Editorial for Virtual Special Issue on “Complex flows of viscoelastic wormlike micelle solutions” 

[bookmark: _GoBack]This is the fifth virtual special issue of the Journal of Non-Newtonian Fluid Mechanics.  Here we discuss the flow of so-called “wormlike” micellar solutions in complex flows (i.e. those containing a mixture of both shear and extensional flow). The special issue is centred about the recent invited review written by Hadi Mohammadigoushki and Jonathan Rothstein [1], which we are very pleased to publish in the Journal of Non-Newtonian Fluid Mechanics.

The flow of wormlike micellar solutions is of significant interest to those working in  non-Newtonian fluid mechanics and, on top off the ten papers from JNNFM highlighted in the review, we also collect in this special issue some additional papers which we feel highlight the broad scope of this growing research field.  As Hadi and Jonathan make clear in their excellent review, one of the primary motivations for working with such wormlike micellar solutions is that semi-dilute solutions behave as almost ideal “model systems” from a rheological perspective with beautifully simple rheological behaviour; their linear rheology measured in small amplitude oscillatory shear is, for example, often best described by a single-element Maxwell model with a single relaxation time (or, at most, a couple of discrete modes). Despite this apparent simplicity, they exhibit strong viscoelastic effects and show particularly interesting response in uniaxial extensional flow demonstrating enormous strain hardening of their extensional viscosity [2] and under large extensional stresses, can potentially “rupture” and break apart.  The sensitivity in extensional flow is such that it is possible to distinguish between linear and branched micellar structure for example [3] (We note related phenomena in pendant drop formation [4] also highlight interesting effects). Understanding such responses in a “pure” uniaxial extensional flow is clearly important when one wants to interpret more complex flows – such as flow due to a sedimenting sphere [5,6]– which contain a significant degree of stretching.  

Flow past a sphere is particularly interesting, exhibiting a wake instability - characterized by sudden fluctuations in sphere sedimentation velocity - beyond a certain critical settling speed (or, more accurately, a critical Weissenberg number) and this phenomenon has been explicitly related to the rupture observed in uniaxial filament stretching experiments by the pioneering work of Chen and Rothstein [5].  Other results, described in the review article, confirm this key result of Chen and Rothstein that the instability is linked to the scission of the wormlike chains in the wake of the falling sphere.  Mohammadigoushki and Muller [6], in a very interesting paper, studied the effect of boundary conditions on sedimenting sphere flow. They showed how trapped microscopic air bubbles at the sphere surface can give rise to an apparent slip and allow roughened spheres to travel faster than smooth! Following careful removal of the trapped air, the sphere sedimentation velocity for roughened and smooth spheres becomes similar.  

Flow past a cylinder - although a canonical problem in Newtonian fluid mechanics and a well-studied “benchmark” problem for viscoelastic polymer solutions, melts and constitutive equations used to model these materials - has received much less attention for wormlike micellar solutions. Moss and Rothstein [7, 8] studied flow of two different micelle solutions past a single circular cylinder [7] and an array of circular cylinders [8].  Only for one of these micellar solutions was a time-dependent instability observed at high flowrates (Weissenberg number). Moss and Rothstein used both particle image velocimetry and flow induced birefringence (FIB) measurements to probe this instability.  By studying the FIB in the wake of the cylinder, it was observed that at a critical stress, the fluid appeared to “tear” in the wake of the cylinder and this was related directly to the “rupture” described above (once again highlighting the importance of phenomena previously observed in purely-extensional filament stretching experiments).

The review article also describes a number of interesting experimental studies in other complex flows including the so called cross-slot, contraction-expansion and flow around a 90 degree bend.  A very recent paper in JNNFM by Ushida et al [9] discusses the flow of “rodlike” micelles through a contraction-expansion, paying particular attention to the pressure-drop required to drive the flow.  Other interesting complex flows of wormlike micelles, also not discussed in the review but collected here to demonstrate the breadth of topics studied for such fluids, include an investigation of the local flow around a tiny bubble under a oscillating pressure field [10] and study of the classic “Faraday experiment” [11] where a fluid layer is submitted to vertical vibrations at a given frequency and acceleration.

Attempting to model such experiments requires appropriate constitutive equations and a number of papers have appeared in the journal addressing this challenging topic.  The important study of Vasquez, McKinley, and Cook [12] introduced a network scission model (now called the “VCM” model).  The VCM model is based on kinetic theory that can account for the breakage and reformation of micelles. In this model, micelle breakage depends on the local rate of deformation and the breakage rate specified for the micelles. When subjected to flow, a chain can break into two smaller chains of equal length. These small chains can then recombine with time to form a longer chain of length.  The VCM model has been used to investigate the purely-elastic steady symmetry-breaking in the cross-slot geometry for example [13].  Other modelling approaches come from Manero et al. [14] who developed the so-called Bautista-Manero-Puig (BMP) model whereby stress is described by the Oldroyd-B constitutive equation and the viscosity (fluidity) is given by a kinetic model that consists of terms for construction and destruction of micelles. The Modified BMP model is a modified version, proposed to resolve the issues associated with the unbounded response during extensional thickening [15].  Other variants of the BMP model have also been proposed [16].  Finally, a very recent new constitutive equation was proposed by Dutta and Graham [17]. It is able to predict stress and flow-induced structure formation in dilute wormlike micellar solutions. By design, the model is simple enough to serve as a tractable constitutive relation for computational fluid dynamics studies of, for example, turbulent drag reduction.
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