration is then addressed. Finally, possible causes for the
apparent mean flow enhancement are discussed, and the different
concentration regimes evidenced are compared to drag reduction
characteristics of XG.

II. BACKGROUND
A. Oscillating grid turbulence in Newtonian liquids

The principle of an oscillating grid apparatus is to produce
turbulence by making a grid oscillate at a frequency f and with
an amplitude or stroke S. It is commonly said that the jets and
wakes behind the grid’s holes and bars interact to generate turbu-
lence,”*'*"* which then diffuses away from the grid. Turbulence
can be studied either above” or below the grid,(‘ the bottom bound-
ary condition being a rigid wall and the top boundary condition
being either a rigid wall’ or a free surface.”’ The first oscillating
grid apparatus were designed by Rouse and Dodu’ and Bouvard
and Dumas,”* but full characterization of OGT in prismatic tanks
only came with the pioneer works of Thompson and Turner’ and

scitation.org/journal/phf

Hopfinger and Toly" (that are referred to as TT and HT, respectively,
later in the manuscript).

1. Turbulence properties

When fulfilling a set of conditions on the grid shape, solidity,
and distance from the bottom of the tank defined by the previ-
ous authors, OGT is supposed to yield a quasihomogeneous and
isotropic turbulence with negligible mean flow. Homogeneity and
isotropy are achieved in horizontal planes, far enough from the walls
and from the grid’s extreme positions (2 or 3 times the mesh size M
defined below, depending on the study).

Expressions for the root mean square (rms) of horizontal and
vertical velocity fluctuations, denoted u; and uj, respectively, as
a function of the distance from the grid z have been derived by
Hopfinger and Toly, respectively, * as

4 1.5 0.5 _n
Uy =Cryp-f-8°-M"-2",
T ’
U, = CZHT'ux»

(1)

where f is the grid frequency, S the amplitude of oscillations (or
Stroke), and M the mesh size. An expression for the evolution of the
horizontal integral length scale of turbulence L with z comes from
the work of Thompson and Turner’

L=Crr-z (2)

where, Crr ~ 0.1,Cy,, =~ 025, Cy,, ~ 1.2, and n = —1 in the
original works. These relationships have been verified by a num-
ber of studies.”'>'**>*” The values of the different constants vary
among the works in the following ranges: Crr € [0.1...0.4],
Ciyr € [0.2...0.3], Gy, € [1.1...1.4]. The proportionality coef-
ficient between the integral length scale and the distance to the grid
Crr was also found to depend on the S/M ratio.**

It should also be noted that the previous laws are valid for tur-
bulence both above and below the grid,"* regardless of the boundary
condition, except at the vicinity of either the liquid/solid or lig-
uid/gas interface where turbulence is affected by boundary layer
interactions."”'**’ However, mean flow patterns that develop in the
tank should depend on boundary conditions. In this work, we will
more specifically focus on the case of the flow above the grid and
below a free surface.

2. Mean flow

At first, the concept of OGT generating no mean flow, but only
isotropic and homogeneous turbulence, was rather well believed.
With the development of PIV techniques allowing further spatial
investigations of the flow inside OGT tanks, it became clear that a
mean flow is always established, even while matching the previous
requirements. McKenna and McGillis*' showed the existence of per-
sistent mean flow structures, with a relative high kinetic energy level
as compared to the turbulent kinetic energy. Moreover, this mean
flow seems to be poorly repeatable and strongly dependent on initial
conditions.'* It is therefore really hard to predict the mean flow that
could occur in the oscillating tank during a specific measurement,
and this is one of the main limitations of OGT systems. Oscillating
grid apparatus should thus be seen as ways of generating controlled
turbulence with low mean flow rather than as a tool to produce com-
pletely mean shear free, homogeneous, and isotropic turbulence.
McCorquodale and Munro " recently suggested a method for reduc-
ing mean flows in OGT using an inner box placed inside the stirred
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tank to separate the wall-induced vortices from the rest of the flow. determined by Virk™ (see Ref. 47, Fig. 1). In type B drag reduc-

This will be discussed in Sec. V B. tion, it ultimately follows a Prandtl-Karman slope shifted toward
Nevertheless, it is important to point out that all the previ- lower friction coefficients.”” The drag reduction level of this last
ous conclusions are yet only valid and established when considering curve is fixed by the polymer concentration. Type A is charac-
OGT in water (or other Newtonian fluids). Characterization of tur-  teristic of flexible random coiled and highly deformable polymer
bulence velocity fluctuations and integral length scales and evidence chains (e.g., PolyEthylene Oxide, PEO) and type B of relatively
of mean flows associated with OGT in shear thinning polymer solu- rigid, elongated, and undeformable molecules. XG studied here is
tions are yet to be performed. This is the scope of this study. In order of this second type.”” This last observation stresses the importance
to understand the changes that may arise upon polymer addition, the of polymer conformation and rigidity in its interactions with the
following paragraphs briefly summarize the literature of turbulence flow.
in polymer solutions. Studies involving grid turbulence in polymer The physical mechanisms of drag reduction rely on the interac-
solutions are detailed in Sec. IT C. tions between polymer chains and the flow, and the scales at which

polymers can take or give energy to the fluid. Polymer chains’ struc-
tures give them the ability to deform elastically and store energy at
small scales,”® which tends to truncate or modify the flow energy cas-
cade before reaching the Kolmogorov scale.”’ > Such interactions
It has been known since the late 1940’s™ that a very small should also impact turbulence in the homogeneous isotropic case,

B. Drag reduction and turbulence in polymer
solutions

concentration of polymer diluted in a solvent could drastically ~ without high shear and boundary layers effects. It has been shown
reduce drag. This phenomenon is called drag reduction since it may from direct numerical simulations’”” and experiments™”**’ that
decrease the pressure drop in a pipe by up to 80%.” As it is of  the Eulerian quantities of the bulk turbulence (strain, enstrophy,
paramount interest in many applications such as hydraulics sys- Reynolds stress, and velocity gradients fields) are strongly reduced
tems or oil and gas industry, a huge number of studies have already ~ at small scales in viscoelastic solutions. The same conclusions can
addressed this topic.* also be drawn using an experimental Lagrangian approach. Craw-
Since OGT is driven both by large scale motion of the grid ford et al.,”" for example, performed time resolved measurement
and by boundary layer interactions at the grid’s bar level, drag of Lagrangian acceleration of tracer particles in a washing-machine
reduction should be one of the mechanisms at the origin of the  turbulence and found that the rms and isotropy of particle accel-
modification of flow properties by the polymer. The basic princi- erations were substantially decreased in dilute polymer solutions as
ple is that the polymer molecules introduced in the solvent act as compared to water. Viscous dissipation is reduced as the dissipa-
molecular springs, undergoing coil-stretch transition thus storing tion by the polymer chain increases: polymer chains store energy at
part of the kinetic energy of the flow."®"” This is especially efficient small scales and so the small scales of turbulence are damped. But the
in high shear regions close to the walls and leads to an apparent effect of polymer also propagates to larger scales. This can translate,
increase in the buffer layer thickness of the boundary layer and a for example, into an increase of integral length scales and of large
drastic reduction of the friction. For a given concentration of poly- scale fluctuations of velocity.””””*" This is also the case in inelas-
mer, the friction coefficient variations as a function of the Reynolds tic shear-thinning solutions.”” Nguyen et al.” recently studied the
number departs from the classical Prandtl-Karman law when reach- flow-polymer interactions in the dissipative range and showed that
ing an onset Reynolds number. This is called the onset of drag the polymer pumps energy at a small scale when it is deformed by
reduction.” The higher the polymer concentration, the lower the flow structures and can give back a part of this energy to the flow
Reynolds number at the onset. When further increasing Re after ~ when relaxing, thus explaining the up-scale propagation observed
the onset, the friction factor decreases extremely rapidly until it experimentally. As for OGT, we should thus expect an influence of
reaches an asymptotic trend. Depending on the nature of the poly- the polymer on the large scale flow patterns. This is indeed described
mer, two types of drag reduction leading to two asymptotic slopes in Sec. IV A.
are possible. In type A drag reduction, the friction coefficient tends In channels or pipes, most of the strain field to be reduced
to what is called the maximum drag reduction asymptote empirically can be found near the walls, and the forcing is done at small scales
10% 105 reeey
a) /04,(/ b) 17’?
10° o s. b SD d - FIG. 1. Evolution of characteristic time scale tcy (a) and
) o )Q:; VN _1w0tf o zero shear rate viscosity uo (b) with polymer concentra-
10t} 15 o0 1 P 00006/ “ 15 o tion Cxg. Data and trends for the present study (respec-
% %o s Qé i gga” tively, full squares and dashed lines) are compared to the
S /,/" o = PN work of Wyatt and Liberatore’® (empty circles and dashed-
Pl T g,’" " dotted Iines,.for which the slopes are indicated by italic
) 16 9,;0 numbers). Dllgte (D)', semidilute (SD), and concer)trated
1071 & . (C) concentration regimes are separated by dotted lines at
‘ D ) c o & I Cxs = 100 ppm and Cyg = 2000 ppm on both subfigures.
10-2 100Lg
10! 102 108 10* 10" 102 10 10*
Cxc (ppm) Cxc (ppm)
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(roughness of the wall); hence, the polymer effects are felt at low
concentrations, typical of drag reduction. For example, Cai et al®
observed that viscoelasticity strongly decreased both the frequency
and the intensity of burst events generated at the bottom of a
channel flow by inhibiting the small scale coherent structures in
the sheared sublayer. However, when forcing turbulence by energy
injection at scales larger than the cutoff scale, polymers do not play a
role at the turbulence production step, and non-Newtonian effects
are found to appear for concentrations larger than typical drag
reduction concentrations.” Finally, an interesting feature observed
in flows with strong mean shears such as channel flows">** is an
increase of turbulence anisotropy. It comes from the tendency of
polymer chains to align with the main shear direction, leading to
an increase in tangential velocity fluctuations and a decrease in
the normal ones. This effect was lately observed to happen dur-
ing the propagation of a turbulent/nonturbulent interface as well,
where polymer chains tend to align with the turbulent front.”” Apart
from elasticity, shear-thinning induced by the presence of polymer
chains is also known to affect many features of flows, turbulent
or not, from large to small scales, as described recently in several
Works.(vl(ﬁ,(w(x

C. Grid turbulence in polymer solution

The influence of non-Newtonian behavior on grid turbu-
lence has been mainly studied for fixed grid configuration.**" "'
It was found that grid turbulence for such fluids was much more
anisotropic, as expected from flows with a preferential shear direc-
tion, but also that it decayed more slowly. Recently, Vonlanthen
and Monkewitz'' used PIV measurements to look at turbulent spec-
tra and scales in grid turbulence of dilute polymer solutions and
evidence high Reynolds number viscoelastic turbulence. In their
experiments, they found that both the shape of the energy spec-
trum and the elastic (“Lumley”) scale evolved with time, which
they explained by the destruction of polymer chains by the strong
shears in the vicinity of the grid. This shows one of the limits of
fixed grid devices for the study of turbulence in polymer solutions:
reaching high levels of turbulence requires high flow rates which
may cause important degradation of the polymer throughout the
measurements. One may thus prefer using OGT rather than fixed
grid.

Citing Vonlanthen and Monkewitz,'' “The difference between
the effect of polymers on turbulence without and with mean shear
is that in the former case, the polymers can only provoke additional
local energy dissipation, while in the latter case, they can in addi-
tion modify the mean shear and with it long-range energy exchange
by instabilities.” The non-Newtonian properties of the fluid are in
such a way supposed to affect the OGT turbulence decay law since
they act on local turbulence dissipation. The previous sentence also
implies that the secondary flows inside the grid stirred tank are
very likely to be different in dilute polymer solution than for the
Newtonian case.

The first study of OGT in viscoelastic dilute polymer solu-
tions (PEO) was made by Liberzon et al.,”” who observed the veloc-
ity propagation of the boundary between turbulent and nontur-
bulent regions in the tank, at the first instants after the onset of
the grid’s oscillations. They found that the turbulent/nonturbulent
interface moved globally faster in the dilute polymer solution than
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in water. However, the characteristics of turbulence and mean flow
in a steady state are not mentioned, and the author later admit-
ted that results could have been contaminated by the presence of
mean shear at the walls of the tank (i.e., by the unexpected mean
flow).”’

Wang et al,’””’" later used a two oscillating grid device to
study the viscoelastic effects of surfactants and dilute polymer on
coherent structures. They confirmed that the addition of poly-
mer tends to decrease the small scale effects of turbulence and
that this decrease cannot only be attributed to the overall viscosity
increase since it is not associated with a decrease of the turbulent
kinetic energy. The non-Newtonian property of the flow seemed
to strongly modify the spectrum of turbulent structures at large
wave numbers. They also found that the turbulent small scale sup-
pression effect arose only when reaching a critical polymer con-
centration (unfortunately not quantified), which may not be the
same in OGT than in channel flows or fixed grid experiments, and
seems to be higher than the critical concentration for drag reduction
effects.

To our best knowledge, no existing study mentions the possible
mean flow that could have developed in grid stirred tanks, and even
less its probable polymer concentration dependency. Moreover, the
previous studies focused on the case of a viscoelastic polymer solu-
tion, while the fluid studied here is shear thinning and inelastic. The
evolution of stationary turbulence properties with the distance from
the grid, such as turbulent kinetic energy and velocity fluctuations
rms, also remain unknown in single oscillating grid systems with
dilute polymer solutions (e.g., can profiles analog to HT’s law 1 be
exhibited?). The aim of this work is thus to characterize both these
turbulence properties and the mean flow that possibly establishes in
the tank.

I1l. MATERIALS AND METHODS

A. Polymer solutions

Shear-thinning properties are conferred to the liquid by addi-
tion of Xanthan Gum (XG), into distilled water. Here, XG produced
by Kelco under the commercial name Keltrol CG-T is used. Its
average molar mass is M,, = 3.4 x 10° g mol™" and its polydisper-
sity equal to 1.12.”* XG is chosen for its high resistance to strong
shear and extreme temperature and pH conditions.”” Such features
are useful when using it nearby a rigid oscillating grid (which can
locally crate high shears), and for future studies of scalar transfer
at gas-liquid interfaces.” The rheological properties of such solu-
tions have been measured using a MCR 302 Anton Paar Rheometer.
Their shear thinning behavior is modeled by a Carreau-Yasuda (CY)
equation

Bl ) 5
pr— (1+ (terp)”)

©)

where the zero shear rate and infinite shear rate Newtonian vis-
cosities (respectively po and poo), characteristic time scale tcy, and
exponents a and p depend on the polymer concentration Cxg. The
power law decay exponent of viscosity with the increasing shear rate
is (p - 1). a is a parameter for the transition between power law and
Newtonian behaviors. Their values are reported in Table I for Cxg
variations over 3 decades.
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TABLE |. Carreau-Yasuda fitting parameters for the shear thinning behavior of XG
solutions at various concentrations.

Cxc (ppm) tho (mPa) foo (mPa)  tcy (s) a p

10 1.30 x 10° 0.99 0.08 2.00 0.60
25 3.97 x 10° 0.95 045 200 0.57
50 1.09 x 10" 1.09 055  2.00 0.50
100 3.28 x 10" 1.05 1.60  2.00 0.50
500 2.03 x 10 1.05 223 127 045
1000 443 x10° 1.13 223 093 038
2000 1.94 x 10° 2.73 315 072 0.5
10000 5.50 x 10* 3.73 75.44 200 0.8

By plotting the evolution of the characteristic time scale with
polymer concentration (Fig. 1), one can clearly evidence the three
main entanglement concentration domains for XG in aqueous salt-
free solutions defined by Cuvelier and Launay” and Wyatt and
Liberatore.”

e The dilute regime (D) in which the interaction between
isolated polymer chains and the flow are dominant and
interactions of polymer chains between each other are
negligible.

e The semidilute (SD) regime, in which the electrostatic
and mechanical interactions between molecule becomes
significant

e The concentrated (C) regime, for which chain entanglement
is the dominant mechanism of the liquid phase rheology.

The transition concentration between the three regimes are
identical to the ones observed by Wyatt and Liberatore,”® and so are
the zero shear rate viscosity magnitudes. Time scales measured for
the present study are typically one order of magnitude lower. This is
explainable by the fact that the properties of XG are very sensitive to
the molar mass M,, of the polymer, which depends itself on produc-
tion and dissolution conditions.” Moreover, in order to avoid the
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formation of disordered chains during dissolution, and ensure the
reproducibility of measurements, special care has to be taken in the
process of dissolving XG. Only distilled water is used without adding
any salt, and moderate stirring and heating conditions are applied as
specified by Garcia-Ochoa et al.”’ In this rheological characteriza-
tion, the uncertainty on Cxg is of the order of 1%. The procedure
used for the fabrication of XG solutions for PIV experiments yields
uncertainty up to 10% on Cxc (see Ref. 74, Appendix A). The associ-
ated horizontal error bars are not shown on following figures in the
interest of clarity, but this uncertainty has to be kept in mind, espe-
cially when discussing critical polymer concentrations in Sec. V A.
In this work, the concentration range between 0 and 500 ppm
is explored. The focus is made on the dilute regime. The onset of
the semidilute regime is also considered, but no measurement is
performed in the inner semidilute regime evidenced by Wyatt and
Liberatore”® between 100 ppm and 200 ppm [see Fig. 1(a)], slope
equal to —0.5.

B. Oscillating grid setup

Turbulence is generated in a transparent tank of a 277 mm
by 277 mm inner cross section. The fluid height is set at
Hy =450 mm and the distance between the surface and the aver-
age grid position is 250 mm. The vertical axis, oriented upwards,
is noted z, and x and y are the axis defined by the grid bars.
The origin of the reference frame is placed at the grid average
position (z = 0) at the crossing between the two central bars. In
this study, only polymer concentration is varied and all oscilla-
tions parameters are kept constant. The grid has square section
bars of width equal to 7 mm, and the mesh parameter (distance
between two grid bars) is M = 35 mm. This yields a solidity of
0.36, below the maximum value of 0.4 recommended by Thomp-
son and Turner.” The frequency is fixed at f = 1 Hz and the stroke
at S = 45 mm. It allows us to define a grid-based Reynolds num-
ber using the definition of Janzen et al.,”’ using the zero shear rate
viscosity

2
Re, = ﬁ (4)
Ho

TABLE II. Evolution of several properties (De, n, C,,,;-) and indicators (€2, H) with polymer concentration. H is the average of

HZ overz.

Cxc (ppm) Re, De Q (1/s) —n (* or —n’) Coyr H

0 2.03x10° 0 2.57 1.0+ 0.3 1.1+04 0.10 +£ 0.03
10 1.56 x 10° 0.08 2.01 0.7+0.1 1.2+0.1 0.08 + 0.02
18 7.43 x 107 0.28 2.69 0.72 + 0.08 1.1+0.2 0.08 £ 0.02
25 5.10 x 10° 0.45 2.42 0.89 + 0.06 1.3+£0.1 0.10 £ 0.03
35 3.00 x 10° 0.49 3.20 0.88 + 0.09 1.2+0.1 0.08 £ 0.02
50 1.85 x 10% 0.55 3.10 09+0.2 1.6+0.3 0.11 £ 0.02
75 9.26 x 10" 1.06 4.70 1.1+0.2 1.5+£03 0.13 £0.01
100 6.18 x 10 1.60 5.02 1.2+0.2 1.4+£03 0.11 £ 0.03
150 3.74 x 10" 1.60 5.37 1.5+0.2 1.6 +£04 0.13 £0.03
250* 2.10 x 10 1.60 2.31 2.1+0.2 3+1 0.14 + 0.04
500 9.97 x 10° 1.60 1.30 22+05 3+1 0.10 + 0.06
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FIG. 2. Sketch of the oscillating grid and PIV setup.
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The density p of the fluid is assumed equal to that of water
because of the very small mass of polymer added. For this range
of grid Reynolds number, it has been checked that polymer chains
are indeed not destroyed during the experiments (maximum 2 h of
duration) by comparing viscosity curves of the solution before and
after the experiment. Finally, in order to quantify the ratio between
the polymer relaxation time scale and the grid forcing time scale, the
grid based Deborah number De is defined as

tcy
o~ terf

De = )
with T the period of oscillations. Values of Re; and De are reported
in Table II for each concentration studied.

C. PIV measurements

Liquid phase velocity measurements in the tank are achieved
by Particle Image Velocimetry (PIV). The experimental setup is
sketched in Fig. 2. The region of interest (ROI) is a vertical
rectangle, in plane (%,Z). Its width is close to that of the tank,
and it includes fluid heights between the grid’s top position and
the free surface. The cameras used are double frame LaVision
sCmos sensors of 2560 by 2160 pixels, equipped with a 50 mm
focal Macro lens. A pulsed Quantel Nd:YAG laser emitting at A
= 532 nm is used to illuminate 50 ym diameter polyamide par-
ticles. The collimated laser sheet thickness achieved is 200 ym. It
is estimated by marking a photosensitive paper band placed on
the wall of the tank closer to the laser head with a single laser
pulse.

Depending on polymer concentration, the order of magnitude
of measured velocities may differ considerably. In order to keep
the measured particle displacement of the order of one third of the
interrogation window, two types of PIV are used: double frame PIV
for Cxg < 250 ppm, and single frame PIV for Cxg > 250 ppm.
In the first case, the acquisition frequency fa is 4 Hz, and the
time interval between laser pulses is At = 18 ms. In the second
case, faq = 10 Hz, and consequently, At = 100 ms. Vector fields
are computed with DaVis 8 software using a multipass processing:
a first pass with 64 by 64 pixels and 2 following passes with 32
by 32 pixels round Gaussian weighted interrogation windows, at
a maximum 50% overlap. Spurious vectors are removed from PIV
fields by applying a threshold of 1.2 on the peak ratio and replaced

450 mm

using median filtering (always less than 10% of the total number of
vectors).

The final spatial resolution achieved is 2.3 mm. The smallest
Kolmogorov length scale and Taylor microscales of turbulence are
supposed to be found in the water case, for which the viscosity is
always the lowest. Based on the velocity and length scales, order
of magnitudes shown in Figs. 7 and 9 (scales arbitrarily taken at z
= 20 mm), Kolmogorov and Taylor length scales are evaluated to
be, respectively, of about 0.19 mm and 2.24 mm. For 100 ppm XG
solutions, using a constant viscosity equal to peo, they increase to
0.33 mm and 3.25 mm, and up to 4.35 mm and 18.17 mm when using
Uo as the scale viscosity. The 2.3 mm spatial resolution is thus quite
coarse and would unfortunately not allow to evidence energy varia-
tions at large wave numbers characteristic of high Reynolds number
viscoelastic turbulence. Yet, it is sufficient to discuss the large scale
effects.

1000 vector fields are recorded for each run, corresponding to
a measurement time of 250 s at fuq = 4 Hz and 100 s at f,cy = 10 Hz.
Assuming the integral time scale of turbulence to be of the order
of magnitude of the grid period (this hypothesis could be checked
for water and dilute regime XG solutions), this ensures a statistical
analysis over at least 100 uncorrelated events. Each experiment is
moreover performed twice.

In order to check for statistical convergence and estimate
uncertainty on velocities, sliding statistics on 500 subsequent snap-
shots (time interval equal to 1/fs) are computed for both exper-
iments. For mean velocities and rms of velocity fluctuations,
uncertainties are then estimated as the standard deviation of the
variations of these samples’ statistics around the “statistically con-
verged” result obtained using the full data range. Typical veloc-
ity uncertainties thus evaluated are +6% and +5% for mean and
rms quantities, respectively (spatial average on the whole ROI).
Statistical convergence is ensured up to the previous confidence
intervals.

IV. RESULTS
A. Mean flows and recirculations
1. Topology of the mean flow

The existence of mean flows and recirculations is most of the
time an unwanted feature of OGT, which was initially meant to study
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turbulence alone in the absence of mean shear,” but can unfortu-
nately not be avoided. They are supposedly due to the grid tendency
to drift out of alignment and to initial minor fluid motion favoring
the development of large scale motion and allowing mean flow pat-
terns to persist once developed.”” In the ROI, the mean flow is struc-
tured in two main recirculation vortices close to the grid and near
the walls. Figure 3 shows in three columns, respectively, the average

velocity field magnitude \/ 61 + Uﬁ (with Uy and Uy, respectively,
the horizontal and vertical mean flow components), the associated
streamlines, and the vorticity of the average velocity field Q = vV A T.
These quantities are represented for water (first line) and three poly-
mer concentrations: one in the dilute regime (10 ppm, second line),
one in the semidilute regime (500 ppm last line) and one in the
transition region (100 ppm, third line). The recirculation patterns
observed on the streamline figures (central column) are evidenced
by two opposite sign high magnitude vorticity patches on both sides
of the tank, just above the grid sweep zone (right column). Isovalue
lines of vorticity are drawn at the arbitrary threshold O = +0.020Q,,
with Q,, as the maximum vorticity value at a given concentration

VO 4T (m/s) Q (1/s)
0 0.01 0.02 0.03 2 -1 0 1 2

scitation.org/journal/phf

defined Sec. IV A 2. They represent an arbitrary estimation of the
boundaries of the mean flow vortices. Similar flow patterns have also
been observed by McKenna and McGillis'~ for water.

Based on the observation of Fig. 3 and additional interme-
diate concentrations (18, 25, 35, 50, 75, 150, and 250 ppm, not
shown in the figure), the effect of polymer addition on the mean
flow seems to be the following. When adding polymer to water, the
flow organizes into two main regions dominated by the two counter
rotative side vortices illustrated by the streamlines or the vorticity
isovalues. Increasing polymer concentration first causes the mean
flow vortices to grow in size until they reach the top of the fluid
volume, at a concentration between 10 and 25 ppm. The flow is
then divided into two main regions separated by a global up-going
region at the center of the plane for concentrations between 25 and
100 ppm, as seen on Fig. 3, left and central columns. A further
increase in concentration leads to the collapse of these recirculating
regions: their size reduces (Fig. 3 central and right columns), and the
central up-flowing region progressively disappears. Hypothesis will
later be made on the probable reasons for this higher concentration
behavior.

-100 0 100

X (mm)

Water
(0 ppm)
D
10 ppm FIG. 3. Mean flow inside the grid stirred tank at different XG
De =0.08 concentrations. Left column: norm of the 2D mean velocity
field \/ U + U~ in m/s. Central columns: streamlines of
the mean flow. REht column: Vorticity of the mean velocity
field O = v A U, with contour lines drawn at 2% of the
maximum vorticity value.
100 ppm
De = 1.58
SD |
500 ppm
De =2.23
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2. Mean flow indicators

Simple indicators can be defined in order to measure the inten-
sity and region of influence of the mean flow, and quantify the mean
flow enhancement.

e The first criterion is the value of the curl of the average
velocity field at the center of the side vortices. This is a mea-
surement of the maximum vorticity in the mean flow, and
thus, of the intensity of the side eddies. Here, it is defined as
Qm = max(Q(04),Q(03p)), where Oy is the central point
of the left vortex and Op the central point of the right vortex
(see Fig. 3, right column). A nondimensional vorticity indi-
cator can be constructed, multiplying Q by the polymer time
scale tcy.

o The second indicator is the peak-to-peak amplitude A (dif-
ference between maximum and minimum value) of the
horizontal profile (along x) for the vertical component,
U.(x,z = Z,), taken at a given probing altitude Z, on the
fields illustrated Fig. 3, left column. It is also a measurement
of the intensity of the mean flow, but this time associated
with the up-going motion. Here, we take Z, = 2M = 70 mm,
but a similar trend than the one presented hereinafter is
observed for different Z,. This velocity amplitude can be
scaled by a grid based reference velocity: the product f x S.

e The last indicator defined here is the position along z of the
maximum vertical velocity on the x = 0 line (regardless of
the value of this velocity). This is an estimation of the area
of influence of the mean flow rather than of its intensity and
comes as a complement of the two other indicators. It can be
further normalized by the mesh parameter M.

The evolution of the peak vorticity magnitude with concen-
tration (indicator 1) is shown in Fig. 4 and Table II. It increases
with polymer concentration in the [0-150] ppm range and brutally
decreases for the last two points. The critical concentration above
which vortex intensity stops increasing, here 150 ppm, can be related
to the transition concentration between the dilute and semidilute

\
1 150 ppm [3
0 D SD
0 100 200 300 400 500

Cxc (ppm)
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regime, 100 ppm. In the dilute regime, increasing polymer concen-
tration and consequently the solution typical response time leads to
an increase in maximum vorticity. When reaching the semidilute
regime, further increase in concentration on the contrary reduces
vorticity associated with mean recirculations. These observations are
consistent with the streamline patterns observed in Fig. 3, central
column: well defined structures build up upon polymer addition and
grow in the dilute regime, and collapse between 100 and 500 ppm.

In the dilute regime, the characteristic time scale depends on
concentration with the scaling tcy ~ Cy (see Fig. 1). Since here
T = 1/f = 1 s, scaling based on tcy or De are equivalent. The
dimensionless quantity Qtcy is represented as a function of De
[Fig. 4(b)]. It follows a power law such that Qtcy ~ De'¥. Since here
tcy ~ De [Eq. (5)], it implies that Q ~ De%*. 1t should be men-
tioned that because of the limited range of time scales achievable
in the dilute regime (difficulty of making polymer solutions at
Cxc < 10 ppm) and of the single grid frequency used, this scaling is
derived from a limited range of De. Larger variations of the Deborah
number could be achieved by varying the grid frequency. Yet in the
available range, the correlation is quite good. The intensity of mean
recirculations increases with the solution time scale, but this increas-
ing rate is reduced as the Deborah number increases (exponent
below 1). Mean flow enhancement by polymer addition thus seems
to be a low-concentration effect that loses efficiency approaching
the semidilute regime. This may be explained by the fact that as the
relaxation time increases with polymer concentration, viscosity also
does. In the dilute regime, the zero shear rate viscosity scales as Cxg
[from Fig. 1(b)]; hence, it increases more rapidly than the relaxation
time scale. In the semidilute regime, viscosity keeps increasing with
the same trend but fcy stays constant (note that Wyatt and Libera-
tore’® observed a change of slope for the semidilute regime that is
not observed here since no Cxg value is used in this domain). In that
sense, it may be assumed that viscosity and time scale increase would
have two different and maybe opposite effects on mean flows: the
increase of the solution’s time scale seems to enhance recirculations,
whereas increasing viscosity tends to dissipate the flow structures
and ultimately make them collapse.

10%
b)
1
10 o
»
g Qtey ~De'®
[ o
100 ,m
]
n’
10! /
102 10! 100
De

FIG. 4. Evolution of vorticity “strength” associated with mean flow structures as a function of polymer concentration and Deborah number. (a) is the maximum vorticity Q
between the two counter-rotatives vortex plotted for all concentrations. The relative uncertainty is estimated to be less than +12%, coming from the uncertainties on velocity
measurement and from the spatial uncertainty on the location of O and Og. (b) shows the nondimensional quantity Qcy in the extended dilute regime [Cxg < 100 ppm left
of dashed dotted line in (a)]. The dotted line in (a) denotes the transition between dilute (D) and semidilute (SD) concentration regimes, and the dashed dotted marks line in
(a) the change in trend at Cxg = 150 ppm. The gray dashed line in (b) is the power law fitting of Q¢cy vs De, the scaling of which is reported in (b) on top of the curve.
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A similar trend is observed when looking at the evolution of
the second criterion with polymer concentration: the peak-to peak
amplitude A of the horizontal profile for the vertical velocity com-
ponent, probed at z = Zp = 2M, U (x,2M). Figure 5(a) shows that
polymer addition tends to promote a central up-going effect: the
U (x,2M) black dotted curve for water does not have its maximum
value close to x = 0 mm, while it is the case for every polymer solu-
tions at any concentrations. This peak effect is increased with poly-
mer concentration until it reaches its maximum for Cxg = 100 ppm.
The indicator A is defined as the curves’ “peak-to-peak amplitude,”
that is to say the difference between the maximum and the mini-
mum values of U, (x,2M) along x, sketched by the dashed arrow
on Fig. 5(a). It is plotted as a function of the polymer concentra-
tion in Fig. 5(c). An increase compared to the water case is observed
for all polymer solutions in the dilute regime. Indicator A seems to
slightly increase with De within this dilute regime, even though the
error bars on the data are also compatible with a constant A trend. It
then collapses in the semidilute regime. This confirms that the inten-
sity of the up-going central motion and that of the side vortices are
coupled and that they are both related to the polymer entanglement
concentration regime.

The third indicator is illustrated by Figs. 5(b) and 5(d). The
vertical profiles of vertical velocity at x = 0 mm plotted in Fig. 5(b)

ARTICLE scitation.org/journal/phf

all present a maximum value at small z (close to the grid). Yet, the
z = Zy, location of this maximum varies with polymer concentration.
This can also be observed on the average velocity fields in Fig. 3, left
column, and is a consequence of the flow organization into two side
vortices. The impact region of both vortex meet in the plane of sym-
metry (X = 0 mm). Since the vortex is ellipsoidal and that their main
axis is neither vertical nor horizontal, the maximum vertical velocity
is found at a given altitude which depends on the inclination of the
vortices and their topology. This third criterion thus evaluates the
vortex pair’s spatial influence more than their intensity. The altitude
at which maximal vertical velocity is found Z,, is plotted vs concen-
tration in Fig. 5(d). It shows an increasing trend in the early part
of the dilute regime. However, unlike the up-going intensity A, it
begins to decrease at a lower typical concentration, around 35 or
50 ppm.

Scaled second and third indicators can be plotted vs the Deb-
orah number in the dilute regime. The evolution of A scaled by a
reference grid velocity fS is shown in Fig. 5(e) and that of Z,, scaled
by the mesh parameter M in Fig. 5(f), both in log-log scales. The
first plot shows that as for Qtey, Al (fS) increases with the Deborah
number, but on a very limited range. Figure 5(f) seems to confirm
the existence of a critical concentration within the dilute regime: a
peak of Z,,/M is observed precisely at De = 0.55 corresponding to

200
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- 003 | o0
? 150 —o10
= 0.02 — ——18
e =t ——25
~ 3
= 0.01 \_E/ ——35
I < 100 ——50
H 0 ° Ir;o FIG. 5. Effect of polymer concentration on vertical veloc-
= 150 ity. (a) Horizontal profiles of the vertical velocity at z = 2M
-0.01 50 250 Zm =70 mm. Horizontal dashed lines and the vertical dashed
500 arrow illustrate the peak-to-peak amplitude A indicator. (b)
-0.02 = Vertical profiles of the vertical velocity at x = 0 mm. Gray
-1 -0.04 -0.02 0 0.02  0.04 horizontal dashed lines are examples of z = Z,, depths for
U.(x=0,2) (m/s) profile maxima. Inserts in (a) and (b) sketch the line along
0.06 80 — which profiles are plotted by a white dashed line, taking as
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= g T 1 amplitude A of the profiles of (a). (d) location Z, along z of
= ‘:’ ‘ I the maxima of profiles (b) (marker size is reduced so that
< 0.02 ¢ N 40F 1 the error bar can be seen). (e) and (f) show the evolution
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. . 1 «+— 50 ppm respectively A and Z, scaled by, respectively, fS and M (in
20— log scale). The dotted lines in (c) and (d) denote the dilute
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Cxg = 50 ppm, even if the relative variations of Z,,/M are quite small
in the studied De range.

One can quickly comment on the uncertainties of the plots in
Fig. 5.1In (a) and (b), the relative uncertainty on velocity value along
these profiles is typically equivalent to that on mean velocity, i.e.,
about +6%. Hence the relative uncertainty on A and A/(fS) is twice
that value, about £12%. The absolute uncertainty on Z,, points in (d)
would be evaluated as + 1.15 mm (from the PIV spatial resolution),
which gives a relative uncertainty on Z,, and Z,,/M less than 3%.

The effects of polymer addition and polymer concentration on
mean flows inside the tank can thus be summarized as follows:

o Polymer addition has an organizing effect on the mean flow.
Existing vortices are enhanced by addition of even a small
concentration of polymer, and the flow organizes into two
distinct vorticity regions ruled by the pair of counter rotative
eddies. A global up-going motion appears at the center of the
tank.

o Increasing polymer concentration while staying in the dilute
regime tends to increase the vortex and up-going motion
intensity. Both indicators for vortex and up-going motion
intensity increase until concentration reaches the critical
concentration Cxg = 100 ppm for which solution switches
from dilute to semidilute regimes. In the concentration
range corresponding to the dilute regime, the maximum
vorticity of the mean flow scales as a power law of the
Deborah number.

e The region of influence of the mean flow is observed to
increase at the onset of polymer addition, but the maximum
effect of the up-going motion is attained at a concentration
lower than the dilute to semidilute transition. This suggests
that the dilute regime is itself composed of two subregimes:
a very dilute one in which both vortex intensity and size
increase, and a transition to semidilute one in which the
vortex intensity keeps increasing but its region of influence
reduces.

e In the semidilute domain, vortex intensity and size both
decrease. The hypothesis is that in this regime, viscosity
keeps increasing upon polymer addition while elasticity of
the polymer chains is limited because of emerging polymer-
polymer interactions.

B. Turbulence properties

Turbulence properties are evaluated in the central region of the
ROI, where they are the most homogeneous”” by cropping out bands

a) b) k= +2u” (m?/s?)
5
4
-
=3
N
2
1
-3 -2-10 1 2 3 3 -2-101 2 3
x/M x/M
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for x > 2.5M and x < —2.5M on the sides of the ROI before width
averaging quantities (along x) and plotting vertical profiles (along z).
This central region is illustrated in Fig. 6 where two examples (water
and 25 ppm XG) of turbulent kinetic energy fields k, computed as
k = u.® + 2u?, are shown in log scale. Note that the kinetic energy
is computed under an assumption of horizontal isotropy. In the fol-
lowing analysis, all profiles are plotted vs the unscaled dimension z
in order to compare with dimensional HT and TT relationships for
OGT [Egs. (1) and (2)].

1. Decay of turbulence intensity

Profiles of u, as a function of z are shown in Fig. 7(a). For Cxg
< 250 ppm, it appears that all the profiles, water and polymer solu-
tions, follow a power law of constant exponent as predicted by the
relationship of Hopfinger and Toly4 [Egs. (1)]. The first important
observation is thus that the decay of turbulence intensity of OGT
in the dilute regime of polymer solutions can be described by “HT-
like” profiles. The influence of polymer concentration on this decay
is quantified by the power law exponent. In the picture of Hopfinger
and Toly," u; and u should be proportional, resulting in a single
value of n. Following this hypothesis, this value is estimated for each
concentration by fitting both the v and ., (not shown here) profiles
with power laws, and averaging the two resulting exponents. The dif-
ference between these two exponents yields the dispersion bars rep-
resented on Fig. 7 (corresponding to the uncertainties in Table II).

Values of n are reported in Table II and plotted vs concen-
tration in Fig. 7(b) (for the whole Cxg < 250 ppm range) and (c)
(zoomed on Cxg < 100 ppm). It appears that the # value for water
is slightly above the n = —1 expected from HT. When adding poly-
mer 7 starts increasing up to —0.716 at 18 ppm [Fig. 7(c)] before
decreasing again, quasilinearly with polymer concentration, until
Cxc = 150 ppm, where it is equal n = —1.479. The decay rate of
oscillating grid turbulence thus varies with polymer concentration,
staying quite similar to the water case as long as one stays in the
dilute regime.

In the semidilute regime, the decay of turbulence departs from
the HT behavior: the last two concentrations exhibit two asymp-
totic slopes separated by a transition area, a first one n', at small z,
which keeps decreasing with increasing Cxg but not following the
linear trend of #, and a second one n” = 0 at large z. In this sec-
ond region, turbulent velocity fluctuations are extremely small and
the mean flow is low as well (see Fig. 3). Viscous dissipation reduces
the velocity magnitudes, hence the local shear rate, which further
increases viscosity and consequently the dissipation (negative n).
This accumulated effect makes the fluid practically turbulence-free

1072

FIG. 6. Fields of turbulent kinetic energy k = u/? + 2u/% in
log scale for water (a) and 25 ppm XG solution (b). Vertical
dashed lines at x/IM = +2.5 denote the boundaries of the
domain for horizontally averaged turbulence properties.
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FIG. 7. “HT-like” plots of u/, as a function of z (a) and esti-
mation of the power law exponent evolution as a function of
polymer concentration (b). (c) is a zoom of (b) in the Cxg
< 100 ppm range. Markers in (a) are represented for only

one in ten data points, for the sake of readability. The typical

uncertainty on u, is +5%. Vertical bars in (b) and (c) show
the disparity of n measurement from . and ., profiles.
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and motionless, which is in some ways equivalent to a cavern effect
observed in stirred tanks.”*

2. Mean flow to turbulence ratio

A key quantity of oscillating grid turbulence is the local mean
U4
g

to turbulence ratio I';; = , between the local absolute value of

mean velocity component |Uj| and the local rms of turbulent veloc-
ity fluctuations component u), withi=x, y, or z. I';j isa9 component
tensor, which reduces to a 4 component tensor with i, j = x or z for
2D PIV measurements. Most of the time, the values used to estimate
the efficiency of a device in terms of turbulence vs mean flow pro-
duction are diagonal values I';;. Here, we compute the indicator I as

the width average of the quantity (Z,T ,21«)0'5. For OGT in water, a

review by Variano, Bodenschatz, and Cowen’’ reports local typical
best case values of I'; = 0.25 in a single coordinate direction. Here,
Fig. 8 shows that width averaged I' lies between 0.9 and 3.5 for all flu-
ids. Yet, it has to be mentioned that mean flow over turbulence ratio
can locally reach higher values of up to 10 in the central region where
the mean flow is very strong, and down to 0.1 in high turbulence
intensity/low mean flow regions. I' globally increases with polymer
concentration, which is a consequence of both the enhancement of
the mean flow and the decrease of turbulence intensity. Three dis-
tinct regions can be seen on the plot of I' vs z. The first one (1), for z
<M and in which T < 2, lays just below the main mean flow structure
detailed previously. The second one (2) between z = M and z = 4M
corresponds to the region of the up-going motion and side recircu-
lations and yields the highest I values going along with the strongest
mean flows. In regions (1) and (2), I is always the lowest for water.
The third region (3) corresponds to the distances not reached by the
principal mean flow structure in polymer solutions, or in which their
intensity is reduced, but where turbulence keeps decaying. The val-
ues of I in the far grid region (3) depend on the existence or not

of secondary recirculations under the free surface. They are com-
parable to those found for water and can even be lower than in
water in some dilute polymer solutions. In region (3), mean flow
intensity is at worst twice that of turbulence, no matter the working
fluid.

3. Integral length scales

The integral length scales of turbulence Lf«‘j are defined as the
integral of correlation coefficients of velocity fluctuation compo-
nents i and j along dimension k, with i, j or k = x or z. They are
averaged over sampling regions at different depths. Length scales
along x are computed on sampling regions wide as the ROI and
including 3 vectors in the z direction. Length scales along z are
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FIG. 8. Plots of the mean flow to turbulence indicator T, in log scale, as a function
of the distance from the grid z. Dashed lines are plotted at z = M and z = 4M.
Markers are represented for only one in ten data points, for the sake of readability.
The typical uncertainty on T is +11%, sum of the uncertainties on U ans u.,.
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computed on sampling regions of width equal to that of the ROI’s
and 10 mm height. The study of integral scales is limited to the dilute
regime. As for mean and rms velocities, uncertainties are estimated
by computing sliding statistics on 500 images samples and evaluating
the variations of the integral length scales computed from these sam-
ples around the converged value derived from the full data range.
This yields a typical uncertainty of £10% on horizontal scales L3,
and of +12% on vertical scales L,.

In the definition of Thompson and Turner,” L is equal
to the horizontal scale of horizontal velocity fluctuations Lj,.
Figure 9 shows the evolution of L = L}, (a) and of the verti-
cal scale of vertical velocity fluctuations L7, (b) as a function of
the distance to the grid z. Integral scales are larger in polymer
solutions compared to water. This was previously observed in sev-
eral studies of turbulence in shear-thinning or viscoelastic polymer
solutions.”**”%

It appears that up to a given proximity of the free surface, which
is located at z = 250 mm, both L7, and LZ, scales follow a linear trend
with z, as observed by Thompson and Turner’ in water. We notice
that the change in trend trend happens at higher depths (smaller z)
for the vertical scale LZ, than for the horizontal one and that this
depths increases with polymer concentration. This is consistent
with the fact that vertical velocity structures are kinematically con-
strained by the horizontal interface, and larger for large polymer
concentrations (to be detailed in Lacassagne et al.”?).

As for the slope of the different linear trends, denoted, respec-
tively, a for Ly, and f3 for LZ,, they are reported in the subfigure (c)
of Fig. 9 and compared with the value predicted by Thompson and
Turner’ for water, Crr = 0.1. The value of a for Cxg = 0 is quite
close to the expected Crr value. Both « and f3 increase with poly-
mer concentration up to 50 ppm and seem to initiate a decrease for
Cxc > 50 ppm, meaning that the growth of flow structure moving
away from the grid is enhanced by the presence of polymer at the
onset of the dilute regime and that this enhancement may no longer
happen in the semidilute one.
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Finally, the relative evolution of L7, and L7, can be quantified
by computing the ratio r = B/« at each concentration. > 1 indi-
cates that the vertical dimension of structures increases faster that
the horizontal one, and r < 1 the opposite. Figure 9(d) shows that r
is slightly below 1 for water, but increases up to a value of almost 2
for Cxg = 50 ppm before decreasing again for Cxg = 100 ppm. The
conclusion to that is that the presence of polymer in the concentra-
tion range Cxc < 50 ppm not only enhances the growth of turbu-
lence structures moving away from the grid but also the anisotropy
of the growth: the vertical elongation of eddies is promoted. Both
behavior yet seem to reduce when approaching the semidilute
regime.

4. Isotropy

For OGT in water, it is known that the vertical component
of turbulence is stronger than the horizontal one because this is
the orientation of the grid forcing. Hence, OGT is by nature not
fully isotropic in a vertical plane. An indicator of the 2D isotropy
of turbulence in the (%,Z) plane, I;, can be defined by dividing
the HT profiles of the vertical component by the horizontal one,
I = ul/uy.

The I; indicator is as expected generally above 1, thus confirm-
ing that the vertical velocity fluctuations rms is always larger than the
horizontal one, for water and all polymer concentrations. Accord-
ing to the description of Hopfinger and Toly," the rms of vertical
velocity fluctuations should be proportional to the rms of horizon-
tal ones with a constant proportionality coefficient Cs,,,. I profiles
should thus be constant along z, which is here only observed as a first
approximation in the dilute regime as will be discussed hereinafter.
In this first approximation, the anisotropy coefficient, correspond-
ing to the second HT constant C,,,, can then be obtained for each
working fluid as the average of I over z (Fig. 10). In the literature
(see Sec. II A 1), its value is between 1.1 and 1.4 for water.

Cour is found to increase with polymer concentration (see
Fig. 10 and values reported in Table II), first moderately, and then

Cxc (ppm)

FIG. 9. Integral length scales of turbulence in the dilute
regime. (a) Horizontal scale of horizontal velocity fluctua-
tions LY, as a function of the distance to the grid z. (b)
Vertical scale of vertical velocity fluctuations LZ, as a func-
tion of the distance to the grid z. Markers in (a) and (b)
are represented for only one in ten data points, for the
sake of readability. (c) Slopes « and f3 of linear trends of,

respectively, LY, and LZ, a small z, as a function of polymer
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FIG. 10. Vertical profiles of anisotropy /s for water and poly-
mer solutions at different concentrations. (a) /s Isotropy pro-
files. The typical uncertainty on /s is twice that of 4., or u,

profiles, i.e., £10%. (b) Evolution of Cs,,,, computed as the
average of /s over z, with polymer concentration. Dashed
lines are boundaries of the usual range of values found for
water 1.1 < C,,,, < 1.4. Vertical bars represent standard
deviation of C,,,, along z around its average value for each
concentration. Markers in (a) are represented for only one
in ten data points, for the sake of readability.
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faster above 100 ppm concentrations. The first conclusion is thus
that the presence of polymer tends to promote turbulence anisotropy
and that this increased anisotropy is all the more important when
polymer concentration is high. Yet, for concentrations lower than
100 ppm, the value of HT’s second constant stay inside the range
found in the literature for water up to the error bar amplitude,
despite the slight increase observed. When entering the semidi-
lute regime, that is to say at concentrations above 100 ppm, Capr
increases much faster with concentration.

Nevertheless, looking at the evolution of I; with z, we notice
that for polymer solutions, a slight increase of I is observed with
increasing z. Barely visible at low concentrations, this increase
seems all the more important that polymer concentration is high,
especially for Cxg > 250 ppm. For the two higher concentrations
studied, I, is clearly no longer constant with z. The estimation
of Cy,, by z-averaging of I; should thus be interpreted carefully:
as long as I; can be considered constant with z, here to a first
approach for Cxg < 100 ppm, the hypothesis of HT holds and
anisotropy can be fully described by the evolution of C,,,. When
I increases with z, it means that 1} and u, are no longer propor-
tional and that u increases faster than u;. Hence the HT expo-
nent for u, is likely higher than the one for uy. Anisotropy is then
expressed not only by C,,, but also by the ratio of decay expo-
nents for u, and u,. Increased anisotropy of turbulence in poly-
mer solutions was already observed by Gupta, Sureshkumar, and
Khomami® or Cai et al.”’ in channel flows of viscoelastic poly-
mers, or in turbulent front propagation experiments by Cocconi
et al.”’ In the first case, it is explained by the ability of polymer
chains to align with the mean flow. In the second one, it likely
comes from a reorganization of turbulence leading to an align-
ment of polymers with vorticity, which is, as the authors stress
out, somehow similar to the mean-flow alignment observed in

channel flows. Here, the fact that C,,,, is above unity and increases
with Cxg fits well in this picture: the grid motion being verti-
cal, polymer chains preferentially settle along the periodic verti-
cal shear induced by the grid, and vertical turbulent fluctuations
are promoted. The specific behavior observed in the semidilute
regime has to be tempered by the fact that for such concentra-
tions turbulence is very weak, event in the region close to the
grid, and transitions to laminar or even motionless in the rest of
the tank.

As a last remark, one notices that when approaching the free
surface (located here at Z close to 250 mm), the previous increas-
ing trend of I with z is reversed, the values of I; decrease. This
suggests that the free surface damps the vertical fluctuations of
turbulence more efficiently than the horizontal ones (see Ref. 79).
Not accounted for by the laws of Ref. 4, this could translate
by a strong differentiation of the two power law exponents for
u, and ul,.

5. Homogeneity

Finally, in order to measure horizontal homogeneity, we define
the quantity H;' as the standard deviation over an horizontal line at
altitude z of the 2D field of rms velocity fluctuations in dimension j
(j being x or z), normalized by the reference (width averaged) rms uJ(
at this depth. The smaller the Hy or Hy, the higher the homogeneity
in dimension x at a given z. Homogeneity indicators H; or Hy do
not show any trend along z. Values of H; averaged over z, denoted
H, are reported in Table II. Uncertainty on H value is computed as
the standard deviation of H; over z. H does not seem to depend on
polymer concentration. This implies that polymer has a lesser effect
on turbulence homogeneity than on its isotropy. This is obviously
only valid in the central region of the ROI defined previously, for
-2.5M < x < 2.5M.
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V. DISCUSSION
A. Concentration regimes and drag reduction

Several characteristic polymer concentrations emerge from the
previous results and observations. The different concentration sub-
ranges and their characteristics in terms of mean flow and turbu-
lence are summarized in Fig. 11. Apart from the 100 ppm concen-
tration which marks the transition between the dilute and semidilute
regime, two specific critical concentrations can be evidenced within
the dilute regime itself: Cx¢ = Cpi ~ 20 ppm and Cxg = Cpz ~ 50
ppm. This leads to three dilute subregimes referred to as DO, D1
and D2.

The first critical concentration marks the limit of an extremely
dilute behavior of the polymer corresponding DO to the very onset
of polymer action on both mean flows and turbulence. It is worth
noting that the existence of such turbulent inner dilute regimes was
already evidenced for other polymer molecules (PEO, with a 25 ppm
critical concentration””™).

The second one corresponds to the maximum mean flow
enhancement concentration reached between D1 and D2 (all mean
flow indicators increase between 0 and 50 ppm), and also to the max-
imum large turbulent scale enhancement, in an anisotropic fashion
(see Fig. 9). It can be inferred that this state of maximize mean
flow, found at 50 ppm, corresponds to a given state of polymer-
flow interactions (alignment, ratios between polymer relaxation time
scales and turbulent time scales. . .). A maximized mean flow would
imply that interactions between polymer and small turbulent struc-
tures are reduced and energy transfer toward large scales of the
flow are favored. The question is then the flowing: since the poly-
mer concentration lies inside the dilute entanglement regime (lower
than 100 ppm) for which mechanical interactions between poly-
mer chains is assumed negligible, what then causes polymer chains
to exhibit variable response to the flow? A possible explanation is
the existence of polymer-polymer electrical interactions. It is indeed
known that when transitioning from the dilute to the semidilute
regime, long chained XG molecules first see each other through
repulsive and attractive electrical forces caused by the presence of
electrically charged complex on the polymer carbonate backbone.”
Would this mean that the critical 50 ppm concentration marks the
onset of polymer electrical interactions, “smoothing” the dilute to
semidilute transition? This open question needs to be answered
by a coupling between the knowledge of typical flow time scales,
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and theoretical models of polymer conformation state and electrical
interactions.

It is in that sense interesting to notice that a critical concen-
tration for drag reduction of XG solutions is found quite close, at
Cxc = 70 ppm by Wyatt, Gunther, and Liberatore.”’ These previous
concentrations can indeed be related to the drag reduction prop-
erties (type B) of XG. Wyatt, Gunther, and Liberatore®' evidenced
drag reduction for XG flowing in pipes at XG concentrations down
to 20 ppm. Sohn et al.” achieved drag reduction by XG in a rotating
disk apparatus at concentrations down to 10 ppm, but found a criti-
cal concentration for maximum drag reduction at 200 ppm. Pereira,
Andrade, and Soares™ observed drag reduction for XG concentra-
tion as low as 2 ppm, and a critical concentration at 37.5 ppm below
which drag reduction efficiency falls with increasing Cxg and above
which it increases. They stressed that this last two-trend behavior
is significantly different from that of type A drag reducing poly-
mers, for which drag reduction monotonously increases with poly-
mer concentration. These last remarks support our observations that
several hydrodynamic subregimes of concentration can exist for XG
and long chained polymers. As it is the case for drag reducing prop-
erties, the values of these critical concentrations should depend on
the conformation of the polymer chains, on the presence of salt that
may modify this conformation,”**” on the entanglement state, and
on the molecular weight of the polymer chains.”*" The first critical
concentration Cp1, comparing to low critical drag reduction concen-
trations, is thus likely related to conformation effects and physical
properties of polymer chains. The second, higher, critical concen-
tration Cp, could be explainable by mean shear alignment effects.
The critical concentration, Cxg = 100 ppm (and the 100 ppm-
150 ppm transition) is by definition connected to polymer-polymer
interactions.

B. Possible mean flow production and feeding
mechanisms

In McCorquodale and Munro," a physical explanation of the
origin of the mean flow in OGT is proposed. The authors argue that
mean flow arises when there is “a significant difference in the rela-
tive strengths of the jets produced by the oscillating grid in different
regions of the tank,” and relate it to a Coanda effect applying on the
jets closer to the walls. The authors check that when artificially sep-
arating the side jets from the central ones, using an inner box, mean

Turbulence
Anisotropy | C2ur Constant or slight increase Strong anisotropy increase |
Integral scales ap.r Increase Decrease ?
Decay rate n Increase| Decrease, single slope | 2 slopes ‘
Mean flow
Vorticity | 2, 0t,, Increase, correlated to De |Decrease FIG. 1[:_- Summla{;y of |qg:cators art]d tf.IOW
Central velocity| 4, A/(fS) Increase Decrease g;%psk::sh Z¥%gr:22n¥;t|oﬁor2;?r?1£: ;)nn(i
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flow intensity is significantly reduced inside that inner box. What
can be added to this picture when the working fluid is a shear thin-
ning polymer solution, is the fact that strong shearing of the fluid in
the region between the grid and the wall tends to locally reduce the
average viscosity on the sides of the tank. Jets induced by the grid
motion are thus by nature of even more variable strength depend-
ing on their distance from the wall: near wall jets on each side of
the tank see a statistically lower viscosity than jets close to x = 0.
The fact that mean flow is enhanced in the presence of polymer in the
dilute regime is thus consistent with the mean flow origin proposed
by McCorquodale and Munro."

It has also been shown in several studies that the effect of
polymer can propagate to larger scales (see Sec. II B). This can
translate for example into an increase of integral length scales and
of large scale fluctuations of velocity.”*”*®” This up-scale energy
transfer”” could be another feeding mechanisms for the mean flow,
explaining its enhancement with increasing polymer concentration
in the dilute regime. To confirm such an hypothesis, it would be
interesting to study turbulence inside the grid sweep region and
try to evidence energy transfer terms that could fuel the mean
flow.

VI. CONCLUSION AND PERSPECTIVES

In this work, the hydrodynamics in an oscillating grid stirred
tank filled with either water or shear-thinning XG solutions have
been investigated. It is found that the presence of polymer tends
to enhance the mean flow in the dilute regime, by structuring and
increasing the two side recirculations already existing in water. This
mean flow increase can be related to the shear-thinning Deborah
number in the dilute regime. In the semidilute regime, the further
increase of viscosity not being followed by an increase in De leads
to a collapse of the mean flow. As for turbulence, its properties
also evolve with polymer concentration, especially its decay rate, its
isotropy, and the size of its largest turbulent structures. In the dilute
regime, the HT and TT descriptions of OGT in water can be adapted
to shear thinning XG solutions.

Oscillating grid apparatuses can thus be used as tools to gen-
erate controlled turbulence in dilute regime shear thinning polymer
solutions. In this concentration range, laws for OGT in dilute poly-
mer solutions can be compared to those in water. A non-negligible
mean flow has to be accounted for, but it is mostly acting in the bulk
flow of OGT in the z < 4M region. Mean flow over turbulent inten-
sity levels remain comparable closer to the free surface for z > 4M,
making it possible to study turbulence, mixing and mass transfer
boundary layers in such fluids, as done in water.

The overall evolution of hydrodynamic properties with poly-
mer concentration can be described by several critical concen-
trations, splitting the dilute and semidilute entanglement regimes
into several hydrodynamic subregimes. In particular, it is worth
noting that transition exists at concentrations as low as about
Cxc ~ 20 ppm, comparable to critical concentrations for drag reduc-
tion. A more extensive characterization of turbulence properties
would come from a parametric study of the influence of f, S or M
on the velocity and integral scales of turbulence. This could, for
example, allow to discuss the value of Cy,,, in polymer solutions, and
its possible dependency on Rey. Three-dimensional effects in turbu-
lence and mean flow could be investigated by either additional PIV
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measurements in other planes of the tank or directly by using three-
dimensional particle tracking methods. Finally, the mechanisms of
turbulence and mean flow production at the grid level remain to be
fully understood. Interesting data could be brought by velocity mea-
surements inside the grid sweep region, and by the study of energy
fluxes transferred between oscillating motion induced by the grid,
turbulence, and mean flow structures.
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