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Oscillating grid turbulence in shear-thinning polymer solutions

I. INTRODUCTION

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 [START_REF] Mccorquodale | Experimental study of oscillating-1104 grid turbulence interacting with a solid boundary[END_REF][START_REF] Mccorquodale | Analysis of intercomponent energy 1107 transfer in the interaction of oscillating-grid turbulence with an imperme-1108 able boundary[END_REF] , in stratified media [START_REF] Thompson | Mixing across an interface due to tur-1110 bulence generated by an oscillating grid[END_REF][START_REF] Hopfinger | Spatially decaying turbulence and its re-1113 lation to mixing across density interfaces[END_REF][START_REF] Xuequan | On mixing across an interface in stably 1116 stratified fluid[END_REF][START_REF] Verso | Steady state model and ex-1118 periment for an oscillating grid turbulent two-layer stratified flow[END_REF] , or to study the behavior of bubbles, cells, fibers and aggregates suspended in a turbulent liquid phase [START_REF] Nagami | An Experimental Study of the Modulation of 1121 the Bubble Motion by Gas-Liquid-Phase Interaction in Oscillating-Grid 1122 Decaying Turbulence[END_REF][START_REF] San | Algal Bioproductivity in Turbulent 1125 Water: An Experimental Study[END_REF][START_REF] Rastello | Sediment erosion in zero-1127 mean-shear turbulence[END_REF][START_REF] Mahamod | Spatial and 1129 temporal behavior of pb, cd and zn release during short term low intensity 1130 resuspension events[END_REF] . Such devices are said to generate quasi homogeneous and isotropic turbulence in horizontal planes (parallel to the grid), and to yield theoretically no mean flow, which is their major advantage compared to fixed grid setups. The absence of a strong mean shear avoids the destruction of complex fluids' components (fibers, polymer chains, cells) that is sometimes observed in fixed grid turbulence [START_REF] Vonlanthen | Grid turbulence in dilute polymer 1132 solutions: PEO in water[END_REF] . 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 Induced Fluorescence). It will yet be shown hereinafter that the validity of this no-mean flow assumption is limited without any reduction of turbulent properties. Note that when a mean flow does exist in oscillating grid systems, it takes the shape of a set of stationary recirculation patterns, as will be extensively discussed in this work. The term "mean flow" will hereinafter refer to these recirculation, which can sometimes be called "secondary recirculation" in the literature.

For the previous reasons, this type of device has been extensively used for the study of turbulence and gas-liquid mass transfer at free surfaces [START_REF] Brumley | Near-surface turbulence in a grid-stirred 1134 tank[END_REF][START_REF] Mckenna | The role of free-surface turbulence 1136 and surfactants in air-water gas transfer[END_REF][START_REF] Herlina | Gas transfer at the air-water interface in a turbulent flow envi-1139 ronment[END_REF][START_REF] Chiapponi | Experimental study on oscillat-1141 ing grid turbulence and free surface fluctuation[END_REF] . The combination of numerical simulations [START_REF] Magnaudet | High-Reynolds-number turbulence in a shear-free boundary 1144 layer: revisiting the Hunt-Graham theory[END_REF][START_REF] Magnaudet | Turbulent mass transfer through a flat shear-1147 free surface[END_REF][START_REF] Herlina | Direct numerical simulation of turbulent 1149 scalar transport across a flat surface[END_REF] and experiments [START_REF] Herlina | Experiments on gas transfer at the air-water in-1152 terface induced by oscillating grid turbulence[END_REF][START_REF] Janzen | Esti-1155 mation of mass transfer velocity based on measured turbulence parameters[END_REF][START_REF] Turney | Air-water gas transfer and near-surface 1158 motions[END_REF][START_REF] Variano | Turbulent transport of a high-Schmidt-1160 number scalar near an air-water interface[END_REF][START_REF] Lacassagne | Study of Gas Liquid Mass Transfer in a Grid Stirred Tank[END_REF] has allowed to describe the behavior of turbulence close to a flat air-water interface, u x = C 1 HT . f .S 1.5 .M 0.5 .z n u z = C 2 HT .u x (1) Where f is the grid frequency, S the amplitude of oscilla- 

118 L = C T T .z (2) 
Where, C T T 0.1,C 1 HT 0.25, C 2 HT 1.2, and n = -1 119 in the original works. These relationships have been verified 120 by a number of studies [START_REF] Xuequan | On mixing across an interface in stably 1116 stratified fluid[END_REF][START_REF] Verso | Steady state model and ex-1118 periment for an oscillating grid turbulent two-layer stratified flow[END_REF][START_REF] Brumley | Near-surface turbulence in a grid-stirred 1134 tank[END_REF][START_REF] Herlina | Gas transfer at the air-water interface in a turbulent flow envi-1139 ronment[END_REF][START_REF] Mcdougall | Measurements of turbulence in a zero-mean-shear mixed 1199 layer[END_REF][START_REF] Nokes | On the entrainment rate across a density interface[END_REF][START_REF] Silva | Some aspects of mixing in a strati-1203 fied turbulent patch[END_REF][START_REF] Chu | Turbulent gas flux measurements below the 1205 air-water interface of a grid-stirred tank[END_REF][START_REF] Matsunaga | Quantitative 1208 properties of oscillating-grid turbulence in a homogeneous fluid[END_REF] . The values of the differ-121 ent constants vary among the works in the following ranges: and the distance to the grid C T T was also found to depend on 125 the S/M ratio [START_REF] Hopfinger | Spatially decaying turbulence and its re-1113 lation to mixing across density interfaces[END_REF][START_REF] Wan Mohtar | Oscillating-grid turbulence at large strokes: Revis-1211 iting the equation of Hopfinger and Toly[END_REF] .

126 It should also be noted that the previous laws are valid for 127 turbulence both above and below the grid [START_REF] Hopfinger | Spatially decaying turbulence and its re-1113 lation to mixing across density interfaces[END_REF][START_REF] Verso | Steady state model and ex-1118 periment for an oscillating grid turbulent two-layer stratified flow[END_REF] , regardless of the 128 boundary condition, except at the vincinity of the either liq-129 uid/solid or liquid/gas interface where turbulence is affected 130 by boundary layer interactions [START_REF] Mccorquodale | Experimental study of oscillating-1104 grid turbulence interacting with a solid boundary[END_REF][START_REF] Mccorquodale | Analysis of intercomponent energy 1107 transfer in the interaction of oscillating-grid turbulence with an imperme-1108 able boundary[END_REF][START_REF] Brumley | Near-surface turbulence in a grid-stirred 1134 tank[END_REF][START_REF] Lacassagne | Study of Gas Liquid Mass Transfer in a Grid Stirred Tank[END_REF] . However, mean flow 131 patterns that develop in the tank should depend on boundary 132 conditions. In this work, we will more specifically focus on 133 the case of the flow above the grid and below a free surface. It has been known since the late 1940's [START_REF] Toms | Some observation on the flow of linear polymer solu-1219 tions through straight tubes at large Reynolds numbers[END_REF] that a very small concentration of polymer diluted in a solvent could drastically reduce drag. This phenomenon is called drag reduction, since it may decrease the pressure drop in a pipe by up to 80 % [START_REF] Van Doorn | The decay of grid 1222 turbulence in polymer and surfactant solutions[END_REF] .

As it is of paramount interest in many applications such as hydraulics systems or oil and gas industry, a huge number of studies have already addressed this topic [START_REF] Nadolink | Bibliography on Skin Friction Reduction 1225 With Polymers and Other Boundary-Layer Additives[END_REF] .

Since OGT is driven both by large scale motion of the grid The physical mechanisms of drag reduction relies on the interactions between polymer chains and the flow, and the scales at which polymers can take or give energy to the fluid. Polymer chains' structure gives them the ability to deform elastically and store energy at small scales [START_REF] Lumley | Drag Reduction by Additives[END_REF] , which tends to truncate or modify the flow energy cascade before reaching the Kolmogorov scale [START_REF] Tabor | A Cascade Theory of Drag Reduction[END_REF][START_REF] Warholic | Influence of drag-reducing 1243 polymers on turbulence: effects of Reynolds number, concentration and 1244 mixing[END_REF][START_REF] Warholic | A study with 1246 particle-image velocimetry of the influence of drag-reducing polymers on 1247 the structure of turbulence[END_REF][START_REF] Xi | Elastic Energy Flux by Flexible 1249 Polymers in Fluid Turbulence[END_REF][START_REF] Nguyen | Small scale dynamics of isotropic viscoelastic turbulence[END_REF] . Such interactions should also impact turbulence in the homogeneous isotropic case, without high shear and boundary layers effects. It has been shown from direct numerical simulations [START_REF] De Angelis | Homogeneous 1254 isotropic turbulence in dilute polymers[END_REF][START_REF] Cocconi | Small scale dynamics of a shearless turbulent/non-turbulent interface in 1258 dilute polymer solutions[END_REF] and experiments [START_REF] Warholic | A study with 1246 particle-image velocimetry of the influence of drag-reducing polymers on 1247 the structure of turbulence[END_REF][START_REF] Liberzon | Turbu-1260 lence in dilute polymer solutions[END_REF][START_REF] Liberzon | On turbu-1262 lent kinetic energy production and dissipation in dilute polymer solutions[END_REF][START_REF] Liberzon | On the effects of dilute polymers on driven cavity turbulent 1265 flows[END_REF] that the Eulerian quantities of the bulk turbulence (strain, enstrophy, Reynolds stress, velocity gradients fields) are strongly reduced at small scales in viscoelastic solutions. The same conclusions can also be drawn using an experimental Lagrangian approach. Crawford et al. [START_REF] Crawford | Fluid accel-1267 eration in the bulk of turbulent dilute polymer solutions[END_REF] for example performed time resolved measurement of Lagrangian acceleration of tracer particles in a washing-machine turbulence and found that the rms and isotropy of particle accelerations were substantially 225 decreased in dilute polymer solutions as compared to water.
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Viscous dissipation is reduced as the dissipation by the poly-227 mer chain increases: polymer chains store energy at small 228 scales and so the small scales of turbulence are damped. But

229

the effect of polymer also propagates to larger scales. This 230 can translate for example into an increase of integral length 231 scales and of large scale fluctuations of velocity [START_REF] De Angelis | Homogeneous 1254 isotropic turbulence in dilute polymers[END_REF][START_REF] Liberzon | On turbu-1262 lent kinetic energy production and dissipation in dilute polymer solutions[END_REF][START_REF] Liberzon | On the effects of dilute polymers on driven cavity turbulent 1265 flows[END_REF] . This 232 is also the case in inelastic shear-thinning solutions [START_REF] Rahgozar | On turbulence decay of a shear-thinning fluid[END_REF] . Nguyen chains is also known to affect many features of flows, turbu-264 lent or not, from large to small scales, as described recently in 265 several works [START_REF] Rahgozar | On turbulence decay of a shear-thinning fluid[END_REF][START_REF] Bentata | Experimental study of low inertia vortex rings in shear-thinning fluids[END_REF][START_REF] Cagney | Taylor-Couette flow of shear-thinning fluids[END_REF] .

C. Grid turbulence in polymer solution 267

The influence of non-Newtonian behavior on grid 268 turbulence has been mainly studied for fixed grid 269 configuration [START_REF] Van Doorn | The decay of grid 1222 turbulence in polymer and surfactant solutions[END_REF][START_REF] Fabula | An experimental study of grid turbulence in dilute highpolymer solutions[END_REF][START_REF] Barnard | Grid turbulence in dilute polymer solutions[END_REF][START_REF] Greated | Effect of Polymer Additive on Grid Turbulence[END_REF][START_REF] Friehe | Grid-generated turbulence in dilute polymer solutions[END_REF][START_REF] Mccomb | Effect of polymer additives on the small-scale structure of grid-generated turbulence[END_REF] [START_REF] Cocconi | Small scale dynamics of a shearless turbulent/non-turbulent interface in 1258 dilute polymer solutions[END_REF] .

Wang et al. [START_REF] Wang | Experimental Study 1186 on Two-Oscillating Grid Turbulence With Polymer Additives[END_REF][START_REF] Wang | Proper orthogonal decomposition analysis for two-oscillating grid turbu-1190 lence with viscoelastic fluids[END_REF] 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 polymer tends to decrease the small scale effects of turbulence, and that this decrease can not 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 suppression effect arose only when reaching a critical polymer concentration (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 solution 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. for future studies of scalar transfer at gas-liquid interfaces [START_REF] Lacassagne | Oscillating grid turbulence and its influence on gas liquid mass trasnfer and mixing in non-Newtonian media[END_REF] .
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The rheological properties of such solutions have been mea- 

351 µ -µ ∞ µ 0 -µ ∞ = (1 + (t CY γ) a ) p-1 a (3) 
Where the zero shear rate and infinite shear rate Newtonian 

Re g = ρ f S 2 µ 0 (4)
The density ρ of the fluid is assumed equal to that of wa- 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 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 semi-dilute transition. This suggests that the dilute regime is itself composed of two sub-regimes: a very dilute one in which both vortex intensity and size increase, and a transition to semi-dilute one in which the vortex intensity keeps 703 increasing but its region of influence reduces. 

Decay of turbulence intensity

Profiles of u x as a function of z are shown in figure 7 a).

For C XG < 250 ppm, it appears that all the profiles, water and polymer solutions, follow a power law of constant exponent as predicted by the relationship of Hopfinger and Toly 4

(equations 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 [START_REF] Hopfinger | Spatially decaying turbulence and its re-1113 lation to mixing across density interfaces[END_REF] , u x and u z should be proportional, resulting in a single value of n. Following this hypothesis, this value is estimated for each concentration by fitting both the u x and u z (not shown here) profiles with power laws, and averaging the two resulting exponents. The difference between these two exponents yields the dispersion bars represented on figure 7 (corresponding to the uncertainties in table II).

Values of n are reported in table II and In the semi-dilute regime, the decay of turbulence departs from the HT behavior: the last two concentrations exhibit two asymptotic slopes separated by a transition area, a first one n , at small z, which keeps decreasing with increasing C XG but not following the linear trend of n, and a second one n"=0 at large z. In this second region, turbulent velocity fluctuations are extremely small and the mean flow is low as well (see figure 3). Viscous dissipation reduces the velocity magnitudes, hence the local shear rate, which further increases viscosity and consequently the dissipation (negative n). This 760 accumulated effect makes the fluid practically turbulence-free 761 and motionless, which is in some ways equivalent to a cavern 762 effect observed in stirred tanks [START_REF] Xiao | Modeling of cavern formation in 1313 yield stress fluids in stirred tanks[END_REF] . solutions compared to water. This was previously observed in 822 several studies of turbulence in shear-thinning or viscoelastic 823 polymer solutions [START_REF] De Angelis | Homogeneous 1254 isotropic turbulence in dilute polymers[END_REF][START_REF] Liberzon | On turbu-1262 lent kinetic energy production and dissipation in dilute polymer solutions[END_REF][START_REF] Liberzon | On the effects of dilute polymers on driven cavity turbulent 1265 flows[END_REF] . power law exponents for u x and u z .

Homogeneity

Finally, in order to measure horizontal homogeneity, we define the quantity H x j 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 u j at this depth. on the molecular weight of the polymer chains, [START_REF] Wyatt | Rheology and viscosity scaling of the polyelectrolyte xanthan gum[END_REF][START_REF] Pereira | Drag reduction induced 1326 by flexible and rigid molecules in a turbulent flow into a rotating cylindrical 1327 double gap device: Comparison between Poly (ethylene oxide), Polyacry-1328 lamide, and Xanthan Gum[END_REF] . The first 

  115 tions (or Stroke), and the mesh size M. An expression for the 116 evolution of the horizontal integral length scale of turbulence 117 L with z comes from the work of Thompson and Turner 3 :

122C

  T T ∈ [0.1..0.4], C 1 HT ∈ [0.2..0.3], C 2 HT ∈ [1.1..1.4]. The 123 proportionality coefficient between the integral length scale
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134 2 .

 2 Mean ow 135 At first, the concept of OGT generating no mean flow, 136 but only isotropic and homogeneous turbulence, was rather 137 well believed. With the development of PIV techniques al-138 lowing further spatial investigations of the flow inside OGT 139 tanks, it became clear that a mean flow always establishes, 140 even when matching the previous requirements. McKenna 141 and McGillis 41 showed the existence of persistent mean flow 142 structures, with relative high kinetic energy level as compared 143 to the turbulent kinetic energy. Moreover, this mean flow 144 seems to be poorly repeatable and strongly dependent on ini-145 tial conditions 14 . It is therefore really hard to predict the mean 146 flow that could occur in the oscillating tank during a spe-147 cific measurement, and this is one of the main limitations of 148 OGT systems. Oscillating grid apparatus should thus be seen 149 as ways of generating controlled turbulence with low mean 150 flow rather than as a tool to produce completely mean shear 151 free, homogeneous and isotropic turbulence. McCorquodale 152 and Munro 42 recently suggested a method for reducing mean 153 flows in OGT using an inner box placed inside the stirred tank 154 to separate the wall-induced vortices from the rest of the flow. 155 This will be discussed in section V B. 156 Nevertheless, it is important to point out that all the previ-157 ous conclusions are yet only valid and established when con-158 sidering OGT in water (or other Newtonian fluids). Character-159 ization of turbulence velocity fluctuations and integral length 160 scales, and evidence of mean flows associated to OGT in shear 161 thinning polymer solutions are yet to be performed. This is the 162 scope of this study. In order to understand the changes that 163 may arise upon polymer addition, the following paragraphs 164 briefly summarize the literature of turbulence in polymer solu-165 tions. Studies involving grid turbulence in polymer solutions 166 are detailed in section II C.167 B. Drag reduction and turbulence in polymer solutions

  and by boundary layer interactions at the grid's bar level, drag reduction should be one of the mechanisms at the origin of the modification of flow properties by the polymer. The basic principle is that the polymer molecules introduced in the solvent act as molecular springs, undergoing coil-stretch transition thus storing part of the kinetic energy of the flow[START_REF] Lumley | Drag Reduction by Additives[END_REF][START_REF] Sreenivasan | The onset of drag reduction by dilute 1230 polymer additives, and the maximum drag reduction asymptote[END_REF] . This is especially efficient in high shear regions close to the walls and leads to an apparent increase in the buffer layer thickness of the boundary layer and a drastic reduction of the friction. For a given concentration of polymer, the friction coefficient variations as a function of the Reynolds number departs from the classical Prandtl-Karman law when reaching an onset Reynolds number. This is called the onset of drag reduction[START_REF] Sreenivasan | The onset of drag reduction by dilute 1230 polymer additives, and the maximum drag reduction asymptote[END_REF] . The higher the polymer concentration, the lower the Reynolds number at the onset. When further increasing Re after the onset, the friction factor decreases extremely rapidly until it reaches an asymptotic trend. Depending on the nature of the polymer, two types of drag reduction leading to two asymptotic slopes are possible. In type A drag reduction, the friction coefficient tends to what is called the maximum drag reduction asymptote empirically determined by Virk[START_REF] Virk | Drag reduction fundamentals[END_REF] (see Sreenivasan and White[START_REF] Sreenivasan | The onset of drag reduction by dilute 1230 polymer additives, and the maximum drag reduction asymptote[END_REF] , figure1). In type B drag reduction, it ultimately follows a Prandtl-Karman slope shifted towards lower friction coefficients[START_REF] Virk | Aspects of Mechanisms in Type B Drag 1235 Reduction[END_REF] . The drag reduction level of this last curve is fixed by the polymer concentration. Type A is characteristic of flexible random coiled and highly deformable polymer chains (eg. PolyEthylene Oxide, PEO), and type B of relatively rigid, elongated and undeformable molecules. XG studied here is of this second type[START_REF] Virk | Drag reduction by collapsed and extended polyelectrolytes[END_REF] . This last observation stresses the importance of polymer conformation and rigidity in its interactions with the flow.

233

  et al.[START_REF] Nguyen | Small scale dynamics of isotropic viscoelastic turbulence[END_REF] recently studied the flow-polymer interactions in the 234 dissipative range and showed that the polymer pumps energy 235 at small scale when it is deformed by flow structures, and 236 can give back a part of this energy to the flow when relax-237 ing, thus explaining the up-scales propagation observed ex-238 perimentally. As for OGT, we should thus expect an influence 239 of the polymer on the large scale flow patterns. This is indeed 240 described in section IV A. 241 In channels or pipes, most of the strain field to be re-242 duced can be found near the walls, and the forcing is done 243 at small scales (roughness of the wall), hence the polymer 244 effects are felt at low concentrations, typical of drag reduc-245 tion. For example, Cai et al. 63 observed that viscoelastic-246 ity strongly decreased both the frequency and the intensity of 247 burst events generated at the bottom of a channel flow by in-248 hibiting the small scale coherent structures in the sheared sub-249 layer. However, when forcing turbulence by energy injection 250 at scales larger than the cutoff scale, polymers do not play 251 a role at the turbulence production step, and non-Newtonian 252 effects are found to appear for concentrations larger than typ-253 ical drag reduction concentrations 59 . Finally, an interesting 254 feature observed in flows with strong mean shears such as 255 channel flows 63,64 is an increase of turbulence anisotropy. It 256 comes from the tendency of polymer chains to align with the 257 main shear direction, leading to an increase in tangential ve-258 locity fluctuations and a decrease in the normal ones. This 259 effect was lately observed to happen during the propagation 260 of a turbulent/non-turbulent interface as well, where polymer 261 chains tend to align with the turbulent front 57 . Apart from 262 elasticity, shear-thinning induced by the presence of polymer 263
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  sured using a MCR 302 Anton Paar Rheometer. Their shear 349 thinning behavior is modeled by a Carreau-Yasuda (CY) equa-350 tion :
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 363367370 By plotting the evolution of the characteristic timescale359 with polymer concentration (figure 1), one can clearly evi-360 dence the three main entanglement concentration domains for 361 XG in aqueous salt-free solutions defined by Cuvelier and 362 Launay 75 and Wyatt and Liberatore 76 . The dilute regime (D) in which the interaction between 364 isolated polymer chains and the flow are dominant, and 365 interactions of polymer chains between each other are 366 negligible. The semi-dilute (SD) regime, in which the electro-368 static and mechanical interactions between molecule 369 becomes significant The concentrated (C) regime, for which chain entan-371 glement is the dominant mechanism of the liquid phase 372 rheology. 373 The transition concentration between the three regimes are 374 identical to the ones observed by Wyatt and Liberatore 76 , and 375 so are the zero shear rate viscosity magnitudes. Time scales measured for the present study are typically one order of mag-377 nitude lower. This is explainable by the fact that the proper-378 ties of XG are very sensitive to the molar mass M w of the 379 polymer, which depends itself on production and dissolution 380 conditions 73 . Moreover, in order to avoid the formation of 381 disordered chains during dissolution, and ensure the repro-382 ductibility of measurements, special care has to be taken in 383 the pocess of dissolving XG. Only distilled water is used wi-384 hout adding any salt, and moderate stirring and heating conditions are applied as specified by Garcia-Ochoa et al. 73 . In 386 this rheological characterization, the uncertainty on C XG is of 387 the order of 1%. The procedure used for the fabrication of XG 388 solutions for PIV experiments yields uncertainty up to 10% on 389 C XG (see Lacassagne 74 appendix A). The associated horizon-390 tal error bars are not shown on following figures in the interest 391 of clarity, but this uncertainty has to be kept in mind, espe-392 cially when discussing critical polymer concentrations in sec-393 tion V A. In this work, the concentration range between 0 and 394 500 ppm is explored. The focus is made on the dilute regime. 395 The onset of the semi-dilute regime is also considered, but 396 no measurement is performed in the inner semi-dilute regime 397 evidenced by Wyatt and Liberatore 76 between 100 ppm and 398 200 ppm (see figure 1 a), slope equal to -0.5).399 B. Oscillating grid setup 400 Turbulence is generated in a transparent tank of a 277 mm 401 by 277 mm inner cross section. The fluid height is set at 402 H f = 450 mm and the distance between the surface and the 403 average grid position is 250 mm. The vertical axis, oriented 404 upwards, is noted z, and x and y are the axis defined by the 405 grid bars. The origin of the reference frame is placed at the 406 grid average position (z=0) at the crossing between the two 407 central bars. In this study only polymer concentration is var-408 ied and all oscillations parameters are kept constant. The grid 409 has square section bars of width equal to 7 mm, and the mesh 410 parameter (distance between two grid bars) is M = 35 mm. 411 This yields a solidity of 0.36, below the maximum value of 412 0.4 recommended by Thompson and Turner 3 . The frequency 413 is fixed at f =1 Hz and the Stroke at S = 45 mm. It allows to 414 define a grid-based Reynolds number using the definition of

  471 1000 vector fields are recorded for each run, correspond-472 ing to a measurement time of 250 s at f acq = 4 Hz and 100 s 473 at f acq = 10 Hz. Assuming the integral time-scale of turbu-474 lence to be of the order of magnitude of the grid period (this

Figure 1 .

 1 Figure 1. Evolution of characteristic time scale t CY (a) and zero shear rate viscosity µ 0 (b) with polymer concentration C XG . Data and trends for the present study (resp. full squares and dashed lines) are compared to the work of Wyatt and Liberatore 76 (empty circles and dasheddotted lines, for which the slopes are indicated by italic numbers). Dilute (D), semi-dilute (SD) and concentrated (C) concentration regimes are separated by dotted lines at C XG = 100 ppm and C XG = 2000 ppm on both sub-figures.

Figure 2 .

 2 Figure 2. Sketch of the oscillating grid and PIV setup.

1 .Figure 3 2 x +U 2 z

 1322 Figure 3 shows in three columns respectively the average ve-503

538 2 .• 551 •• 6 XG 606 (Figure 3 . 2 x +U 2 z

 25516606322 Figure 3. Mean flow inside the grid stirred tank at different XG concentrations. Left column: norm of the 2D mean velocity field U 2 x +U 2 z in m/s. Central colums: streamlines of the mean flow. Right column: Vorticity of the mean velocity field Ω = ∇ ∧ U, with contour lines drawn at 2% of the maximum vorticity value.

Figure

  

  5 a) shows that polymer addition tends to promote a central 622 up-going effect: the U z (x, 2M) black dotted curve for water 623 does not have its maximum value close to x = 0 mm, while it 624 is the case for every polymer solutions at any concentrations. 625 This peak effect is increased with polymer concentration until 626 it reaches its maximum for C XG = 100 ppm. The indicator A is 627 defined as the curves' "peak-to-peak amplitude", that is to say 628 the difference between the maximum and the minimum values629

Figure 4 .

 4 Figure 4. Evolution of vorticity "strength" associated to mean flow structures as a function of polymer concentration and Deborah number. Plot a) is the maximum vorticity Ω 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 A and O B . Plot b) shows the non-dimensional quantity Ωt CY in the extended dilute regime (C XG ≤ 100 ppm left of dashed dotted line in a)). The dotted line in a) denotes the transition between dilute (D) and semi-dilute (SD) concentration regimes, and the dashed dotted marks line in a) the change in trend at C XG = 150 ppm. The gray dashed line in b) is the power law fitting of Ωt CY versus De, the scaling of which is reported in b) on top of the curve.

in figure 5 . 680 •••Figure 5 .

 56805 Figure 5. Effect of polymer concentration on vertical velocity. a) Horizontal profiles of the vertical velocity at z = 2M = 70 mm. Horizontal dashed lines and the vertical dashed arrow illustrate the peak-to-peak amplitude A indicator. b) Vertical profiles of the vertical velocity at x = 0 mm. Gray horizontal dashed lines are examples of z = Z m depths for profile maxima. Inserts in a) and b) sketch the line along which profiles are plotted by a white dashed line, taking as an example the C XG = 100 ppm average velocity field magnitude. Markers in a) and b) are represented for only one in ten data points, for the sake of readability. c) Peak-to-peak amplitude A of the profiles of a). d) location Z m along z of the maxima of profiles b) (marker size is reduced so that the error bar can be seen). e) and f) show the evolution with De in the dilute regime of the two previous indicators, respectively A and Z m , scaled by respectively f S and M (in log scale). The dotted lines in c) and d) denote the dilute to semi-dilute entanglement transition (C XG = 100 ppm). The black dashed line in d) and f) corresponds to the sub-dilute critical concentration C XG = 50 ppm.

704•

  figure 6 where two examples (water and 25 ppm XG) of turbulent kinetic energy fields k, computed as k = u z 2 + 2u x 2 , are shown in log scale. Note that the kinetic energy is computed under an assumption of horizontal isotropy. In the following analysis, all profiles are plotted versus the unscaled dimension z in order to compare with dimensional HT and TT relationships for OGT (equations 1, 2).

  plotted versus concentration in figure 7 b) (for the whole C XG <250 ppm range) and c) (zoomed on C XG < 100 ppm). It appears that the n value for water is slightly above the n=-1 expected from HT. When adding polymer n starts increasing up to -0.716 at 18 ppm (figure 7 c)) before decreasing again, quasi linearly with polymer concentration, until C XG = 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.

763 2 .

 2 Mean ow to turbulence ratio 764 A key quantity of oscillating grid turbulence is the local 765 mean to turbulence ratio Γ i j = |U i | u j , between the local abso-766 lute value of mean velocity component |U i | and the local rms 767 of turbulent velocity fluctuations component u j , with i=x,y or 768 z. Γ i j is a 9 component tensor, which reduces to a 4 compo-769 nent tensor with i, j = x or z for 2D PIV measurements. Most 770 of the time, the values used to estimate the efficiency of a de-771 vice in terms of turbulence versus mean flow production are 772 diagonal values Γ ii . Here we compute the indicator Γ as the 773 width average of the quantity ∑ i Γ 2 ii 0.5 . For OGT in water, a 774 review by Variano, Bodenschatz, and Cowen 77 reports local 775 typical best case values of Γ ii = 0.25 in a single coordinate 776 direction. Here, figure 8 shows that width averaged Γ lies be-777 tween 0.9 and 3.5 for all fluids. It yet has to be mentioned 778 that mean flow over turbulence ratio can locally reach higher 779 values of up to 10 in the central region where the mean flow is 780 very strong, and down to 0.1 in high turbulence intensity / low 781 mean flow regions. Γ globally increases with polymer concen-782 tration, which is a consequence of both the enhancement of 783 the mean flow and the decrease of turbulence intensity. Three 784 distinct regions can be seen on the plot of Γ versus z. The 785 first one (1), for z < M and in which Γ < 2, lays just below 786 the main mean flow structure detailed previously. The second 787 one (2) between z = M and z = 4M corresponds to the region 788 of the up-going motion and side recirculations, and yields the 789 highest Γ values going along with the strongest mean flows. 790 In regions (1) and (2), Γ is always the lowest for water. The 791 third region (3) corresponds to the distances not reached by 792 the principal mean flow structure in polymer solutions, or in 793 which their intensity is reduced, but where turbulence keeps 794 decaying. The values of Γ in the far grid region (3) depend 795 on the existence or not of secondary re-circulations under the 796 free surface. They are comparable to those found for water 797 and can even be lower than in water in some dilute polymer 798 solutions. In region (3), mean flow intensity is at worst twice 799 that of turbulence, no matter the working fluid.
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 36 Figure 6. Fields of turbulent kinetic energy k = u z 2 + 2u x 2 in log scale for water (a) and 25 ppm XG solution. Vertical dashed lines at x/M = ±2.5 denote the boundaries of the domain for horizontally averaged turbulence properties.

Figure 7 .

 7 Figure 7. "HT-like" plots of u x as a function of z (a), and estimation of the power law exponent evolution as a function of polymer concentration (b). c) is a zoom of b) in the C XG < 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 x is ±5%. Vertical bars in b) and c) show the disparity of n measurement from u x and u z profiles.

Figure 8 .

 8 Figure 8. Plots of the mean flow to turbulence indicator Γ, 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 Γ is ±11%, sum of the uncertainties on U ans u x .

Figure 9 .

 9 Figure 9. Integral length scales of turbulence in the dilute regime. a) Horizontal scale of horizontal velocity fluctuations L x xx as a function of the distance to the grid z. b) Vertical scale of vertical velocity fluctuations L z zz as a function 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 α and β of linear trends of respectively L x xx and L z zz a small z, as a function of polymer concentration. d) Ratio of these two slopes r = β /α.

824

  figure c) of figure9and compared with the value predicted by 837

  849

Figure 9 d

 9 Figure 9 d) shows that r is slightly below 1 for water, but 850

For

  OGT in water, it is known that the vertical component 860 of turbulence is stronger than the horizontal one, because this 861 is the orientation of the grid forcing. Hence OGT is by nature 862 not fully isotropic in a vertical plane. An indicator of the 2D 863 isotropy of turbulence in the ( x, z) plane, I s , can be defined 864 by dividing the HT profiles of the vertical component by the 865 horizontal one: I s = u z /u x . 866 The I s indicator is as expected generally above 1, thus con-867 firming that the vertical velocity fluctuations rms is always 868 larger than the horizontal one, for water and all polymer con-869 centrations. According to the description of Hopfinger and 870 Toly 4 , the rms of vertical velocity fluctuations should be pro-871 portional to the rms of horizontal ones with a constant propor-872 tionality coefficient C 2 HT . I s profiles should thus be constant 873 along z, which is here only observed as a first approximation 874 in the dilute regime as will be discussed hereinafter. In this 875 first approximation, the anisotropy coefficient, corresponding 876 to the second HT constant C 2 HT , can then be obtained for each 877 working fluid as the average of I s over z (figure 10

913Figure 10 .

 10 Figure 10. Vertical profiles of anisotropy I s for water and polymer solutions at different concentrations. a) I s Isotropy profiles. The typical uncertainty on I s is twice that of u x or u z profiles, i.e. ±10% . b) Evolution of C 2 HT , computed as the average of I s over z, with polymer concentration. Dashed lines are boundaries of the usual range of values found for water 1.1 < C 2 HT < 1.4. Vertical bars represent standard deviation of C 2 HT 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.

  regimes and drag reduction 951 Several characteristic polymer concentrations emerge from 952 the previous results and observations. The different concentra-953 tion sub-ranges and their characteristics in terms of mean flow 954 and turbulence are summarized in figure 11. Apart from the 955 100 ppm concentration which marks the transition between 956 the dilute and semi-dilute regime, two specific critical con-957 centrations can be evidenced within the dilute regime itself: 958 C XG = C D1 20 ppm and C XG = C D2 50 ppm. This leads 959 to three dilute sub-regimes referred to as D0, D1 and D2. 960 The first critical concentration marks the limit of an ex-961 tremely dilute behaviour of the polymer corresponding D0 to 962 the very onset of polymer action on both mean flows and tur-963 bulence. It is worth noting that the existence of such turbulent 964 inner dilute regimes was already evidenced for other polymer 965 molecules (PEO, with a 25 ppm critical concentration[START_REF] Liberzon | On 1183 turbulent entrainment and dissipation in dilute polymer solutions[END_REF][START_REF] Ouellette | Bulk turbulence in dilute 1318 polymer solutions[END_REF] 

1018Figure 11 .

 11 Figure 11. Summary of indicators and flow properties evolution with concentration, and sketch of concentration regimes and sub-regimes.
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  . It was found that grid turbulence

	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 11 , "The difference be-	
	tween 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 lat-	
	ter case they can in addition 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 lo-	
	cal 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 so-	
	lutions (PEO) was made by Liberzon et al. 29 , who observed	
	the velocity propagation of the boundary between turbulent	
	and non-turbulent regions in the tank, at the first instants after	
	the onset of the grid's oscillations. They found that the tur-	
	bulent/non turbulent interface moved globally faster in dilute	
	polymer solution than in water. However, the characteristics	
	of turbulence and mean flow in a steady state are not men-	
	tioned, and the author later admitted 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)	
	270	
	271	for such fluids was much more anisotropic, as expected from
	272	flows with a preferential shear direction, but also that it de-
	273	cayed more slowly. Recently, Vonlanthen and Monkewitz 11
	274	used PIV measurements to look at turbulent spectra and scales
	275	in grid turbulence of dilute polymer solutions and evidence
	276	high Reynolds number viscoelastic turbulence. In their
	277	experiments, they found that both the shape of the energy
	278	spectrum and the elastic ("Lumley") scale evolved with time,
	279	which they explained by the destruction of polymer chains by

  ). In the The estimation of C 2 HT by z-averaging of I s should 899 thus be interpreted carefully: as long as I s can be considered 900 constant with z, here to a first approach for C XG ≤ 100 ppm, 901 the hypothesis of HT holds and anisotropy can be fully de-902 scribed by the evolution of C 2 HT . When I s increases with z, 903 it means that u x and u z are no longer proportional, and that 904 u z increases faster than u x . Hence the HT exponent for u z

	878	
	879	literature (see section II A 1), its value is between 1.1 and 1.4
	880	for water.
	881	C 2HT is found to increase with polymer concentration (see
	882	figure 10 and values reported in table II), first moderately, and
	883	then faster above 100 ppm concentrations. The first conclu-
	884	sion is thus that the presence of polymer tends to promote
	885	turbulence anisotropy, and that this increased anisotropy is all
	886	the more important than polymer concentration is high. Yet,
	887	for concentrations lower than 100 ppm, the value of HT's sec-
	888	ond constant stay inside the range found in the literature for
	889	water up to the error bar amplitude, despite the slight increase
	890	observed. When entering the semi-dilute regime, that is to say
	891	at concentrations above 100 ppm, C 2HT increases much faster
	892	with concentration.
	893	Nevertheless, looking at the evolution of I s with z, we notice
	894	that for polymer solutions, a slight increase of I s is observed
	895	with increasing z. Barely visible at low concentrations, this
	896	increase seems all the more important that polymer concen-
	897	tration is high, especially for C XG ≥ 250 ppm. For the two
	898	higher concentrations studied, I s is clearly no longer constant
	with z. 905
	906	is likely higher than the one for u x . Anisotropy is then ex-
	907	pressed not only by C 2 HT but also by the ratio of decay ex-
	908	ponents for u x and u z . Increased anisotropy of turbulence in
	909	polymer solutions was already observed by Gupta, Sureshku-
	910	mar, and Khomami 64 or Cai et al. 63 in channel flows of vis-
	911	coelastic polymers, or in turbulent front propagation experi-
	912	ments by Cocconi et al. 57 . In the first case, it is explained
		by the ability of polymer chains to align with the mean flow.

Table II .

 II Evolution of several properties (De, n, C 2 HT ) and indicators (Ω,H) with polymer concentration. H is the average of H x z over z. the polymer chains, on the presence of salt that may 1016 modify this conformation[START_REF] Bewersdorff | Rheological and drag reduction char-1331 acteristics of xanthan gum solutions[END_REF][START_REF] Milas | Conformations and flexibility of 1333 native and re-natured xanthan in aqueous solutions[END_REF] , on the entanglement state, and

	C XG (ppm) Re g 0 2.03 × 10 3 0 De Ω (1/s) -n (* or -n') C 2 HT 2.57 1.0 ± 0.3 1.1 ± 0.4 0.10 ± 0.03 H
	10	1.56 × 10 3 0.08 2.01		0.7 ± 0.1	1.2 ± 0.1 0.08 ± 0.02
	18	7.43 × 10 2 0.28 2.69		0.72 ± 0.08 1.1 ± 0.2 0.08 ± 0.02
	25	5.10 × 10 2 0.45 2.42		0.89 ± 0.06 1.3 ± 0.1 0.10 ± 0.03
	35	3.00 × 10 2 0.49 3.20		0.88 ± 0.09 1.2 ± 0.1 0.08 ± 0.02
	50	1.85 × 10 2 0.55 3.10		0.9 ± 0.2	1.6 ± 0.3 0.11 ± 0.02
	75	9.26 × 10 1 1.06 4.70		1.1 ± 0.2	1.5 ± 0.3 0.13 ± 0.01
	100	6.18 × 10 1 1.60 5.02		1.2 ± 0.2	1.4 ± 0.3 0.11 ± 0.03
	150	3.74 × 10 1 1.60 5.37		1.5 ± 0.2	1.6 ± 0.4 0.13 ± 0.03
	250 *	2.10 × 10 1 1.60 2.31		2.1 ± 0.2	3 ± 1	0.14 ± 0.04
	500 *	9.97 × 10 0 1.60 1.30		2.2 ± 0.5	3 ± 1	0.10 ± 0.06
	also to the maximum large turbulent scale enhancement, in	1012	ports our observations that several hydrodynamic sub-regimes
	an anisotropic fashion (see figure 9). It can be inferred that		of concentration can exist for XG and long chained polymers.
	this state of maximize mean flow, found at 50 ppm, corre-			
	sponds to a given state of polymer-flow interactions (align-			
	ment, ratios between polymer relaxation time-scales and tur-			
	bulent time scales...). A maximized mean flow would imply	1017		
	that interactions between polymer and small turbulent struc-			
	tures are reduced, and energy transfer towards large scales			
	of the flow are favoured. The question is then the flowing:			
	since the polymer concentration lies inside the dilute entan-			
	glement regime (lower than 100 ppm) for which mechani-			
	cal interactions between polymer chains is assumed negli-			
	gible, what then causes polymer chains to exhibit variable			
	response to the flow ? A possible explanation is the exis-			
	tence of polymer-polymer electrical interactions. It is indeed			
	known that when transitioning from the dilute to the semi di-			
	lute 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 car-			
	bonate backbone 76 . Would this mean that the critical 50 ppm			
	concentration marks the onset of polymer electrical interac-			
	tions, "smoothing" the dilute to semi-dilute transition ? This			
	open question needs to be answered by a coupling between the			
	knowledge of typical flow time-scales, 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 C XG = 70 ppm by Wyatt, Gunther, and Liberatore 81 . These			
	previous concentrations can indeed be related to the drag re-			
	duction properties (type B) of XG. Wyatt, Gunther, and Lib-			
	eratore 81 evidenced drag reduction for XG flowing in pipes at			
	XG concentrations down to 20 ppm. Sohn et al. 82 achieved			
	drag reduction by XG in a rotating disk apparatus at concen-			
	trations down to 10 ppm, but found a critical concentration for			
	maximum drag reduction at 200 ppm. Pereira, Andrade, and			
	Soares 83 observed drag reduction for XG concentration as			
	low as 2 ppm, and a critical concentration at 37.5 ppm below			
			969		

).

966

The second one corresponds to the maximum mean flow 967 enhancement concentration reached between D1 and D2 (all 968 mean flow indicators increase between 0 and 50 ppm), and which drag reduction efficiency falls with increasing C XG and above which it increases. They stressed that this last two-trend behavior is significantly different from that of type A drag reducing polymers, for which drag reduction monotonously increases with polymer concentration. These last remarks sup-1013 As it is the case for drag reducing properties, the values of 1014 these critical concentrations should depend on the conforma-1015 tion of