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Pasty materials academically referred to as "yield stress" materials are ubiquitous in daily life whether we think of food products (e. g. mayonnaise, mustard, ketchup etc.), beauty products (e.g. hand creams, hair gels, shower gels etc.), construction materials (cement, mud) or we try to understand the geophysical scale dynamics of volcanic magmas and land-slides. A key issue that has been little (or not at all) addressed so far is rather basic and may be shortly phrased as "'How do we mix such materials?" which sets up the global aim of the present contribution. To address this issue, I will first reveal a catastrophic failure of the mixing by the laminar chaotic advection induced by the presence of the yield stress. Next, I will dwell deeper into the physical reasons underlying this fact in terms of both a systematic Eulerian frame and a systematic Lagrangian frame analysis. As a key finding, I will show a clear departure of the spectra of fluctuations of the passive scalar from the analytical prediction proposed by G. K. Batchelor for a temporarily random and spatially smooth flow in terms of the emergence of a spectral peak that blocks the passive scalar cascade. The additional space scale related to the position of the spectral peak is related to the characteristic size of unyielded materials. Finally, I will discuss two simple solutions able to alleviate to some extent the loss of mixing without paying a hefty energetic price.
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 1 Figure 1. Schematic representation of the channel equipped with three rotating arc-walls (in scale). J o u r n a l P r e -p r o o f
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 2 Figure 2. Transverse profiles of the passive scalar concentration C at the exit of the mixer} ] v ( } ] } o } ( R u o o u R ] P ˙ u ] v ] v ]ated in the top inserts. The case illustrated in the bottom panel refers to the adaptive meshing technique -see text for description. The full lines in each panel are nonlinear fitting functions according to the analytical solution.
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 3 Figure 3. Dependence of the effective diffusion coefficient normalized by the molecular diffusioncoefficient D eff /D } v R u R ] ] v R ] ] v ] ˙ } ( R ]o ] v ( U P ˙min computed for regular mesh (black squares) obtained from the data sets presented in the top three sub-panels of Fig.2and the adaptive mesh (red circle) obtained from the data set presented in the bottom panel of Fig.2.
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 4 Figure 4. Illustration of the adaptive grid during a simulation of the mixing process at large bulk Bingham number, Bn bulk = 26.5. The dense grid points coloured in yellow mark the interface of the passive scalar while those marked in red mark the yield surface (see text for description). The dense black grid points have resulted from the vorticity based dynamic mesh adaptivity.
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 5 Figure 5. Mixing patterns for the Newtonian case (Bn bulk = 0, N = 1) at several time instants indicated in the top inserts. J o u r n a l P r e -p r o o f
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 6 Figure 6. Space time plots obtained for the Newtonian case (Bn bulk = 0, N = 1) at the centre of the mixer (top panel) and at the exit of the mixer (bottom panel).
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 7 Figure 7. Time series of the mixing indicator C std obtained for the Newtonian case (Bn bulk = 0, N = 1) at the centre of the mixer (circle) and at the exit of the mixer (square). The full line is an exponential fitting function.
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 9 Figure 9. Space time plots of the passive scalar C obtained for the highest yield stress case (Bn bulk = 26.5, N = 0.75) at the centre of the mixer (top panel) and at the exit of the mixer (bottom panel).
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 10 Figure 10. Time series of the mixing indicator C std obtained for the highest yield stress case (Bn bulk = 26.5, N = 0.75) at the centre of the mixer (circle) and at the exit of the mixer (square). The full line illustrates a failed attempt to fit exponentially the time series of the mixing indicator at the channel exit.

  Figure 11. Dependence of the mixing efficiency defined as the variance of the passive scalar concentration at the exit of the mixer, C std , on the bulk Bingham number Bn bulk . Both the color v R o ] ] } ( R ˙ u } o u R ( o ] } v w C std of the mixing indicator C std around its dynamical steady state value.
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 12 Figure 12. LEFT: Time averaged transverse profiles of the axial velocity; RIGHT: Time averaged transverse profiles of the transverse velocity.
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 14 Figure 14. Exemplification of instantaneous flow patterns for the Newtonian case (left column) and Bn bulk =26.5 (right column). The time instants are indicated in the top inserts of each panel.
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 16 Figure 16. Dependence of the correlation times of the passive scalar fluctuations computed in the bulk of the flow (blue circles) and within the boundary layers (orange squares) on the bulk Bingham number Bn bulk . J o u r n a l P r e -p r o o f
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 18 Figure 18. Size statistics of the un-yielded blobs in the active mixing region: left t probability distribution function (pdf), right t dependence of the mean size of the unyielded blobs R av on the bulk Bingham number Bn bulk .
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 23 Figure 23. Dependence of the spaced averaged Lyapunov exponent averaged over the last five periods of the mixing process on the bulk Bingham number Bn bulk . J o u r n a l P r e -p r o o f
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