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To take advantage of modern generation computing hardware, a scalable numerical method,
based on high-order compact scheme, was developed to solve rotating stratified flows in
cylindrical annular domains.

The azimuthal direction has been discretized using Fourier series expansion to benefit from
the natural periodicity of the cylindrical geometry, and the favorable complexity algorithms
for computing Fast Fourier Transforms. The space discretization in the two wall-bounded di-
rections relies on the fourth-order compact scheme approximations. The code parallelization
strategy combines two approaches. The first one is the 2d-pencil decomposition to address
the parallel solution of the implicit viscous terms and the pressure-like equations based on
the diagonalization method. The second strategy of parallelization consists in the calcu-
lation of the compact derivatives/interpolations, using the approximate tridiagonal solver
named reduced Partial Diagonal Dominant (rPDD) algorithm [1].The developed technique
is validated with respect to analytical solutions, using the method of manufactured solutions,
and available data for two specific configurations of rotating stratified flows : the Taylor-
Couette setup under an axial thermal stratification and the baroclinic cavity. The purpose
is to demonstrate its ability to correctly capture the flow characteristics in strato-rotational
instability and in baroclinic instability with associated small-scale features. Moreover, this
code is found to drastically reduce the huge execution times that often prevent detailed
numerical investigations of these complex phenomena.

Figure 1 shows a strong scaling test carried out to assess the performance for up to 1024
cores using grid up to 128 x 568 x 568 in radial, axial and azimuthal directions. Figure 2
shows instantaneous isocontours in the (6, z) plane of the horizontal velocity divergence Vj.u
along the inner cold wall and along the outer hot cylinder in the baroclinic configuration.
This variable is introduced to exhibit the occurrence of small-scale features simultaneously
with the large-scale baroclinic waves. In the first plot, the small-scale structures, developing
towards the bottom wall, have been identified as inertia gravity waves (IGWs) by different
authors in similar water-filled cavities. The present observed features recall such IGWs
reported by these authors. Recently, for the same present configuration, [2] mentioned the
presence of ripples resulting from hydrodynamical instability along the outer hot cylinder.
We also capture the same phenomenon, as illustrated by the isocontours of the horizontal
divergence.
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Figure 1: Baroclinic configuration - Strong scaling test a) temporal iteration b) solution of
Poisson equation c) convective terms.

Figure 2: Baroclinic configuration - Instantaneous isocontours in (6, z) plane of the horizontal
divergence of the velocity: at radius close to inner wall (a), at radius close to outer wall (b).
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Alternating ‘flip’ solutions in ferrofluidic Taylor-Couette flow

Sebastian Altmeyer!,
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The flow confined between two concentric cylinders rotating with different velocity - Taylor-
Couette flow - has been a paradigm to investigate fundamental non-linear dynamics, various
hydrodynamic stabilities and pattern formation in fluid flows [1]. Although, classical fluids
in this system setup (Taylor-Couette system, TCS) [2] have been studied for about hundred
years the dynamics of complex fluids (e.g., ferrofluids [3]) have attracted attention mainly
in recent years/modern era [4, 5, 7, 8]. A representative types of such complex fluids are
ferrofluids, which are manufactured fluids consisting of dispersion of magnetized nanopar-
ticles in a liquid carrier. A ferrofluid can be stabilized against agglomeration through the
addition of a surfac- tant monolayer onto the particles. In the absence of any magnetic field,
the nanoparticles are randomly orientated so that the fluid has zero net magnetization. In
this case, the nanoparticles alter little the viscosity and the density of the fluid. Thus, in the
absence of any external field a ferrofluid behaves as an ordinary (classical) fluid. However,
when a magnetic field of sufficient strength is applied, the hydrodynamical properties of the
fluid, such as the viscosity, can be changed dramatically [4, 9] and the dynamics can be vary
altered. For instance, the magnetoviscous effect in ferrofluids is highly dependent on the
orientation of the magnetic field with respect to the fluid flow. Studies indicated that, under
a symmetry-breaking transverse magnetic field, all flow states in the TCS become intrinsi-
cally three-dimensional [6, 7], even increase the already huge number of flow states, known
to exist in the TCS (being steady, time-independent or unsteady, time-dependent and its
multiplicities).

This study treats with the influence of a symmetry-breaking transversal magnetic field on
the nonlinear dynamics of ferrofluidic Taylor-Couette flow, consider axial periodic, counter-
rotating cylinders with wide gap at low Reynolds number. We detected alternating ‘flip’ so-
lutions (Fig. 1) which are flow states featuring typical characteristics of slow-fast-dynamics
in dynamical systems. The flip corresponds to a temporal, periodic change in the axial
wavenumber k£ and we find them to appear either as pure 2-fold axisymmetric (due to
the symmetry-breaking nature of the applied transversal magnetic field) or involving non-
axisymmetric, helical modes (flow contributions) in its interim solution. The latter ones show
features of typical ribbon solutions. In any case the flip solutions have a preferential first
axial wavenumber which corresponds to the more stable state (slow dynamics) and a second
axial wavenumber, corresponding to the short appearing more unstable state (fast dynam-
ics). However, in both cases the flip time grows exponential with increasing the magnetic
field strength before the flip solutions, living on 2-tori invariant manifolds, cease to exist,
with life-time going to infinity. Further we show that ferrofluidic flow turbulence differ from
the classical, ordinary (usually at high Reynolds number) turbulence. The present/applied
magnetic field hinders the free motion of ferrofluid partials and therefore ‘smoothen’ typical
turbulent quantities and features so that speaking of mildly chaotic dynamics seems to be a
more appropriate expression for the observed motion. The result is more a middle chaotic
motion than typical high Reynolds number turbulence.
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Figure 1: Visualization of the flip solution (slow-fast dynamics) 1-wTVF3_. Shown are (a) dynamics
with time of modes |y, | (inset shows Ej;y,) as indicated over a quarter period 7,/4 due to symmetries
for Re; = 130, s, = 0.7 and times t as indicated. (b) presents corresponding visualisations for
isosurfaces of rv 4+ 25 [red (dark gray) and yellow (light gray) colors correspond to positive and
negative values, respectively, of the flow structures during th ‘flip’ transition at times as indicated in

(a).
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We investigate transient behaviors induced by magnetic fields on the dynamics of the flow of
a ferrofluid [1] in the gap between two concentric, independently rotating cylinders. Without
applying any magnetic fields, we uncover emergence of flow states constituted by a combina-
tion of a localized spiral state in the top and bottom of the annulus and different multi-cell
flow states with toroidally closed vortices in the interior of the bulk. However, when a mag-
netic field is presented, we observe the transient behaviors between multi-cell states passing
through two critical thresholds in a strength of an axial (transverse) magnetic field [2]. Nu-
merical simulations are carried out by solving the ferrohydrodynamical equation of motion
using the Niklas approximation [3]. Before the first critical threshold of a magnetic field
strength, multi-stable states with different number of cells can be observed. After the first
critical threshold, we find the transient behavior between the three- and two-cell flow states.
For stronger magnetic fields or after the second critical threshold, we discover that multi-cell
states to disappear and a localized spiral state remains stimulated in the system.

Without applying any magnetic fields, we found the emergence of two flow states constituted
by a combination of a localized spiral state (SPI;) in the top and bottom of the annulus and
different multi-cell flow states (SP1;42,, SPI;43,) with toroidally closed vortices in the interior
of the bulk (SPI;;9,= SPI; + SPIy, and SPI;3,= SPI; + SPI3,). The appearing of these
multi-stable states is based on the initial conditions.

Applying any magnetic field and changing it’s strength can trigger transitions among various
flow states, for example, the two-cell and three-cell flow states. The emergence of the flow
states, dynamical evolution, and transitions among the various flow states can be summarized
in detail, as follows. By increasing the axial [transverse] magnetic field strength, we first
identify a transition from SPI;,3, [(SPI;t9,] to SPI;1 9, [SPI;43,], respectively. However, for
strong enough magnetic fields, we discover the second transition only leaving a SPI; state
behind.

Although the flow states under fairly large magnetic fields (s, or s,) are SPI;, there is
a significant difference between two final SPI; states. For applying the strong transverse
magnetic field (s;), SPI; is orientated close to top and bottom lid located in the Ekman
vortex regime. But SPI; under the strong axial magnetic field (s,) is orientated more towards
the center of the bulk. According to the different type of magnetic fields, SPI; state can move
to or away from the Ekman region.

As to expect, the transitions between the multi-cell flow states are always accompanied by
a change in the wavelength and wavenumber, respectively. However, in the present study
the symmetry breaking effect (a stimulated two-cell mode [4, 5]) of the transverse magnetic
field is obviously present, but plays a significant minor role than in other studies. It becomes
more and more pronounced for the larger magnetic field strength s, and s..
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Bottom: Snapshots of corresponding vortex structures

during the transition at » = r; +0.1d. Red (dark gray) and yellow (light gray) correspond to positive

and negative values, with n € [—440,440].

Figure 1: Transitions from SPIl; 3y to SPI; oy . Top: Space-time plot of the azimuthal vorticity 7
during the transition.
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On a new family of Tollmien-Schlichting Waves
20th International Couette-Taylor Workshop (ICTW20)

Roger Ayats', Alvaro Meseguer!, Fernando Mellibovsky?

1 Departament de Fisica, Universitat Politecnica de Catalunya, Jordi Girona 1-3—B5, 08034 Barcelona, Spain

2 (Castelldefels School of Telecom and Aerospace Engineering, Universitat Politecnica de Catalunya, Esteve
Terradas 7-C3, 08034 Barcelona, Spain

Transition to turbulence in shear flows is still an open question that remains unsolved and
far from completely being understood. Although it has been intensively studied, ever the
simplest systems are still revealing unexpected solutions.

With the objective of understanding this transition in its simplest form, 2D Plane Poiseuille
Flow (PPF, pressure-driven incompressible 2D flow between two infinite parallel plates) has
been considered. It is governed by the Navier-Stokes equations assuming no-slip boundary
conditions at the walls and periodic boundary conditions in the streamwise direction. For
this particular case, constant mass flux is considered.

In particular, this system, which has been studied during decades, has several different solu-
tions: subcritical bifurcation of its basic flow resulting in an upper branch (UB) and a lower
branch (LB) of streamwise periodic solutions (Tollmien-Schlichting waves) [1, 2], superhar-
monic bifurcation of the UB solutions [3, 4, 5] and subharmonic bifurcation of streamwise
localised wavepacket solutions [3, 4, 6].

Recent studies have evidenced the relevance of the role of the unstable LB travelling waves
in the transition to turbulence (within the context of pipe Poiseuille flow [7, 8, 9, 10]). The
present study focuses precisely on the new dynamics (symmetry breaking) that takes place
in the LB of the Tollmien-Schlichting waves (TSW) in 2D PPF.

Arnoldi linear stability analysis carried out along wave length continuations of several trav-
elling wave branches revealed a new family of TSW solutions. This new family is the result
of a pitchfork bifurcation that breaks the usual half-period shift & reflect symmetry of the
TSW. These new waves are henceforth referred to as asymmetric Tollmien-Schlichting waves
(ATSW) and they are depicted in Figure 1.

Figure 1 (a) is the result of the aforementioned continuations at constant Re = 10* for both
TSW (in grey) and ATSW (in black), where solid lines correspond to stable and dashed
and dotted lines to unstable regions. Note that TSW-UB short-dashed line is an unstable
region due to the superharmonic Hopf bifurcation (bullets), whereas LB long-dashed line is
an unstable region due to the lower branch of the saddle node (squares) and simultaneously
to the asymmetric pitchfork (triangles). Figure 1 (b) shows continuations for different values
of constant wave number k& (TSW in grey and ATSW colour coded).

It is worth mentioning that the ATSW branches contain different saddle node bifurcations
which enable the existence of stable solutions inside them (see Figure 1). Furthermore, the
saddle nodes found in the left TSW LB produce the same effect (see Figure 1 (a)). These
results contradict the established idea that stable solutions can only be obtained from UBs
and add more complexity into the problem.
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Figure 1: Continuation of both TSW and ATSW at constant Re = 10 (a) and at different
values of constant wave number k£ (b). Solid, short-dashed, long-dashed and dotted lines
denote stable, unstable superharmonic Hopf, double unstable saddle-pitchfork and LB un-
stable regions respectively. Squares, circles and triangles are saddle-node, Hopf and pitchfork
bifurcation points. Diamonds at zero norm indicate subcritical bifurcations of the base flow.

In addition, recent Arnoldi linear stability analyses have revealed the existence of subhar-
monic Hopf bifurcations in the new ASTW branches if the lenght of the domain is increased.

An extension of the work presented by Mellibovsky and Meseguer [6] is being done in order
to describe the role of these new ATSW solutions and understand if both symmetric and
asymmetric families could lead to a streamwise snakes-and-ladders mechanism.
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Mayonnaise Taylor-Couette Turbulence
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It is well known that water and oil do not mix. Putting in some effort to mix the two
will result in an emulsion of tiny oil droplets in water which is generally not stable and
demixes quickly. By using the Twente Turbulent Taylor-Couette (T3C) apparatus [1], we
continuously shear the mixture, Re= O(10%), which becomes a dynamic equilibrium. A
schematic of the setup is shown in figure la. The torque of the system is measured for oil
volume fractions a between 0% and 100% and two different types of oil. The first oil has a
viscosity ten times that of water. Figure 1b shows the system with e = 10%. The mixture
is completely opaque due to tiny droplets of oil. We calculated the viscosity of the emulsion
by assuming a Newtonian response of the system. Close to the inversion point (oil droplets
in water change to water droplets in oil, or vice versa) the viscosity is much larger than the
individual viscosities of the water and oil. This is due to a jamming behaviour of the tiny
droplets that increase the apparent viscosity [2]. Using a second oil which has a viscosity
similar to that of water, we can isolate this viscosity increase based on the droplet jamming
and see if this has an effect on the inversion point.

Oil

Water

Figure 1: a) Schematic of the T3C apparatus used for the experiments. The torque of the
system is measured for various mixtures of water and oil. The separation of water and oil
is only visible before the experiment. b) Picture of the system during an experiment using
10% of oil. The fluid is completely opaque due to microscopic oil droplets in the water.
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Spirals, ribbons and RZIF: frequency prediction from mean flows for
counter-rotating Couette-Taylor flows
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A number of time-periodic flows have been found to have a property called RZIF: when a
linear stability analysis is carried out about the temporal mean (rather than the usual steady
state), an eigenvalue is obtained whose Real part is Zero and whose Imaginary part is
the nonlinear Frequency [1]. In counter-rotating Couette-Taylor flow, a Hopf bifurcation
gives rise to branches of the well-known spirals [2] and the somewhat lesser-known ribbons
[3], which are an equal superposition of spirals moving axially upwards and downwards.
Illustrations are shown in the left portion of figure 1. The spirals are traveling waves in
both the axial z and azimuthal 6 directions, while the ribbons are standing waves in z and
traveling waves in #, with functional forms for, e.g., the radial velocity

uSPIi(T’G’Z’t) — Z ZALE,E%I(T‘) ei(ikaermMonwSpIt) + c.c.
k,m

W62 8) = D () sin(kaz) MOt 4o,
k,m

We use a spectral finite-difference code [4] to solve the Navier-Stokes equations in a cylindrical
geometry with resolution (NN,, Ny, N.) = (33,16,16). The parameters we use are those of
[5]: radius ratio n = rin/ront = 0.5, axial and azimuthal wavenumbers o = 27/1.2 and
My = 2, and inner Reynolds number Re;, = 240. For these parameters, branches of spirals
and ribbons bifurcate at Reyys ~ —586 towards increasing Req,t. Their temporal means are
equal to the azimuthal means and are shown in the right portion of figure 1. Linearizing
about these mean flows leads to the results shown in figure 2. Both the spiral and the ribbon
branches are seen to have the RZIF property: the imaginary parts of the eigenvalues are
very close to their respective nonlinear frequencies and the real parts are close to zero.

References

[1] D. Barkley, Europhys. Lett., 75 750, 2006; S.E. Turton, L.S. Tuckerman, D. Barkley,
Phys. Rev. E, 91, 043009, 2015.

[2] E.R. Krueger, A. Gross, R.C. Di Prima. J. Fluid Mech., 24, 521-538, 1966; W.F. Lang-
ford, R. Tagg, E.J. Kostelich, H.L. Swinney, M. Golubitsky. Phys. Fluids, 31,776-785, 1988;
J. Antonijoan, F. Marques, J. Sanchez, Phys. Fluids, 10, 829-838, 1998.

[3] R.Tagg, W.S. Edwards, H.L. Swinney, P.S. Marcus, Phys. Rev. A, 39, 3734, 1989; P. Chossat,
G, Iooss, The Couette-Taylor Problem, Springer, 1994.

[4] A.P. Willis, The Openpipeflow Navier—Stokes solver, SoftwareX 6, 124-127, 2017.

[5] A. Pinter, M. Liicke, C. Hoffmann, Phys. Rev. Lett., 96, 044506, 2006; Phys. Rev. E, 78,
017303, 2008; C. Hoffmann, S. Altmeyer, A. Pinter, and M Liicke, New J. Phys., 11, 053002,
2009.



1.2

0

—p
—
1.2
| - .
0 T
0 0 1 r 2

Figure 1: Upward-moving spirals (top) and ribbons (bottom). Left: Instantaneous flow
visualized via radial velocity in (6, z) view at mid-gap. Right: Mean flow visualized via
azimuthal velocity in (r, z) view.
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Figure 2: Frequencies (left) and growth rates (right). Nonlinear frequencies from DNS are
shown as squares (for ribbons) and diamonds (for spirals). Imaginary parts of eigenvalues
resulting from linearizing about the mean flow of ribbons (blue stars) and spirals (red crosses)
match the nonlinear frequencies. Real parts of these eigenvalues are near zero. Frequencies
and growth rates from linearization about laminar Couette flow are shown as dashed lines.



Dynamics and transport of a solute in Taylor-Couette
flow bounded by permeable walls
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Performances of filtration techniques are known to deteriorate with the accumulation of
retained materials near the semi-permeable membranes. In the case of a solution considered
here, the osmotic pressure induced by the concentration boundary layer forming near the
membrane tends to cancel out the operating pressure driving the permeate flux accross
the device. Dynamic filtration devices make use of hydrodynamic instabilities to mix the
solution and abate the concentration boundary layer. However, no quantitative results exist
to assess the couplings between mixing, osmotic pressure and instabilities, the effectiveness
of dynamic filtration and how to optimize it.

This study adresses those couplings in a controled fashion by considering a Taylor-Couette
cell, with a fixed outer cylinder and a rotating inner one. Moreover, the gap is filled
with a solution and both cylinders are semi-permeable membranes totally rejecting the
solute. Imposing an operating pressure accross the gap drives a radial in- or outflow and
the transmembrane flow of pure solvent builds up a concentration boundary layer near
the inner or outer cylinder. The osmotic pressure related to the concentration increase at
the membrane then opposes the operating pressure and reduces the radial flow. For fixed
operating conditions, a stationary state can be obtained analytically(figure 1a).

AMAAAAAAAAAL
aauni

o |
_/" v
e
(a) (b)

Figure 1: Figure of studied situation: a) Configuration and sketch of the base state (U,V :
radial and azimuthal velocity components, C : concentration profile), b) Perturbation to this
base state in a meridional plane.



As the rotation rate of the inner cylinder is increased, centrifugal instabilities emerge in the
form of toroidal vortices. These instabilities are studied both analytically (figure 1b), using
the previous stationary state as a base state, and numerically, using dedicated Direct Nu-
merical Simulations implementing accurate boundary conditions for the transmembrane flow
and pressure. Osmotic pressure is found to promote these centrifugal instabilities as a result
of an original self-sustained mechanism coupling the advection of the concentration bound-
ary layer by the vortices, molecular diffusion and osmotic pressure driving a transmembrane
flow fostering the vortices. This mechanism can induce a substantial reduction of the critical
rotation rate above which vortices are observed.
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In this talk we will present Direct Numerical Simulations (DNS) of counter rotating Taylor—
Couette (TC) flow at low Reynolds numbers. We simulate a radius ratio of n = r;/rg = 0.91
and a large aspect ratio of I' = L/d = 64. In particular we investigate the part of the
TC parameter space [1] in which we find the turbulent spiral structure, see Figure 1. In
analogy to the very high radius ratio (n = 0.98) experiments [2], we too observe a turbulence
intensity modulation of the finite-wavelength pattern for varying inner cylinder Reynolds
number, which fits the phenomenology of the Ginzburg-Landau equations [3]. We find similar
modulations of the pressure field and the turbulence intensity with varying outer cylinder
rotation. In pursuit of a better understanding of this pattern, we also study the behavior of
the instability curve for varying inner cylinder Reynolds number.

Figure 1: A snapshot of the azimuthal velocity (vg) at the r = r; + d/2 exhibits a turbulent
spiral structure. Aspect ratio I' = L/d = 64 and radius ratio n = r;/ro = 0.91.
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The effect of spanwise rotation on turbulence and passive scalar
transport in channel flow
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Turbulent channel flow subject to spanwise system rotation has been studied by DNS [?].
The Reynolds number Re = Uyh/v is varied from a low 3000 to a moderate 31600 and the
rotation number Ro = 2Qh /U, is varied from 0 to 2.7 corresponding to very rapid rotation.
Here, Uy is the mean bulk velocity, h the channel half gap and 2 the system rotation rate.
The mean streamwise velocity profile U displays also at higher Re the characteristics linear
part with a slope dU/dy ~ 2Q corresponding to an absolute mean vorticity equal to zero.
With increasing Ro a distinct unstable side with large spanwise and wall-normal Reynolds
stresses and a stable side with much weaker turbulence develops in the channel and the flow
starts to relaminarize. Persisting turbulent-laminar patterns emerge at higher Re (Figure
??). If Ro is further increased the flow on the stable side becomes laminar-like while at
yet higher Ro the whole flow relaminarizes, although the calm periods might be disrupted
by repeating bursts of turbulence caused by a linear instability of Tollmien-Schlichting-like
waves [?], see Figure ??. The influence of Re is considerable, in particular on the stable side
of the channel where velocity fluctuations are stronger and the flow relaminarizes less quickly
at higher Re. Visualizations and spectra show that at Ro = 0.15 and 0.45 large counter-
rotating streamwise roll cells develop on the unstable side at low and high Re. These become
smaller and eventually vanish when Ro increases, especially at higher Re.

In some of the DNS a passive scalar was included to study the effect of rotation on passive
scalar transport [?]. In these DNS Re is fixed at 20000 and Ro is varied from 0 to 1.2. The
scalar is constant but different at the two walls, leading to steady scalar transport across
the channel. The distinct turbulent-laminar patterns observed at certain Ro on the stable
channel side induce similar patterns in the scalar field. On the unstable channel side the
streamwise turbulent scalar flux is strongly reduced due to rotation and this leads to an
alignment between the turbulent scalar flux vector and mean scalar gradient. On the stable
channel side rotation strongly reduces the wall-normal turbulent scalar transport. The main
conclusions of the study are that rotation reduces the similarity between the scalar and
velocity field and that the Reynolds analogy for scalar-momentum transport does not hold
for rotating turbulent channel flow. This follows from a reduced correlation between velocity
and scalar fluctuations, and a strongly reduced turbulent Prandtl number of less than 0.2 on
the unstable channel side away from the wall at higher Ro (Figure ??7). Scalar scales also
become larger than turbulence scales on the unstable side according to spectra and two-point
correlations.




Figure 1: Streamwise flow field on the stable channel side in a plane parallel and close to the
wall at Re = 20000 and Ro = 0.45.

Figure 2: Contours of instantaneous positive wall-normal velocity (magenta) showing T'S-
like waves on the stable channel side and vortices (blue to yellow) on the unstable side at
Re = 31600 and Ro = 1.2.
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Figure 3: Turbulent Prandtl number Prr as function of Ro.
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It is known that suspended particles in rotating horizontal drum and free surface Taylor-
Couette (TC) flows accumulate in band-shaped patterns at specific operation conditions.
The existence of this so-called particle banding-phenomenon in a completely filled rotating
horizontal drum was first discoverd by Lipson [1] for a dilute suspension of settling crystals.
This phenomenon was also observed by Tirumkudulu et al. [2] in a partially filled TC flow
laden with neutral buoyant particles. Different numerical and experimental studies have been
conducted since then to investigate this phenomenon. However, the driving hydrodynamic
mechanism responsible for the formation of the bands is not fully understood yet. In the
present work, we report the observation of particle banding for a dilute suspension of settling
particles in a fully filled horizontally aligned narrow-gap (1 mm) TC flow. In particular, we
observed an almost complete separation of suspended non-neutrally buoyant particles with
different sizes to multiple bands in a laminar Couette flow. Figure la shows a snapshot
of this phenomenon where particles separate based on their size and form a symmetric
pattern. Furthermore, in a monodisperse suspension, we observed that a single particle
band decomposed to multiple stripes when the rotation axis of flow is inclined with respect
to horizon (Fig.1b).

a)

Figure 1: Particle bands in the TC cell. a) particle separation effect, b) striped bands at an
inclination angle of 30 degrees.

To investigate particle dynamics and underlying hydrodynamic effects, an Astigmatism-based
Particle-Tracking-Velocimetry (APTV) procedure was developed based on Cierpka et al.
(2010). This method is suitable to determine the out-of plane position of large microparticles
(d, > 60pm) with an accuracy of less than 30 percent of the particle radius. The main
difference compared to previous works is that particles are illuminated in a brightfield mode,
such that each particle act as a ball lens yielding a focal point of light rays passing through
it. Due to its curvature, the outer cylinder of the TC setup acts as a cylindrical lens which
induces astigmatism and changes the shape of this focal point from circle to ellipsoid based
on the location of particles along the gap. The shape of this focal point is very sensitive to
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Figure 2: (a- d) Evolution of the aspect ratio of the focal point of a particle with d, = 196m
located at the inner cylinder, e) image of particles in the TC rig (d, = 148um ).

the out-of-plane position of the particles and is the key parameter to reconstruct the particle
location (Fig. 2 a-d).

Finally, a unique TC-facility was built to achieve optimal conditions for calibrating the
APTV-technique and to measure the particle and flow velocities, as well as the radial particle
concentration in any desired azimuthal and axial position (Fig. 3). The setup is designed in
such a way that the orientation of the rotation axis can be varied with respect to horizon
which enable us to explore the effect of gravity on the banding phenomenon.

Figure 3: a) Schematic sketch of TC facility illustrating the degrees of freedom, b) picture
of current state of the setup with highlighted degrees of freedom.
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In this research, we investigate a highly turbulent flow over a non-wetting surface of micro-
scale roughness. To accurately measure drag and to visualize the flow we use the Taylor—
Couette geometry. For this study, the inner cylinder is rotating, whereas the outer cylinder
is kept stationary. The gap-width based Reynolds number is O(10%). The inner cylinder
is coated with a rough, hydrophobic material. We vary the void fraction of air « present
in the working fluid to introduce bubbles to the flow. For smaller volume fractions of air,
up to a < 2%, we see that the increased surface roughness from the coating also increases
the drag. For larger fractions of air, a > 2%, the drag decreases compared to a smooth
hydrophilic, uncoated cylinder using the same volume fraction of air. This suggests that two
mechanisms play a role: the roughness that increases the drag and the more effective drag-
reducing mechanism of the superhydrophobic surface. The balance between these effects
determines if bubble drag reduction is more effective when using a superhydrophobic surface
compared to using a smooth hydrophilic surface.
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Figure 1: Skin friction drag reduction (DR) results from torque measurements. DR is defined
as the ratio in skin friction coefficient between bubbles (a« > 0) and no bubbles (o = 0):
DR =1 — (Cf(a)/C¢(0)). Compared is an uncoated, hydrophilic, smooth inner cylinder, to
a coated, hydrophobic inner cylinder with micro-scale roughness. Different void fractions of
air o are studied under Reynolds numbers increasing between 0.5 x 10% and 1.7 x 10°. The
data are an average of at least four measurements, with extremes denoted by the error bar
area.



High-speed standard magneto-rotational instability
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The magneto-rotational instability (MRI), found by Velikhov (1959) and Chandrasecher
(1961), could destabilise hydrodynamically stable flows by an imposed magnetic field. The
work by Balbus & Hawley (1991) popularised this instability among astrophysicists as this
could possibly explain the origin of the mysterious instability seen in certain astrophysical
objects obeying Kepler’s law, which is hydrodynamically stable. The instability has been
tested in Taylor-Couette flow by numerous researchers as summarised in the recent review
by Rudiger et al. (2017). While the general trend of the neutral curves is well-understood,
it may be worth to consider the large Reynolds number limit of them because the Reynolds
number of astrophysical flows is indeed quite large. Here we use the method of matched
asymptotic analysis to find the mathematical asymptotic limit of the neutral curves.

In most of the previous theoretical studies ‘locally periodic approach’ has been employed
assuming asymptotically short wavelengths of perturbations. However, they do not produce
accurate approximation of the neutral curve because that assumption is not valid for the
most dangerous perturbation. In fact, there are two important ingredients missing in those
analyses: (i) the effect of boundary conditions, (ii) the effect of curvature.

Our analysis begins by considering the narrow gap limit of Taylor-Couette flow which is
merely a rotating channel flow. The locally periodic result can be obtained when the periodic
boundary conditions are used at the walls. Using the no-slip and perfectly conducting or
insulating boundary conditions, we shall highlight the similarities and differences to the
locally periodic case. The results are compared with the numerical solutions of full resistive
magneto-hydrodynamic equations.

Then the theory is extended to the fully wide-gap Taylor-Couette flows (the radius ratio
7, the inner and outer Reynolds numbers R;, R,). In particular, here it is found that the
neutral solution branch asymptotically approaches to a line in the R,—R; parameter space

- CH P2 Bin?
"on(C+PLBE)

which exists between the Rayleigh line and solid-body rotation line. Here C is a function of
1 and obtained by the numerical computation of the asymptotically reduced equations. This
means that the multiple of the magnetic Prandtl number and the imposed non-dimensional
axial magnetic field strength, P, By, should be larger than some critical value in order to
observe the MRI at the quasi-Kepler rotation.
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Figure 1: Upper: The neutral curve of Taylor-Couette flow between perfectly conducting or
insulating cylinders with the radius ratio n = 0.5. A constant axial magnetic field By = 2 is
imposed. The magnetic Prandtl number is unity. The thick blue dashed curves are the full
numerical solutions, while the thin red lines are the asymptotic results. Lower: the value of
C found by the asymptotic analysis.
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Abstract:

In the present work, a linear stability analysis of a pulsed Taylor-Couette flow is investigated
in a quasi-periodic situation, where the inner and the outer cylinders oscillating respectively
with the angular velocities Q, cos(wit) and Q, cos(wat), here w; and wo are two incommen-
surate frequencies. We study the influence of the frequency ratio, w = x—f, on the critical
parameters (Taylor number and wave number). The numerical results show that the mod-
ulation with two incommensurate frequencies has a stabilizing or destabilizing effect with

respect to the periodic case, where the two frequencies are considered equal.

1 Introduction

The stability of a periodic basic flow in Taylor-Couette geometry, with zero mean angular
velocity, has been considered in [1] and [2], respectively in the case where the inner cylinder
is fixed and the outer cylinder is oscillating periodically and in the case where the two
cylinders are modulated in phase or in out of phase. Subsequently, Aouidef et al. [3] studied
theoretically and experimentally the stability of periodic flow in the case where the inner
and outer cylinders oscillate with the same modulated angular velocity. In contrast to these
works, we perform in this paper a linear stability analysis of the pulsed Taylor-Couette flow
in a quasi-periodic situation. The numerical resolution is done using spectral method for
spatial resolution [4] and Runge-Kutta method for temporal resolution.

2 Linear stability analysis

We consider an incompressible fluid filling the annulus between two infinitely long cylinders
subject to the boundary conditions Q4 (r = Ry) = €, cos(wit) and Qa(r = Ra) = §, cos(wat).
By assuming Ry — R; << Ry, the basic flow is given by

dvp d%vp
Pﬁ = Ox2 (1)

vp(x,t) = Fi(x) cos(wit) + Fa(z) sin(wit) + G1(x) cos(wat) + Ga(x) sin(wat) (2)
The expressions Fi(x), Fo(z), G1(z) and Ga(x) are

cos(y1x) cosh(y1(2 — x)) — cosh(y12) cos(y1(2 — x)) B idQFl
’  wy dx?

Fi(z) = cosh(2v1) — cos(271)



cos(2(1 — x)) cosh(v2(1 + x)) — cosh(y2(1 — x)) cos(y2(1 +x)) _ idQGl

G = Gy —
(@) cosh(27v2) — cos(272) ' 27 Wy da
where 71 = /5 and vo = /¢
The axisymmetric disturbances are considered with a perturbed velocity field as
(u(w,t),v(z,1), w(z, 1)) = (u(x,1),v(x,1), W(z,t)) exp(ikz) (3)

After linearization of the Navier-Stokes equations and elimination of the pressure and vertical
velocity component w, we obtain the equations for the components v and v

(4)

( 952 — k2 — g)M = 2k*Tavpv
I\~ _ 0
(= 12 = )0 =
where k is the wave number and Ta = RlTQOd, / Ril is the Taylor number. The associated
boundary conditions are
ou

ﬂz?}:a—x:() at x=0,1 (5)

3 Results and discussion
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Figure 1: Critical Taylor number and wave number versus the frequency for different values
of the frequency ratio, w

The critical Taylor number and wave number as a function of v, for different values of fre-
quency ratio w are reported in Figure 1. In the low frequency limit, (y < 1), the Taylor
number decreases with increasing w and for intermediate frequency, the flow remains poten-
tially unstable for an intermediate frequency 7y,. The critical Taylor number increases when
w decreases and also the critical wave number decreases. According to the numerical results,
the frequency ratio has a stabilizing or a destabilizing effect compared to the situation of
Aouidef et al [3], corresponding to w = 1. Regarding the critical wave number, it remains
constant for low frequencies and it starts to increase from v, = 3. We also find that for a
fixed value of the frequency, the critical wave number increases when w decreases.
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Convection in the spherical gap under micro-gravity conditions:
From Earth’s mantle to atmospheric flows.
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The Geoflow and AtmoFlow experiments are designed to investigate geophysically motivated
flows in the spherical gap geometry. GeoFlow aims to study Earth’s core and mantle-like
flows, AtmoFlow will investigate global atmospheric flows. In both experiments the radial
gravitational field is established by an artificial force field based on the dielectrophoretic
effect. Axial gravity is eliminated by conducting the experiments under micro-gravity condi-
tions on the ISS. We present latest results from the GeoFlow Ilc experiment and first results
from the planned AtmoFlow experiment.

GeoFlow Ilc - Influence of dielectric heating on convection

Dielectric heating occurs in situations where an alternating electric field is applied on an in-
sulating dielectric material (cf. in domestical micro-wave stoves) where the fluids molecules
have a strong dipole structure. This effect can produce thermal convection through the
thermo-electric coupling by the dielectrophoretic force. The working fluid of GeoFlow shows
dielectric heating properties. Hence, it is used to investigate dielectric heating on convective
processes. Three regimes are in the scope of GeoFlow Ilc. First, the influence of dielectric
heating on isothermal stratification. Second, the interaction of dielectric heating with a con-
vectively unstable fluid. Third, the impact of heating on rotational instabilities. All three
regimes are investigated by means of interferograms and accompanying numerical simula-
tions, [2], [3]. Dielectric heating creates a stable parabola-shaped mean temperature profile
with a maximum in the interior of the spherical gap for initially isothermal fluids, [1]. This
stratification is known from certain stellar objects, too. In the convection state, the tempera-
ture distribution is more homogeneous with a lower maximum temperature, cf. Fig. 1 (left).
For the comparison, a numerical interferogram is applied to temperature fields obtained in
the simulation. The onset of convection as well as basic spatial properties of the resulting
internally heated convective zone are in very good agreement with the experiment. The
computed velocity field reveals strong downdrafts which lead to recognizable fringe patterns
in the interferograms, see Fig. 1 (right).

Investigation of atmospheric-like flows in the spherical gap geometry: AtmoFlow

The main objective of the AtmoFlow experiment is the investigation of convective flows in
the spherical gap geometry that are of interest for geophysical, astrophysical and especially
here for atmospheric research. The main feature of AtmoFlow is its spherical geometry
and aims to observe flows in thin gaps that are subjected to a central force field. Such a
condition, obviously impossible to reach on ground, is achieved by simulating buoyancy driven
convection through a central dielectrophoretic field in microgravity conditions e.g. on the ISS.
Without losing its overall view on the complex physics, circulation in planetary atmospheres
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Figure 1: GeoFlow Ilc: Mean temperature profile as function of the radius. Thick lines
represent the conductive case, thin lines show the averaged temperature for the 3D case
(left). Numerical reconstruction of a convective downdraft. Ring structures are numerical

interferograms which are used to compare numerical with experimental results (right).

can be reduced to a simple model of the in- and outgoing energy (e.g. radiation) and
rotational effects. Both input parameters are determined by the boundaries of the system,
see Fig. 2 (right). This strongly simplified assumption makes it possible to break some
generic cases down to test models which can be investigated by laboratory experiments and
numerical simulations, Fig 2 (left). Therefore, it is possible to study atmospheric circulations
by means of this spherical shell experiment, where varying differential rotation rates and
temperature boundary conditions represent different types of planets. This is a very basic
approach, but various open questions regarding weather, climate change and global warming
can be answered with that simplified setup. We find a rich variety of typical flow patterns
for radius ratio 0.7, including baroclinic waves, occluded fronts, strong tropical convergence,
sub-tropical jets and complex polar vortices.

4“7 conducites materisl Boundary conditions Polar
|/ vortex
] o M wlv o
' [ Baroclinic
i wave
n I
i
B S Occluded
Temperature at inner shell. front

' w

3

E 2

Temperature at outer shell.

Figure 2: AtmoFlow: Sketch of the experimental setup of AtmoFlow (left). Numerical
simulations in the experimental parameter space (right).
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Effect of amplitude ratio of a quasi-periodic gravitational modulation
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1 Abstract

We study the influence of the amplitude ratio of accelerations which is introduced in the
quasi-periodic Mathieu equation studied by Boulal et al. [2]. In this equation there are two
incommensurate frequencies w; and wo, i.e, the ratio, w = :}’—f, is an irrational number. We
show that the increase of the ratio of accelerations, A., has a destabilizing effect.

2 Introduction

The periodic gravitational modulation of Rayleigh-Bénard convection in Hele-Shaw cell has
been studied in [1]. Boulal et al. [2] have extend this configuraion to quasi-periodic grav-
itational modulation with two incommensurate frequencies. Boulal et al. [2] have showed
that a modulation with two incommensurate frequencies has astabilizing or a destabilizing
effect strongly depending on the frequencies ratio, w. However, no study provides quantita-
tive results regarding the influence of accelerations ratio on the onset of instability without
assuming equal accelerations. Unlike the previous work, the present study aims to use a
new maner to treat the problem of quasi-periodic oscillator using Floquet analysis after
approximating an irrational number by a rational number.

3 Quasi-periodic Mathieu equation

Consider a Newtonian liquid confined in a horizontal Hele-Shaw cell of infinite extent in the
x direction. Denote by d the height of the cell, e the distance between the vertical planes
and € = e/d the aspect ratio of the cell; the values y = £e/2 and z=0, d, correspond to the
boundaries of the cell. The lower and upper walls are maintained respectively at temperatures
Ty and Ty (11 > Tz). We consider that the Hele-Shaw cell is submitted to the volumic force
plg— (blw% coswit+ bgwg coswat) k|. Where wy and we are two-dimensional incommensurate
frequencies. The parameters by and by are the amplitudes of motion. Following the recent
study in [3], we use the fact that an irrational number, w , can be approximated by a rational
number of the form w = p/q , where p and ¢ are prime integers. The linearized equation in
the Hele-Shaw approximation [1, 2] is written as
d’f df N 4q% h Pr*

2 —
72 +2u e T% [Ro — Ra (14 FriQf(cos2qr + Accos2pr))] f=0 (1)



_ 2q(x*+k*+12Pr _ K 1282 Q. ow _ bowi, :
where 2M = %,h = W,RO = 2 W = ﬁ? - F?7AC - blué’ Ra is the

Rayleigh number, F'r; is the Froude number, Pr* is the Prandtl number and k is the wave
number.

4 Rsultats et discussion

Figure 1 illustrates the results of the case where the fluid layer is heated from below and
for values frequencies ratio, w = /37, effective Prandt] number, Pr* = 1, Froude number,
Fri = 1.6 x 107* and for different values of the ratio of accelerations A.. We see that
near €2y = 0, the critical Rayleigh and wave numbers tend, respectively, to the values of the
unmodulated case, namely Ra. = 4872 and k. = w. Here, it turns out that the effect of the
accelerations ratio, A., is destabilizing for all values of €2;.
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Figure 1: Evolution of the critical Rayleigh number, Rac, as a function of the dimensionless
frequency €y for w = +/37.
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The presence of air bubbles in high-Reynolds number Taylor-Couette (TC) flow has proven
to be successful when reducing the drag in the flow [1]. Approximately, 40% drag reduction
(DR) was achieved when the volume fraction « is approximately 4% with a Reynolds number
of Re = 2.0 x 10%. In this study, we explore the drag reduction mechanism in TC flow
using vapor bubbles instead. We conduct experiments in the Boiling Twente Taylor-Couette
(BTTC) apparatus [2]. A low-boiling point liquid (Novec Engineered Fluid 7000) is used as
the fluid phase; this liquid boils at 34°C when the pressure is atmospheric.

Figure 1: (a) Rendering of the BTTC facility. (b) A snapshot of the experiment where the
distribution of the vapor bubbles can be appreciated.

The experiment is as follows: we fix the rotation of the inner cylinder (the outer cylinder
is at rest) and measure the torque that is required to drive the cylinder at constant speed
along with the pressure of the system. We gradually increase the temperature of the flow
from 20°C to 50°C. When the pressure of the system equals the vapor pressure at the
boiling temperature Tj,;;, we observe the formation of vapor bubbles which has a nearly
uniform distribution along the axial direction. A snapshot of the experiment can be observed
in Fig. 1(b). Due to the dynamic heating process, « is observed to increase during the
experiment. Using a conservation of mass argument, in combination with the pressure signal,
we can estimate a during the experiment as shown in Fig. 2(a). Using the measured «(t),
we correct the liquid viscosity due to the presence of the vapor bubbles with the Einstein



correction, i.e. v = (1 + (5/2)a), where vy is the liquid viscosity. With both v and
T at hand, we calculate both the driving parameter of the flow expressed by the Taylor
number Ta, and the Nusselt number Nu,,, which quantifies the response of the flow. Here,
Ta = (1/4)(1+n)/(2y0) (1o — ri)?(ri +1o)*w? /U2, where r; , are the inner and outer radii
respectively, n = r;/r, = 5/7 is the radius ratio, w; is the inner angular frequency and v is
the liquid viscosity; while Nu,, = ((r2 — r2)/(4mlr?r2w;))(T /pv), where £ denotes the height
of the cylinder, p is the liquid density and 7T is the torque. Finally, we evaluate the amount
of drag reduction due to the vapor bubbles by computing Nu,,/Nuy,(T}ei) and find DR of
approximately 40% for Ta = 1.6 x 10'2(Re = O(10°)) for a volume fraction of a ~ 5% (Fig.
2(b)). Using high-speed imaging, we have estimated the Weber number of the bubbles to be
O(10) which is consistent with the study of drag reduction due to air bubbles in [1]. Our
results support the idea that bubble deformability is crucial in order to achieve strong drag
reduction.
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Figure 2: (a) The calculated volume fraction a during the experiment. (b) A 3D plot of
the drag reduction achieved due to the presence of the vapor bubbles. Here two different
experiments are shown. The colorbar represents the amount of drag reduction. The gray
data points correspond to a = 0.
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The linear instability of the stratified plane Couette flow
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We present the stability analysis of a plane Couette flow which is stably stratified in the
vertical direction orthogonally to the horizontal shear (see Figure 1)[1]. Interest in such
a flow comes from geophysical and astrophysical applications where background shear and
vertical stable stratification commonly coexist. We first perform the linear stability analysis
of the flow in a domain which is periodic in the stream-wise and vertical directions and
confined in the cross-stream direction. The stability diagram is constructed as a function of
the Reynolds number Re and the Froude number Fr, which compares the importance of shear
and stratification. We find that the flow becomes unstable when shear and stratification are
of the same order (i.e. Fr~ 1) and above a moderate value of the Reynolds number Re > 700.
The instability results from a resonance mechanism already known in the context of channel
flows, for instance the unstratified plane Couette flow in the shallow water approximation

2].

Figure 1: a) Sketch of the stratified plane Couette flow. b) The experimental setup with the
transparent belt driven by vertical rollers; this shearing device is then introduced in a tank
filled with salt stratified water.

The result is confirmed by fully non linear direct numerical simulations and to the best of our
knowledge, constitutes the first evidence of linear instability in a vertically stratified plane
Couette flow. We also report the study of a laboratory flow generated by a transparent belt
entrained by two vertical cylinders and immersed in a tank filled with salty water linearly
stratified in density. We observe the emergence of a robust spatio-temporal pattern close
to the threshold values of Fr and Re indicated by linear analysis, and explore the accessible
part of the stability diagram. Figure 2 presents spatio-temporal diagrams of the perturbation
(left) and velocity fields (right) in the plane y = 0. With the support of numerical simulations
we conclude that the observed pattern is a signature of the same instability predicted by the
linear theory, although slightly modified due to streamwise confinement.

The mechanism at the origin of this instability relies on a resonance of internal gravity waves
which are trapped close to the boundaries and Doppler shifted, thus allowing two counter



Figure 2: Left: Spatio-temporal diagram of the perturbation u at the center line z = 0,y =0
for a reference case Re = 969, F'r = 0.82 for confined DNS (top) and experiment (bottom).
Right: perturbation u in the plane y = 0 once the flow has become unstable for confined DNS
(top) and the experiment (bottom). The red dashed rectangle indicates the area accessible
to experimental measurements.

propagating waves to become stationary and mutually resonant. An analogous mechanism
was also invoked to be at the origin of Strato-Rotational instability both in the plane Couette
[3, 4] and the Taylor-Couette [5, 6, 7] geometries. More generally this wave interaction process
identifies a class of instability which is characteristic of shear flows (e.g. [8]).
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The study of rotating flows in one of its most simple configurations (fixed cylindrical vessel,
rotating disk at the bottom, free surface at the top) reveals much more complicated physics
than expected. This flow, for low aspect ratios, is known to develop travelling instabilities
as the angular velocity of the disk exceeds a finite threshold [1]. We revisit this flow case
using distilled water experiments, direct numerical simulation and linear stability analysis.
The comparison reveals a robust discrepancy in the instability thresholds. After a critical
assessment of the possible issues in the experimental set-up, we eventually question the
modelling of the free surface in the presence of water contaminants [2].

The influence of this numerical boundary condition was first tested by considering a new
'frozen” boundary condition where the radial velocity vanishes at the liquid interface
[3]. In a second stage we generalise this new boundary condition into a linear combina-
tion of both ’free’ and ’frozen’ conditions, thereby introducing an additional free parameter «.
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Figure 1: Evolution of the critical Reynolds number of three modes, for o between 0 (ideal free
surface condition) and 1 (’frozen’ condition), and a geometrical aspect ratio G = 1/14.



The search for the critical Reynolds number, parametrized by «, reveals a second branch
of unstable modes with a lower critical threshold. The visual and quantitative agreeement
between this new instability mode and the experimentally observed structures (cf Fig. 2) is
very encouraging.

a)

R
\ b

Figure 2: (a) Experimental visualization at Re ~ 30. (b) Axial vorticity computed at Re = 53, with
frozen surface condition (a = 1).
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In this study, which has been performed within the European High Performance Infras-
tructures (EuHIT) program, we investigate turbulent Taylor-Couette (TC) flow. It is the
flow between concentric rotating cylinders serving as a famous reserve model for rotating
flows in fluid mechanics. The TC geometry is defined by the radius ratio n = r1/ry and
the aspect ratio I' = L/d with the cylinder length L, the cylinder radii r; and ry for the
inner and outer one respectively and the gap width d = ry — r;. To describe the cylinder
speeds, we use the ratio of angular velocities 4 = wg/w; and the shear Reynolds number
Regs = 2rirad|ws — w1|/(v(r1 + r2)) [3]. v represents the kinematic viscosity.

In our study we focus on the impact of turbulent Taylor vortices on a fully turbulent TC flow,
whose remnants have been found at very high Reynolds numbers [4] for pure inner cylinder
rotation. Further, these remnants are strengthend again for slightly counter rotation and are
responsible for a torque maximum, indicating the importance of turbulent Taylor vortices in
that regime [1].

To investigate these vortices we performed PIV measurements in horizontal planes at 23 dif-
ferent cylinder heights at the torque maximum rotation rate (fmaqz (7 = 0.714) = —0.36). The
experiments were carried out inside the Boiling-Turbulent-Taylor-Couette experiment of the
University of Twente within the EuHIT-program. The geometric parameters are n = 0.714,
I' =18.3 and d = 0.03m. As working fluid distilled water is used with a kinematic viscosity
of 1.004-1075m?/s at 20°C and fluorescent PMMA-Rhodamine B-particles are added as
tracers. In summary we measured the radial u,(r, ¢, z,t) and azimuthal velocity component
uy (7, ¢, 2,t) in horizontal planes scanning the axial coordinate in a range of +44mm around
midheight with a step size of 4mm to analyse the flow in quasi-threedimensional space.

As the transport of angular momentum is constant across cylinder surfaces concentric to the
rotation axis, we analyse the probability density function (PDF) of the azimuthal velocity
component relative to these surfaces at specific radii r. In the axial direction, we limit the
space to a length of one vortex pair and indicate the PDF as fa. In figure 1, the PDFs
(fa) for Reg = 2.1-10° and u = 0 (case 1) as well as 4 = —0.36 (case 2) are shown. To
get a deeper understanding for case 2, where dominant vortices are present inside the flow,
also the PDF's for the axial position of the vortex center, inflow and outflow are added and
denoted as fvorteac position -

For pure inner cylinder rotation (case 1), f4 is in good agreement with a Gaussian distribution
independent of the radial location for 7 > 0.05. At the rotation ratio of the torque maximum
(case 2), fa strongly deviates from a Gaussian distribution. Close to the inner cylinder
wall, the outflow region of the Taylor vortex (foutfiow) becomes important and shifts up the
right flank of f4. At the center of the gap, the distribution becomes quite symmetric to the
origin of the x-axes in good agreement with the findings of [2]. With our measurements and
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Figure 1: Probability density functions of the azimuthal velocity component for Reg =
2.1-10° and p = 0 (case 1) as well as u = —0.36 (case 2) relating to cylinder surfaces across
one vortex pair. In addition, PDFs at the axial position of specific vortex locations of Taylor
vortices are shown for case 2. The PDFs are normalized to have zero mean and a variance
of one. The radial location, where the PDF's are evaluated, is normalized to be 7 = 0 at the
inner and 7 = 1 at the outer cylinder.

the planned statistical analysis, we are confident to shed some more light on fully turbulent
Taylor vortices at high Reynolds numbers.
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Since Taylor’s experiment in 1923 [1], the Taylor Couette (TC) flow represents a paradigmatic
system to study the stability of rotating shear flow. It is common to study the stability by
employing the normal-mode approach. Although a two dimensional TC flow is found to have
only stable eigenvalues by linear stability analysis [2], the non-normality of the eigenfunctions
leads to a transient growth instability, which often appears to admit an algebraic growth rate
[3]. It has been shown by the present group [4], [5], [6] that the normal-mode ansatz has
its basis in symmetries and, moreover, that many classical shear flows admit new non-modal
symmetry induced eigenfunctions. For the TC azimuthal base velocity u, = Ar + Br—! we
obtain the new eigenfunction

Blrpnt) = (2 ) emAeop )

where s represents the complex exponent of the algebraic growth rate and ¥ is the stream
function of the perturbation. As the variable x = Lt of the eigenfunction is depending on
the variables in time and space, the usual geometry of the Taylor Couette flow with two
finite radii has to be altered into a rotating wire flow in an infinite domain, which is a kind

of TC model system for the wide-gap TC flow (figure 1).

Figure 1: Infinitesimal thin wire in an infinite domain.

Together with appropriate boundary conditions at * — 0 and  — oo the underlying
eigenvalue problem was completely solved, yielding a continuous eigenvalue spectrum with



R(s) < % for arbitrary m # 0. Hence, the eigenfunctions (1) give rise to new instable modes
for the plane TC model system, i.e. % > R(s) > 0. Considering the vorticity of the disturbed
flow, a spiral movement can be observed (figure 2). Hereby, the parameter m determines
the number of spiral arms, the imaginary part of the eigenvalue s defines the direction and
degree of turns.

Figure 2: Appearance of spiral structures in the vorticity field with m = 4, R(s) = 2 and
S(s) =0 (left), S(s) =5 (right)

In the next step the Fokas unifying method will be employed as such that solution (1) may
also be used for finite radii of the classical TC flow.
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We consider the hydrodynamical behavior of dielectric fluids contained in a vertical annulus
under applied voltage and temperature gradient between inner and outer wall. This set-
ting gives rise to a body force, that is a superposition of buoyancy and dielectrophoretic
force [1]. The situation can be modeled by means of the thermal electro hydrodynamical
equations which are based on the standard Boussinesq approximation for natural convection,
augmented by DEP force and Gauss law for describing the electric field inside the fluid as a
function of temperature. These equations for fluid velocity u, pressure p, temperature 6 and
electric potential ® are given by

1
ou~+u-Vu—vAu+ p—Vp = a (VO)*V0 — aygb
1

V-u=0 (1)
00 +u-VO — A0 =0
V- (1-ef)VP) =0
under appropriate initial and boundary conditions [2].

Our method for approximately solving system (1) is based on the Finite Element Method
for discretization in both, space and time. For the spatial part, we make use of stable
Taylor-Hood elements, whereas temporal discretization is implemented by a Petrov-Galerkin
formulation with continuous trial and discontinuous test functions. In this way, the resulting
discretized problem can be solved in a time-stepping manner, with an arising set of nonlinear
algebraic equations for each time step which are solved by Newtons method. Here, the main
computational effort lies in the solution of large-scale linear systems whose dimensions are
in the order of several millions of variables when using a reasonable spatial resolution in 3D.
To cope with these systems, we developed a parallel linear preconditioner which is based
on a Schur complement approach for splitting the complete system into several subsystems
according the underlying physics of the model. These subsystems correspond to discretized
elliptic problems, which are well suited for being solved with highly scalable methods. We
make use of the Algebraic Multigrid Method [3] and construct the way of solving the sub-
sequent subsystems such that the overall solution process exhibits good parallel efficiency.
The implementation is based on the open source Finite Element package HiFlow3 [4].

In our talk, we present a computational study to demonstrate parallel scalability of our
method. Moreover, we present simulation results for a cylinder annulus of aspect ratio
' = 20 with electric Rayleigh number in the order of 10°. The numerical solution shows the
transition from initially azimuthally aligned vortices to axially aligned columnar structures,
where the latter are present in the final state of the dynamic system. Due to these vortices,
radial heat transfer is enhanced as an increase of the associated Nusselt number shows.
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Figure 1: Fluid velocity and temperature in a vertical cylinder gap of aspect ratio I' = 20
under applied temperature difference of AT = 7K and effective voltage AV = 7kV between
inner and outer wall. Left: isosurface of median temperature with color map indicating
the strength of axial vorticity. Right: illustration of the flow field on an horizontal cut at
the middle height of the cylinder. Shown are both 3D field, indicated by arrows, and its
projection onto the horizontal plane, illustrated by streamlines.
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Inspecting animations of upper tropospheric jets provided e.g. by opera-
tional weather services it can be seen that the degree of turbulence of the
jets is rather low but still, small-scale gravity waves seem to be steadily
emitted from the jet cores. This observation is puzzling since the emis-
sion seems to be disconnected from classical instabilities and turbulence.
Today the small-scale waves are attributed to an imbalance of the jet. For
some part, a re-adjustment of the jet towards the geostrophic equilibrium
leads to the radiation of gravity waves, however, another significant part
seems to be connected to so called spontaneous imbalance. The latter
denotes the fact that the geostrophic part of a flow can work as forcing
for the unbalanced part [1]. Since a number of years the signature of
spontaneous imbalance has been looked for in laboratory experiments.
In the frame of the DFG research unit MSG-Waves we try to detect this
phenomenon by means of a differentially heated rotating annulus exper-
iment.

The differentially heated rotating annulus is a laboratory experiment orig-
inally designed for modeling large-scale features of the mid-latitude at-
mosphere. In the present study we investigate (i) a modified version of
the classical baroclinic experiment in which a juxtaposition of convective
and motionless stratified layers is created by introducing a vertical salt
stratification. For large enough rotation rates, the baroclinic instability
destabilizes the flow in the top and the bottom shallow convective lay-
ers, generating eddies and inertia-gravity waves separated by the stable
stratified layer. We further investigate spontaneous imbalance (ii) in a
shallow fluid layer filling a large differentially heated rotating annulus
(Fig. 1). In this setup the ratio between stratification and rotation is
larger than for the classical small heated rotating annulus and the grav-
ity wave signature should hence be closer to the atmosphere. We observe
gravity waves trapped at the jet core but also sporadic bursts of grav-
ity wave emission from the baroclinic front in regions where the local



Rossby number is large. This points to spontaneous imbalance as wave
generation mechanism. First results on numerical simulations [1, 2] and
experimental findings [4, 3] have been published.

Figure 1: Infrared image of the large tank’s surface temperature. The
inset shows the horizontal part of the velocity divergence capturing the
small-scale gravity wave signal along the jet core.

References

1]

S. Borchert, U. Achatz, M.D. Fruman, Gravity wave emission in
an atmosphere-like configuration of the differentially heated rotat-
ing annulus experiment, J. Fluid Mech. 758, 287311, 2014.

S. Hien, J. Rolland, S. Borchert, L. Schoon, C. Ziilicke, and U.
Achatz, Spontaneous inertia-gravity wave emission in the differ-

entially heated rotating annulus experiment, J. Fluid Mech. 838,
541, 2018.

C. Rodda, I. D. Borcia, P. Le Gal, M. Vincze, and U. Harlan-
der, Baroclinic, Kelvin and inertia-gravity waves in the baros-
trat instability experiment, Geophys. and Astrophys. Fluid Dyn.,
https://doi.org/10.1080/03091929.2018.1461858, 2018.

M. Vincze, 1.D. Borcia, U. Harlander, and P. Le Gal, Double-
diffusive convection and baroclinic instability in a differentially
heated and initially stratified rotating system: the barostrat insta-
bility, Fluid Dyn. Res. 48, 061414, 2016.

Acknowledgements
This work was supported by DFG (Germany), EuHIT (Europe), and CNRS (France).



20th International Couette-Taylor Workshop (ICTW20)
Stability of a Viscoelastic Pulsed Flow in Taylor Couette Geometry

HAYANI Mohamed!, ANISS Said!,

1 University of Hassan II, Faculty of Sciences Ain-Chock,
Laboratory of Mechanics, B.P.5366 Maarif, Casablanca, Morocco

The present work is devoted to the study of the effect of a phase modulation, imposed on
the inner and the outer cylinders, on the threshold of instability within a viscoelastic fluid
in a Taylor-Couette geometry. In this context, we assume that the behavior of the fluid is
governed by a non-linear Oldroyd-B law and the modulation is sinusoidal.

We perform a linear stability analysis of the base flow and a spatial resolution with spectral
methods (Chebyshev-Gauss-Lobatto collocation method) combined with a temporal reso-
lution using the Runge-Kutta method with Floquet Theory. The results obtained in this
framework, allow us to highlight, the effect of the modulation and the viscoelastic nature on
critical Taylor number.

1 Introduction

The Taylor-Couette flow of a viscoelastic fluid features a completely contrary scenario. Even
at vanishing Reynolds numbers far below the critical condition for primary inertial instabil-
ity, i.e. in the absence of inertia, the initially laminar flow of a viscoelastic fluid may become
linearly unstable. This transition is non-inertial by nature and it originates from the elastic
instability mechanisms: elastic normal stresses are amplified in the presence of small pertur-
bations of the radial velocity field and couple to the curvature of streamlines. They build up
a so-called hoop stress which actuates a secondary flow in the radial direction towards the
center of the Taylor-Couette cell when the elastic forces are big enough (Weissenberg effect)
[1, 2, 3, 4, 5]. Consider an incompressible viscoelastic fluid filling the annulus between two
infnitely long cylinders of radii R; and Ry = Ry + d where d is the gap length (Fig. 1). The
angular velocity of each cylinder is Q,cos(wt), Qo and w denote respectively the amplitude
and the frequency of the modulated rotation.

G4%aa
Fluid Viscoelastic
Oldroyd-B

QRy,t) = Q(F-{é, t) = Qg cos(wt)
oy

Figure 1: Taylor-Couette geometry.



2 Linear stability analysis

The set of equations (equations of momentum and behavioral law equations) is solved nu-
merically using the Chebyshev pseudo-spectral collocation method based on the discretized
Gauss-Lobatto points grid and a temporal resolution by the method of Runge-Kutta with
Floquet Theory. With these considerations, we have a relation between the frequency =, the
Taylor’s number T, and the wave number k.
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In this context, the critical Taylor number 7T, as a function of v is presented in figure 2 for
different values of the elasticity number and the composition number S. For the low values
of elasticity, an hydrodynamic behavior similar to that of the Newtonian fluid is obtained
for different values of the parameter S. Indeed, the flow is potentially unstable in the
intermediate frequencies and a stabilization effect is obtained in the low and high frequencies.
In addition to the destabilizing effect of the composition parameter in all frequency ranges.
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We consider the stability of a steady incompressible flow between rotating porous cylinders
with radial flow to small three-dimensional perturbations. This problem attracted consider-
able attention in the last 50 years and is still a very active research area (see, e.g. a recent
paper [1]). Let r; and 7o (11 < r2) be the radii of the cylinders, Q7 and Qg their angular
velocities and v the kinematic viscosity of the fluid. The basic flow is an exact solution of
the Navier-Stokes equation, given by

B 2 V2
u:Q, v="V(r)=Ar® 4 = pZ—Q——F/ﬂdT (1)
r r 2r2 r

where u and v are the radial and azimuthal components of the velocity, p is the pressure
divided by (constant) density, @ is the (constant) volume flux of the fluid across the gap be-
tween the cylinders (per unit length in the axial direction), A and B are constants depending
on 11, T2, Q1 and Q9, and R = Q/v is the radial Reynolds number. It is also convenient
to define azimuthal (inner and outer) Reynolds numbers as Re; = ri(rq — r1)Q; /v and
Reg = ro(r9 — 11)Q2 /v respectively.

The azimuthal velocity profile V (r) depends on R: it reduces to the Couette-Taylor profile for
R =0 (no radial flow) and, in the limits R — 400, the flow becomes irrotational everywhere
except for a thin boundary layer either at the outer cylinder (if R — 4o00) or at the inner
one (if R — —o0). It is well known that the classical Couette-Taylor flow is linearly stable
to all perturbations if Q973 > Qy72. It turns out that the presence of radial flow cardinally
changes the situation. As has been shown in [2, 3], the basic flow (1) can be linearly unstable
for Q912 > Q172 provided that the radial Reynolds number is sufficiently high (|R| > 1).

The aim of the present study is to investigate whether this instability can occur for moderate
values of R. So, we consider the linear stability problem for flow (1). Perturbations are
assumed to have the form of normal modes, i.e. they are proportional to e?*+m0+¥= (where
n and k are azimuthal and axial wave numbers), and the stability problem reduces to an
eigenvalue problem for . The eigenvalue problem is solved using an adapted version of a
Fourier-Chebyshev Petrov-Galerkin spectral method [4].

We have computed the neutral curves on the (Rey, Req) plane for various values of the radial
Reynolds number R and the geometric parameter a = ry/ry. Calculations show that even a
relatively weak radial flow may lead to an instability which does not occur in the classical
Couette-Taylor problem (without radial flow). An example of neutral curves for a = 2
is shown in Fig. 1: the circles represent computed points, and the curves are a result of
linear spline interpolation based on these points. Each point is obtained by maximizing the
unstable area on the (Reg, Re;) plane over azimuthal and axial wave numbers (n and k), i.e.



at each point in the unstable region, there is a least one unstable eigenvalue for some n > 0
and k£ > 0. Due to this maximization, some curves in Fig. 1 exhibit points where they are
not smooth. These points correspond to the change in the azimuthal wave number of the
most unstable mode. For example, the red solid curve in Fig. 1 corresponds to Re = 40
and consists of two smooth branches: on the left branch, the most unstable mode is the
axisymmetric mode (n = 0) and, on the right one, it is the non-axisymmetric mode with
n = 1; the two branches merge at Res =~ 485. Figure 1 shows that for R > 40 the computed
instability domains extend to the region where the classical Couette-Taylor flow is stable.
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Figure 1: Instability regions for a = ro/r; = 2 and various values of R.
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We study the transition to turbulence in a flow of a dielectric liquid with a radial temperature
gradient and an alternating electric voltage V(t)= Vysinwt with a frequency w/27 much larger
than the inverses of the liquid characteristic times. The liquid has the density p, the kinematic
viscosity v, the thermal diffusivity s, the permittivity e. It is confined inside a vertical
cylindrical annulus of a radius ratio n=0.5 and an aspect ratio '=20. The inner and outer
cylinders are kept at constant temperatures 77 and 75, leading to a temperature gradient
(AT=T,-T>) acting on the fluid. The resulting gradient induces a vertical Archimedean
buoyancy and a radial dielectrophoretic (DEP) force acting on the fluid. We assyme the
validity of the electrohydrodynamic Boussinesq approximation [1, 2] i.e. p = po(1—a(T —Tp)
and € = €,(1 —e(T —Tp) where pg = p(Tp) and €, = €(Tp). The coefficients « and e represent
the thermal expansion and the thermal variation of permittivity respectively. The flow is
characterized by two external control parameters : the Grashof number Gr = aATgd?/v?
and the dimensionless electric tension Vg = V;/ V/prrez. In the absence of the electric field,
there is no dielectropheoretic force (Vg = 0) and a weak temperature gradient induces a
large convective cell in the gap with an ascending flow near the hot surface and a descending
flow near the cold surface. The stability of this convective cell has been investigated by
many authores [3, 4]. On the other hand, when the effect of the Archimedean buoyancy
can be neglected (Gr = 0 e.g. in the microgravity environment), the dielectrophoretic force
can induce a thermal convection above a threshold of the electric tenson applied to the
dielectric fluid [1, 2, 5]. A recent linear stability analysis of the the flow induced by both
the Archimedean and dielectrophoretic buoyancies has shown the existence of the columnar
modes in a certain range of the electric voltage values [6]. We carry out direct numerical
simulations (DNS) to investigate the effect of the DEP force on the laminar large convective
cell generated in a liquid with Pr = 65 for a fixed value of AT corresponding to Gr = 530 <
Gr. = 776. The dimensionless electric potential difference (Vg)varied from 0 to 10,000.
Above a critical value of Vg, the base flow bifurcates to the state of columnar vortices. These
stationary and counter-rotating vortices appear in the central part of the annulus while the
flow remains laminar near the endplates (Fig. 1(a)). As the electric voltage increases,regular
waves traveling downward are developed on columnar vortices (Fig. 1(b)). For large enough
values of the electric voltage, there is a transition to chaotic flow with broken vortices(Fig.
1(c)). A further increase of Vg leads to a flow with small-scale structures (Fig. 1(d)). We
provide time-averaged values associated with the kinetic energy and the heat transfer for
different values of Vg to evaluate the performance on the electric voltage on the thermal
convection, and we compare the present result to the experimental and theoretical available
studies [5, 6].
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1: Instantaneous vortical structures at the central surface; (a) Vg=1,200, (b)

VE=2,500, (c) V=3,000, (d) V5=8,000.
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This work dealt with the geometrical effect on the Gratz flow system following the influence of
the duct length to width ratio, aspect ratio , on heat-transfer rates, pressure distribution and
thermal performances as local and mean Nusselt numbers of molten metal flow through hor-
izontal rectangular channel in the Poiseuille flow conditions subjected to uniform transversal
magnetic field.

We modelled the process to establish the properties related to heat transfer involving the
both thermal regions of Gratz system in MHD. Thus, using a computational fluid dynamics
procedure based on finite volume method (Fluent Code), we studied numerically the problem
in order to characterize and control the viscous MHD flow according to an imposed axial
temperature gradient. As a result of the effect of aspect ratio on the liquid metal for the con-
sidered geometry this one is connected with the sensitive parameters, namely, the Brinkman
number Br, the Hartmann number Ha and the Peclet number Pe. The advantage of such
modifications will directly affect the probable distribution of the temperature field, with or
without a magnetic field effect. Under these conditions, we note that an early transition
regime from the laminar flow to turbulence and therefore by decreasing I' to enhance both
heat transfer rates and flow mixing by pressure drop as I' deceases.
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Oceanic meso-scale lenticular vortices play an important role in the redistribution of heat,
salt and momentum in oceans and thus contribute to the climate equilibrium on Earth. These
vortices are governed by geostrophic and hydrostatic balances between pressure gradients,
Coriolis and buoyancy forces from where they get their shape and aspect ratio [1, 2]. This
equilibrium leads to quasi-2D balanced motions in which energy is prevented to feed small
scales by the conservation of potential vorticity. Understanding the way energy escapes from
this mesoscopic turbulence to feed the smallest oceanic scales where dissipation occurs, is the
subject of an intense research. Among several different routes to dissipation, the emission of
internal gravity waves has been evoked to be a possible conveyor of energy redistribution [3].
On another hand, vortex pairing events are observed in oceans [4] where they participate
to the complex dynamics of the mesoscopic turbulence. The aim of the present study is to
describe and parametrize the merging of two lenticular anticyclones by means of stratified
flow experiments performed on a rotating table. For this purpose, we generate pairs of
anticyclonic vortices by the gentle injection of a small volume of water inside a continuously
stably stratified rotating layer in the same way that Griffiths and Hopfinger [5] did thirty
years ago for a two layer system. Figure 1 presents an example of a sequence of such a
merging.

Time

=55

[N

Figure 1: Temporal sequence of the merging of a pair of anticyclones for a Coriolis frequency
f =1.57 rad/s, a buoyancy frequency N = 3.3 rad/s and an initial separation dy = 8 cm.

Aside from describing the different regimes that lead or not to the coalescence of the pairs, in
particular the determination of the critical initial separation distance [6] (to our knowledge
this problem has never been revisited experimentally in the case of a continuously stratified
layer), the final goal of this research will be to quantify the amount of the ageostrophic energy
loss when two lenticular vortices are coalescing. Indeed, during the transient time of their
merging, the dipolar unbalanced structure that forms radiate away internal gravity waves
that will dissipate the excess of energy of the pair compared to the final balanced single
anticyclone. Figure 2-a) presents a snap-shot of velocity field in a horizontal plane during



the coalescence of two anticyclones measured by PIV. In color scale, we represent also the
horizontal divergence of the velocity field and the line along which space-time diagrams are
calculated. Figure 2-b) shows such a space-time diagram of the divergence of the velocity
field during the coalescence process. Waves whose frequency and horizontal wavenumber are
compatible with internal gravity waves are clearly visible. We still have to prove that these
waves are not emitted during the creation process of the vortices but are indeed caused by
the unbalanced dynamics of their merging.
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Figure 2: a) PIV velocity field in a horizontal plane during the coalescence of two anticyclones.
In color scale, the horizontal divergence of the velocity field and the line along which space-
time diagrams are calculated. b) An example of space-time diagrams of the horizontal
divergence of the velocity field for a Coriolis frequency f = 1 rad/s, a buoyancy frequency
N = 1.18 rad/s and an initial separation dy = 5 cm. Waves whose frequency and horizontal
wavenumber are compatible with internal gravity waves are clearly visible.
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Cylindrical rotative filters are intensified separation processes used for example to separate
blood plasma [1]. They are composed of two concentric cylinders of radii R; and Rp. The
inner cylinder is porous and rotates at an angular velocity €2. The suspension flows in the
annular space between the two cylinders, under an axial pressure gradient G. During the
flow, some liquid leaves the suspension to cross the porous inner wall (with a nondimen-
sional flowrate per unit height ¢¢). At the outlet, the suspension thus has a higher particle
concentration than at the inlet. If the inner cylinder rotates fast enough, Taylor vortices
appear, similar to those occurring in Taylor-Couette flow, due to a hydrodynamic instability,
but modified by the supplementary axial and radial flows existing in the filter. The stability
of the Taylor-Couette-Poiseuille-radial flow occurring in the filter has already been investi-
gated for Newtonian fluids [2], [3]. We generalize here these studies to purely viscous non
Newtonian flows.

A radius ratio of n = R; /Ry = 0.8 is considered here, corresponding to a narrow gap between
the cylinders. The conservation equations of mass and momentum, perturbated by infinites-
imal perturbations are solved for different Reynolds number values Re = pR1Q(Re — R1)/ o,
with p the fluid density and pg its viscosity at low shear rates. We consider the rheological
law of Carreau describing a shear-thinning behavior which reads in nondimensional form
w=(1+ )\2’}/2)(”*1)/ 2 where # is the second invariant of the nondimensional shear rate ten-
sor. The critical conditions for instability (critical Reynolds number Re., axial and azimuthal
wavenumbers, k. and m.) are calculated for different pressure gradients G, different radial
flowrates ¢y and different shear-thinning indices n.

The critical Reynolds number Re. diminishes then grows for increasing flowrate g, going
through a minimum Recmn, Fig. 1(a). The minimum locus g, is negative (centripetal
radial flow rate). Furthermore it is possible to compute critical conditions in a limited radial
flowrate range [gf1,qr2]. Outside this interval, the flow is unconditionally stable. When the
fluid becomes more shear-thinning (diminishing n), Recmin diminishes. The flowrate gfmin
is practically unchanged while the instability interval [gf1, ¢f2] becomes narrower.

The critical axial wavenumber k.also presents a minimum k,,;, but its locus q}mm is differ-
ent from ¢¢mn, 1(b). The minimum ky,;, decreases with decreasing n, while q}mm hardly
changes. In the presence of an axial pressure gradient, G = 1, the curves k.(qs) show slope
discontinuities corresponding to azimuthal wavenumber m. changes.

In the absence of axial pressure gradient G = 0, the critical azimuthal wavenumber m, is
always zero, indicating closed torus-shaped vortices. For G = 1 however, m, is no longer
zero que high enough values of |gs|, Fig. 1(c). In this case, the vortices are helices wrapped
around the inner cylinder. The extent of the flowrate interval for which m. = 0 depends on
the value of n.
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Figure 1: Critical conditions vs radial flowrate ¢ for a pressure gradient G = 1. (a) Critical
Reynolds number Re.. (b) Critical axial wavenumber k.. (c) Critical azimuthal wavenumber
me. (0) Newtonian fluid (n = 1). Carreau fluid with A =5 et (x) n = 0.8, (A) n = 0.6, (+)
n = 0.5.
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The presence of endwalls in Taylor-Couette flows has far reaching effects, leading to dynamics
that are qualitatively different to the idealized flow involving infinitely long cylinders. This
is well known when the inner cylinder is rotating and the outer cylinder is stationary. The
effects of endwalls in the centrifugally stable situation with stationary inner cylinder have
not been previously considered in detail. The meridional flows induced by the endwalls
lead to the formation of a thin sidewall boundary layer on the inner cylinder wall if the
endwalls are rotating, or on the outer cylinder wall if they are stationary. At sufficiently high
Reynolds numbers, the sidewall boundary layer has concentrated shear, the pressure gradient
in the azimuthal direction (which is the streamwise direction for the boundary layer flow) is
zero (the flow is axisymmetric) and the boundary layer thickness is constant. At a critical
Reynolds number, the sidewall boundary layer loses stability at a subcritical Hopf bifurcation,
breaking the axisymmetry of the flow, and for Reynolds numbers slightly above critical, a
packet of Hopf modes with azimuthal wavenumbers clustered about the critical wavenumber
grow. The early time evolution of the critical Hopf mode is a rotating wave analogous
to a Tollmien—Schlichting wave. As the Hopf modes grow, nonlinear interactions lead to
modulations, localization of the disturbances and the evolution of concentrated streamwise
vortical streaks which become very long and intense via vortex stretching.

Figure 1: Isosurfaces of helicity He at Re = 4 x 10° for (a) the case with the endwalls rotating
with the outer cylinder, with levels He = £7 x 10!, and (b) the stationary endwalls case,
with levels He = +10'2.

Figure 1 shows isosurfaces of the helicity He at late times for the two case discussed above.
The helical structures are very flat and reside inside their respective cylinder boundary
layer, whose radial thickness is only approximately 2% of the annular gap. The dark (red)
isosurfaces correspond to positive He, where the velocity vector and the vorticity vector point



in the same direction, and the light (yellow) isosurfaces correspond to negative He, where
the two vectors point in the opposite direction. The large value of He indicates that the
velocity and vorticity are well aligned. The less developed structures have negative helicity
in the top half and positive helicity in the bottom half of the boundary layer. These come
about because they correspond to the Tollmien—Schlichting wavelike structures being bent by
the streamwise azimuthal mean flow in the boundary layer about the mid-height. The wave
structures at early times correspond to azimuthally alternating positive and negative axial
(spanwise) vorticity cells spanning across the entire boundary layer from top to bottom. At
later times, when they are bent into the streamwise (azimuthal) direction near the mid-height,
the wave structures with positive axial vorticity are bent producing negative and positive
azimuthal vorticity above and below the mid-height, and vice versa for the wave structures
with negative axial vorticity. The wave structures with positive axial vorticity are stronger as
they are reinforced by the positive axial vorticity from the mean boundary layer flow, which in
turn weakens the wave structures with negative axial vorticity. Once the wavelike structures
have been bent into the azimuthal direction, they are rapidly stretched and intensified by the
mean flow. The azimuthally-turned structures from the alternating wavelike structures with
positive and negative axial vorticity also become intertwined. The helicity indicates that
the streamwise structures consist of pairs of very closely linked counter-rotating vortices; the
velocity is in the streamwise (azimuthal) direction, but one of the vortices is left-handed and
the other right-handed, resulting in opposite-signed helicity. This situation rapidly leads to
small-scale instability as the vortices are intensified via stretching.

Taylor—Couette flow with endwalls and a stationary inner cylinder is subcritically unstable.
The early time form of the perturbation modes consists of rollers of alternating sign of
axial vorticity that are aligned in the axial direction in the boundary layer, and behave very
much like Tollmien—Schlichting waves in shear boundary layers with zero streamwise pressure
gradient, where a band of waves with different wavenumbers grow leading to modulation and
secondary instability. The sidewall boundary layer is very thin, implying that curvature
effects are not important. The shear flow nature of the instability is initiated by vortex
bending and brought to fruition by vortex stretching.
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Taylor Couette Flow with Imposed Radial and Axial Flows—
A Weakly Nonlinear Analysis
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The linear stability analysis of Taylor-Couette flows where axial and radial through-flows
are superimposed is extended to consider the weakly nonlinear behavior of convective-type
instabilities using a fifth-order amplitude equation and numerical simulations. Special at-
tention is paid to the influence of the radius ratio 7, particularly as the gap increases to
become very wide (7 increases from top to bottom in Figure 1), which magnifies the impact
of the radial Reynolds number «.. The instabilities take the form of pairs of counter-rotating
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Figure 1: Modes of instabilities for 5 = 20 and (a) n = 0.85 and a = -10, (b) n = 0.85 and
a=0,(c)n=085and a =10, (d) n = 0.55 and o = -10, (e) n = 0.55 and o = 0, (f) n
= 0.55 and a = 10, (g) n = 0.25 and a = -10, (h) » = 0.25 and o = 0, (i) » = 0.25 and
a = 10. Isosurfaces of the radial velcoity of the instability are shown at 0.2 (red) and -0.2
(vellow) of the maximum value. The critical Taylor number and wavelength are indicated.
Reprinted with permission [1].



toroidal vortices superseded by helical ones as the axial Reynolds number S is increased.
Increasing the radial inflow (negative «) draws the vortices toward the inner cylinder, where
they shrink relative to the annular gap when the gap is wide (Figure 1(d, g, h)). Strong axial
and radial flows lead to steeply sloped helical vortices. Strong radial outflow (positive «)
in a wide annular gap results in very large helical vortices (Figure 1(i)). In addition, radial
inflows or outflows can change the supercritical bifurcation from laminar to vortical flow to
become a subcritical bifurcation. The radial flow above which this change occurs decreases
as the radius ratio decreases.
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Diverse flow structures are generated when a fluid is sheared in the annulus between two
concentric cylinders. This flow system can be used to probe the dynamical behavior of fluid-
particle suspension flows by comparing flow structures and transitions in regime with the
extensively studied and well established Taylor-Couette flows of a Newtonian fluid. Funda-
mental understanding of suspension fluid dynamics is essential due to the applications in
wide ranging fields including oil, pharmaceutical and power industries and biological flows
including blood flow.

We report the results of experiments in which a neutrally buoyant suspension was sheared
between a rotating inner cylinder and a concentric stationary outer cylinder. The radial
gap between the two cylinders is § = 7 mm. The radius ratio and the aspect ratio of the
apparatus are n = r;/r, = 0.877 and I' = L/d = 20.5 respectively where L is the axial
height of the cylinders and r; and r, are radii of the inner and outer cylinders. The inner
cylinder rotation rate, 2, is non-dimensionalized to give a Reynolds number, Re = dr;Qp/ i,
where p and p are the density and effective viscosity of the working fluid. The suspension
was prepared by mixing non-Brownian poly-(methyl methacrylate) particles in a mixture of
water and glycerol of 1 : 2 weight ratio to match the fluid density to that of the particles at
20°C. Two particle sizes with average diameters d, = 230 ym and 70 pm to yield a = §/d), =
30 and 100, respectively, were used to study the effect of particle size on the flow behavior.
Effects of particle concentration were studied by varying the particle volume fraction (¢)
between ¢ = 0 and ¢ = 0.3. Illuminating flakes in very dilute concentration were added to
the suspension to visualize and record the flow structures using a high speed camera. The
protocol followed in the experiments was to first establish wavy vortex flow (WVF) at higher
Re reduce the value of Re slowly until the flow transitioned into circular Couette flow (CCF).

Figure 1 shows the effect of particles on the flow transitions for a = 30 suspension. When
Re was reduced, pure fluid (¢ = 0) transitioned from WVF to Taylor vortex flow (TVF) to
CCF. Significant deviations from the pure fluid behavior occur when particles are present.
For example, a ¢ = 0.1 suspension, as shown in the space-time diagrams in figure 1(a),
transitioned from WVF to TVF to spiral vortex flow (SVF) to ribbons (RIB) to CCF. In
addition to the appearance of non-axisymmetric flow structures (SVF and RIB) between
TVF and CCF, the Re corresponding to all the flow transitions for the ¢ = 0.1 suspension
reduced significantly compared to the pure fluid. When the particle size was reduced to yield
« = 100, the non-axisymmetric region between TVF and CCF disappeared indicating, as
expected, that the size of the particles plays a role in the observed deviations. Compiled
in figure 1(b) are the effect of particle concentration on various flow transition Re and flow
structures for 0 < ¢ < 0.3. For dilute suspensions (¢ < 0.05), the suspension exhibited
the same flow structures as the pure fluid but the transition Re reduced with increasing
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Figure 1: (a) Space-time diagrams showing flow transitions: WVF-TVF-SVF-RIB-CCF (see
text for definitions), for ¢ = 0.1 and o = 30 suspension when the inner cylinder Re was
reduced from Re = 145 to Re = 93; (b) Effect of particle concentration on flow transition
Re for suspension with @ = 30. Symbols indicate various flow states and Dashed and solid
lines indicate various flow transition boundaries.

concentration. For 0.05 < ¢ < 0.15, non-axisymmetric flow structures appeared between
TVF and CCF. With increasing ¢, the range of Re yielding stable non-axisymmetric flow
structures increased and the transition Re for al the flow transitions was reduced significantly.
At higher concentrations, as shown for ¢ = 0.3, the transition series consisted only of non-
axisymmetric structures: wavy spiral vortices (WSV) to SVF to RIB to CCF. In addition,
the Re at which flow transitioned into CCF was Re ~ 75 compared to Re = 120 of the pure
fluid. The spiral structures observed here are of mode m = 1 and the ribbon structures are
a combination of two mode m = 1 spirals, one left winding and one right winding. Our
experiments with very dilute suspensions (¢ < 0.01) showed inertial migration of particles
in CCF and TVF. Initially uniformly distributed particles in CCF at Re = 82 migrated to
an equilibrium position that is 0.49 from the inner cylinder. In TVF, particles focused in a
circular equilibrium limit cycle (with radius dependent on Re within the TVF range) in each
vortex when observed in r — z cross section. The results are recently published in [1] [2].
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Global modes in Taylor-Couette-Poiseuille flow
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Variations in the local stability of the flow in a Taylor-Couette cell can be imposed by
adding an axial Poiseuille flow and a radial flow associated with the a weakly permeable inner
cylinder through which the radial flow is governed by Darcy’s law. At a given rotation rate
of the inner cylinder, this results in adjacent regions of the flow that can be simultaneously
stable, convectively unstable, and absolutely unstable, making this system fit for obtaining
global, synchronized, modes of centrifugal instability.

Cylindrical
cavity

Figure 1: (a) Radial and axial velocities of the laminar Taylor-Couette-Poisuille (TCP) flow.
The outer cylinder is impermeable while fluid flows across the inner permeable cylinder,
according to Darcy’s law, leading to a base flow varying along the axial direction. (b) shows
the azimuthal velocity of the base flow in an equatorial plane.

A two-pronged approach is adopted. First, building on the existing convective/absolute sta-
bility analysis in the axially invariant TCP flow with impermeable cylinders [1], the analytical
frameworks of linear and non-linear global modes are used to obtain the critical conditions
and characteristics of the instabilities in the axially varying flow with a permeable inner
cylinder. These analyses are based on the selection of a specific axial location that acts as a
wavemaker and imposes its unstable dynamics and frequency to the rest of the perturbation.
Then, Direct Numerical Simulations using a dedicated pseudospectral method implementing
the Darcy’s condition on the permeable cylinder [2] are performed to shed new light on the
validity of the analyses in global modes. Guided by application to filtration devices, we
consider a set-up where fluid extraction occurs along the full length of the inner cylinder. As
one moves downstream, the mean axial flow decreases and so does the local stability of the



base flow. Close to critical conditions, the global mode is governed by a linear wavemaker
located at the outlet, in agreement with the wavepacket of toroidal vortices obtained in the
DNS shown in Figure 2(a). As the rotation rate is increased, the linear global mode evolves
to a non-linear global mode governed by wavemaker located at the boundary between the
convectively and absolutely unstable regions, in agreement with the DNS shown in Figure
2(b). The global mode analyses do not fully explain, however, that the instabilities observed
in the numerical simulations take the form of axial stacks of wave-packets, as observed in
Figure 2(b), characterized by step-downs of the temporal frequency.
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Figure 2: Direct Numerical Simulation of TCP flow with a permeable inner cylinder: radial
velocity at mid-gap, as a function of the axial coordinate z. The rotation rate of the inner
cylinder is 0.6% (a) and 16% (b) above its analytical critical value. The stable, convectively
unstable and absolutely unstable regions are denoted by blue S, CU and AU, respectively.
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This presentation introduces our work [1] which experimentally investigated the vortex dy-
namics of a Couette-Taylor flow with an axial distribution of temperature. The apparatus
comprises concentric cylinders (length: L = 112.3 mm), a rotating inner cylinder (outer
radius: R, = 25 mm), a fixed outer cylinder (inner radius: R; = 38 mm), and a water jacket
divided into two parts, as shown in Figure 1. The temperature of the lower half of the water
jacket, T7, was set as 60 °C and that of the upper half, T5, was varied from 20 to 50 °C. An
aqueous solution of 40 wt% glycerin was used as the working fluid. The flow pattern was
visualized using an aqueous solution seeded with Kalliroscope AQ-1000 flakes (0.1 wt%).
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Figure 1: Experimental apparatus.

The flow patterns can be mapped in a Grashof number (Gr) and Reynolds number (Re)
plane and they classified into three patterns based on the balance between the centrifugal
force and the buoyancy, as shown in Figure 2. If the buoyancy is dominant, global heat
convection is observed instead of Taylor vortices (Case I). When the buoyancy is comparable
to the centrifugal force, the Taylor vortices and global heat convection appear alternately
(Case II). If the centrifugal force is sufficiently high to suppress the buoyancy, stable Taylor
vortices are observed (Case III). The characteristics of the mixing/diffusion are investigated
by conducting a decolorization experiment on a passive tracer, as shown in Figure 3. In Case
II, the tracer is rapidly decolorized in the presence of the global heat convection instead of
the Taylor vortices. This result implies that the interaction between the centrifugal force
and the buoyancy would induce an anomalous transport.
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Figure 2: Flow map based on flow visualization. The dash and solid line empirically show
the flow boundaries.

Figure 3: Observed vortices at each stage in Case II (Re = 496, Gr = 8.8 x 107): (a) stable
Taylor vortices, (b) deformed Taylor vortices, and (c) collapsed Taylor vortices. Arrows in
figures denote the vortex motion.

References

[1] H, Masuda, S. Yoshida, T. Horie, N. Ohmura, M. Shimoyamada, Flow Dynamics
in Taylor-Couette Flow Reactor with Azial Distribution of Temperature, AIChE J.,
64, 1075-1082, 2018.

Acknowledgements
This research project is supported by JSPS KAKENHI Grant Number JP18H03853.



A path following algorithm to compute bifurcation diagrams in
confined natural convection problems involving Bingham fluids

Marc Medale!, Bruno Cochelin?

L Aix-Marseille Université, CNRS, TUSTI UMR 7343, 13453 Marseille, France.
2 LMA, Centrale Marseille, UPR 7051 CNRS, 13451 Marseille, France.

The classical way to determine bifurcation diagrams in problems where the base-state solution
has no analytical expression usually consists in performing a sequence of two tasks for a series
of control parameter values [1]: i) compute the base state associated to a given value of the
control parameters; ii) compute the linear stability of the given base state.

The present work presents a computationally efficient solution to the first of these two
steps for large size algebraic systems resulting from the discretization of coupled energy
and incompressible Navier-Stokes equations. Among continuation algorithms, first order
predictor-corrector algorithms with pseudo-arc-length parameterization have been widely
used for decades [2, 3, 4]. Nevertheless, it turns out that step-length adaptivity may be
in trouble in the vicinity of bifurcation points leading to a weak computational efficiency
and sometimes lack of convergence. An alternate way to first order predictor algorithms
stands in high-order predictors that have been introduced in continuation algorithms based
on the Asymptotic Numerical Method [5]. This method combines high-order Taylor series
expansion, discretization technique and parameterization strategy, which results in a general
and efficient non-linear solution method. In this framework, power series analysis enables to
accurately detect and compute simple bifurcation points in the course of the ANM continu-
ation [6, 7].

This paper presents bifurcation diagrams performed with our numerical model based on
ANM continuation for a confined Rayleigh-Bénard configuration where the working fluid
obeys the Bingham model under the Boussinesq’s approximations. The confining box has
aspect ratios of L/h=10 and 1/h=4 and the fluid properties are defined by Pr=9, Bn=1.
Figures 1 and 2 present bifurcation patterns at threshold and second steady-state bifurcation
and corresponding bifurcation diagram, respectively. Unlike Newtonian fluids, the pattern at
threshold is a combination of square cells and rolls, and the bifurcation nature at threshold
is no longer a pitchfork one, but a transcritical one (subcritical).
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Figure 1: Bifurcation patterns at threshold (left) and second steady state bifurcation (right).
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Figure 2: Bifurcation diagram: fondamental branch (black line), bifurcated ones from thresh-
old (bleu line) and second steady state bifurcation (red line).
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Understanding the mechanisms that can result in an outward transport of angular momentum
is a central problem regarding astrophysical objects formation, particularly in the theory of
accretion, on which turbulence might explain this phenomenon in accretion discs [1]. Among
other candidates, the Strato Rotational Instability (SRI) has attracted attention in recent
years as a possible instability leading to turbulent motion in these systems. The SRI is a
purely hydrodynamic instability consisting of a classical Taylor-Couette (TC) system with
stable density stratification due to, for example, salinity or a vertical temperature gradient.

Many information about the SRI can be obtained from numerical simulations and particularly
designed laboratory experiments of axially-stratified TC setups, as the one in the laboratory
of Aerodynamics and Fluid Mechanics (LAS) of the Brandenburg University of Technology
(BTU) Cottbus-Senftenberg. For obtaining a stable density stratification along the cylinder
axis, the bottom lid of the setup is cooled, and its top part is heated, establishing an axial
linear temperature gradient between 3K and 5K per 0.7m.

Numerical simulations using the same configuration as the BTU experiment have been per-
formed at the M2P2 laboratory at the Aix-Marseille University (AMU), and at the LAMPS
laboratory at the University of Perpignan, with the temperature difference set as 4K between
the bottom and top parts of the cylinder.

The inner and outer cylinders on the experimental setup rotate independently, each one
driven by a DC motor unit controlled by servo amplifiers. The experimental results presented
were obtained at a fixed rotation ratio of = Qgut/Qin = 0.35, where Q is the angular velocity
of the cylinder. The velocity profiles shown are obtained from Particle Image Velocimetry
(PIV), with the camera co-rotating with the outer cylinder. The PIV measurements absolute
error is of less than 2%, and all experiments were repeated at least 2 times at different days,
so that the result’s reproducibility could be guaranteed.

The experimental results obtained with PIV are in agreement with the linear stability curves
presented in [2] for constant values of Rn, a stratification related Reynolds number. The
linear stability curve for Rn=250 (adapted from [2]) is shown as a black solid line in figure 1,
where some of the experimental results obtained during this work are also represented along
the vertical red line of constant p = 0.35.

The red triangles represent unstable flows obtained for Re = 400, Re = 600, and Re = 800,
while the blue circle represents the stable case when u = 0.35, Rn = 250, and Re = 1000.
As it can be seen in fig.1, the stable case is just outside the marginal linear stability line.
All the other experiments are inside the unstable regions. The instability can be observed
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stable cases.

in the Hovmoller plots (figure 2), as well as in the analysis of the Reynolds stress tensor
components (e.g., —pu'v'), since it is zero for the stable case, and non-zero when the flow is
SRI unstable.

Comparisons of the experimental results with numerical simulations using the codes described
in [3] and [4] did show a good agreement regarding the SRI frequencies and the mean velocity
profiles obtained. New high-performance numerical simulations considering all the same
input parameters as the experiments shown in this abstract are now being performed for
further comparison with linear stability analysis.
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The present project aims to establish a new international research center (core facility center)
for ”Physics of Rotating Fluids (PRF)” with geo-/astrophysical, meteorological and technical
applications located at Brandenburg University of Technology Cottbus-Senftenberg. The
main goal is to integrate cutting-edge rotating and stratified fluid flow experiments across
national boundaries in order to foster internationally competitive experimental research in
the field of rotating and stratified fluids by providing an easy access to experimental facilities
equipped with state-of-the-art instrumentation.
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Figure 1: Overview on the DFG Core Facility Centre 'Physics of Rotating Fluids’. a) Turbu-
lent Taylor-Couette flow b) Quasi-Biannual Oscillation ¢) PIV measurements in rapidly ro-
tating geometries d) Strato-rotational instability e) Waves in tmospheres f) GeoFlow project.

The research areas covered by the experimental facilities inside the new center are: Planetary
and astrophysical flows (with focus on disk formation, instabilities and mixing), geophysical



fluid dynamics (with focus on strato-rotational turbulence, mean flow generation and wave
interaction) as well as rotating flows with technical applications (centrifuges, turbines, journal
bearings and rotor/stator cavities). The new center of ”Physics of Rotating Fluids (PRF)”
will cover and focus all previous single research and guest scientist exchange activities like
EUHIT, CNRS French/German-co-operation and ESA Topical Team with BTU/CFTM2 in
the field of rotating and stratified fluid flows. As an overview of the performance of the Core
Facility Centre we briefly present various topics involved (Fig. 1).

The experiments on rotating fluids are setup and ready for guest use within the DFG core
facility centre. For example turbulent Taylor-Couette flow including torque measurements [1]
and velocity measurements [5] are performed within the center, stratorotational instabilities
are studied [2], Inertial waves are excited in the quasi-biannual oscillaton tank [3] or wave
instabilities in spherical shells are investigated [4]. Apart from this the variety of the Core
Facility Center on Physics of Rotating Fluids does not become depleted.
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Extensional self-similar flows appear in channels or pipes with accelerating, pulsating or
porous walls with uniform suction and/or injection. In all the aforementioned cases, the
boundary conditions at the walls are modelled by assuming the streamwise velocity of the
fluid as being linearly proportional to the streamwise coordinate, leading to an exact Navier-
Stokes self-similar flow governed by the Proudman-Johnson nonlinear differential equation.
Steady flows arising between symmetrically stretching parallel plates and axially stretching
pipes were addressed in the early 80s [1]. The emergence of time periodic flows between
symmetrically stretching plates and their eventual destabilization to chaotic regimes were
identified by many authors in the early 90s [4]. Later studies also explored steady flows aris-
ing for the particular asymmetrical case based on one plate at rest and the other stretching
[5]. More recent works have addressed the validity of the self-similar anstatz in extensional
channels when compared with actual two-dimensional Navier-Stokes direct numerical simu-
lations [2].

In this talk we will outline the most relevant findings recently reported in [3], where we ex-
plore steady and time-periodic self-similar flows in channels with general stretching-shrinking
boundary conditions, therefore unfolding the particular explorations carried out in the past
by many authors to arbitrary stretching rates at the top and lower boundary plates. We nu-
merically integrate the nonlinear boundary value problem using a Legendre spectral method
and determine the steady flow solution in the channel. These steady flows are continu-
ated in the two-dimensional parameter space characterized by the Reynolds number and the
stretching-shrinking rate of the top and bottom plates. These flows exhibit codimension-2 bi-
furcations that are carefully studied. These bifurcations lead to instabilities and sometimes
to time periodic solutions which are also continuated in the parameter space and whose
stability is also monitored through Floquet exponents computation.

In this talk we will also briefly describe current ongoing explorations on flows arising in axially
stretching-shrinking and azimuthally twisting pipes, where not only the classical steady flows
found in [1] are unfolded throughout the stretch-shrink-twist parameter space, but also new
time-periodic regimes (some of them linearly stable) have been identified.
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When an a.c. high voltage is applied to a dielectric fluid which exhibits an electric permit-
tivity gradient, the dielectrophoretic (DEP) force appears and can be regarded as a thermal
buoyancy associated to an effective electric gravity [1, 2]. We developed an experimental
set-up to study thermoelectric convections induced by the DEP force. The dielectric liquid
is confined between two concentric cylinders, which are maintained at different temperatures
and different electric potentials, creating a radially oriented electric gravity field [3] (Fig. 1
left). In order to avoid the combined effect of Earth’s gravity and the electric gravity, the ex-
periment ran under microgravity (pg) conditions obtained during parabolic flight campaigns
(Fig. 1right). A Particle Image Velocimetry method is used to visualize the flow in the axial
direction, and a Shadowgraph/Schlieren technique is used to measure the density variation
in the azimuthal direction.

Figure 1: Schematic representation of the flow configuration (left) and photo of the A310
ZeroG airplane (right, by courtesy of Novespace).

Various fluids and aspect ratios are investigated in different gravity phases provided by
the parabolic flights. The growth rates of instabilities are compared for different initial
conditions: the high voltage is applied before the beginning of the g phase, just when the
g phase started, or some seconds after the pg started. The objective of such investigation
is to provide optimal conditions for thermoelectric convection for future experiments such as
the TEXUS sounding rocket flight.
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The application of an electric field, together with a temperature gradient on a dielectric liquid
can generate thermal convection, in particular under weightlessness where the Archimedean
buoyancy is negligible [1, 2]. We consider an incompressible dielectric fluid confined in a
cylindrical annulus rotating about its axis in a microgravity environment. The two cylindrical
surfaces are maintained at different temperatures and an alternating difference of electric
potential is applied between them (Figure 1). The centrifugal acceleration g, acts on the
density stratification to produce the centrifugal buoyancy. With an analogous mechanism,
the radial electric field acts on the electric permittivity stratification and gives rise to the
dielectrophoretic (DEP) force which can be seen as a thermal buoyancy force induced by an
effective electric gravity g..
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Figure 1: Sketch of the flow configuration.
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The instability driven by the two competing thermal buoyancies is studied through a linear
stability analysis. For low rotation rates, convection cells take the form contra-rotating
helical vortices [3]. However, the rotation of the cylindrical annulus favours vortices which
are aligned with the axis when the rotation rate is sufficiently large [4]. We will see that
the heating direction has an important role in this problem, and a careful analysis of the
frequency of wave propagation is performed.
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We consider the Taylor-Couette system with rotating inner cylinder and a radial temperature
gradient. The gap between the cylinders has the width d=0.5cm and the length L=57cm.
The inner cylinder of radius a=2cm rotates with the angular frequency €2. The geometrical
control parameters are the radius ratio n=0.8 and the aspect ratio I'=114. The annular gap
is filled with a Newtonian fluid with the density p, the thermal expansion a and the thermal
diffusivity x. The physical control parameters are the Taylor number Ta=Re(d/a)'/? (with
Re=Qad/v)) which is a measure of the rotation rate of the inner cylinder and the Grashof
number Gr=aATgd®/vk which is a measure of the temperature difference acting on the
fluid.

The stability of the flow in this configuration has been reported in a recent study in which
an experimental diagram of flow sates has been provided together with few states checked
with DNS [1]. For Ta=0, the flow consists of a large convective cell with an ascending flow is
ascending near the hot cylinder and a descending near the cold surface. For a weak rotation
rate with Ta <Ta.=12, the base flow consists of a superposition of the circular Couette flow
induced by the rotation and the large convective flow. Such a base flow is characterized
by two vorticity components: the azimuthal vorticity induced by the temperature gradi-
ent(baroclinic vorticity) and the axial vorticity due to the rotation of the inner cylinder.
The baroclinic flow has an inflexion point in which the vorticity reaches its maximum and,
according to Rayleigh-Fjortoft criterion[2] , the flow is unstable. According to the Rayleigh
circulation criterion, the circular Couette flow is unstable. In this flow, it is possible to excite
two types of instabilities depending on the relative importance of each driving force [3].

We perform direct numerical simulations of different flows obtained for a fixed value of
Gr=4,000 in order to determine the flow structures, the momentum and heat transfer coef-
ficients when the Taylor number Ta is increased from 0 to 500. We use a finite-volume in
a cylindrical coordinate system [1,4]. The endplates are assumed adiabatic and stationary.
The value Gr=4,000 is the largest value for which the Boussinesq approximation is still valid
for our flow system.

At To=Ta.=12, the base flow bifurcates to a state of localized modulated spiral pattern
(MSPI)(Fig. 1(a)). The pattern is formed in the central part of the flow system and vanishes
before reaching the endplates. This state is observed in a small range of Ta above Ta.. Such
types of localized structures have been obtained in numerical simulations of the quintic Swift-
Hohenberg equation [5]. A small increase of Ta just above Ta, results in the occurrence of
the disordered spiral pattern (DSPI) which exhibit light zones in which azimuthal vorticity
components have very low values leading to irregular spiral vortices (Fig. 1(b), (c)). These
light zones have the signature of solitary states. For large values of Ta, the disordered flow
bifurcates to a wavy spiral pattern (WSPI) (Fig. 1(d), (e)), and then to the wavy vortex
flow (WVF) (Fig. 1(f)). The disappearance of the disordered character of the spiral flows



corresponds to the dominance of the centrifugal force over the temperature gradient. The
competition between the centrifugal force and the temperature gradient is determined by the
Richardson number Ri=Gr/Re®. Guillerm et al.[1] found that, for the flow with 7=0.8, the
disappearance of the temperature gradient effects occur at Ri*=0.03. Fig. 1(f) corresponds
to Ri=0.011< Ri".

The variation of the friction coefficients with Ta shows the transition from the regime dom-
inated by the baroclinic vorticity and the wave dominated by the centrifugal force. This
transition corresponds also to the change of the slope of the variation of the Nusselt number
with Ta.

re re re re re re

Figure 1: Instantaneous contours of azimuthal vorticity component (w,) in the centre sur-
face of the annulus for Gr=4,000; (a)Ta=12, (b)Ta=13, (c)Ta=20, (d)Ta=80, (e) Ta=170,
(f) Ta=300.
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Regarding the problem of transition from laminar to turbulent motions, plane Couette flow
subject to a span-wise system rotation has been serving as a testing ground for comparison
between experiments ([1, 2]) and theories ([3, 4, 5]).

The fluid motion for this system is governed by two non-dimensional parameters, R (shear-
induced Reynolds number) and € (system rotation). It is known that, at a fixed R, the basic
state loses stability to stream-wise-independent perturbations as € is increased, resulting in
the onset of secondary flow with a stream-wise-independent roll-cell structure possessing the
span-wise wavenumber, 3 = 1.5585.

Although it is believed that instability property of the secondary flow has been understood
quite well, we re-examine the property in the present paper, especially for small R, with a
surprising result. Namely, the secondary flow becomes unstable to perturbations with small
stream-wise wavenumbers, «, as soon as it bifurcates from the basic state at 2 = 1.079 (for
R =100), so that there exists no stable stream-wise-independent roll-cell structures.
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Figure 1: Bifurcation structure for small « against the momentum transport My at the chan-
nel wall when R = 100. TV1: two-dimensional stream-wise-independent roll-cells; WVF:
tertiary flows; Ribb: Ribbons. The span-wise wavenumber, 3, is 1.5585 for all flows.

As shown in Figure 1, three-dimensional tertiary flows (WVE’s) for small « resulting from
the afore-mentioned secondary instability connect with the so-called Ribbons[4] (Ribb’s),
which possess double-layered stream-wise vortex structures. The stream-wise component



of the vorticity for each vortex changes signs alternately in the stream—wise direction (see
Figures 2(a,c)).

The velocity directions in the top/bottom layers at particular span-wise positions (Fig-
ures 2(b,d)) are consistent with the direction of flow around the central vortex - i.e. the
vortex, as described by the velocity vectors, extends across the full height of the channel.

Figure 2: The flow pattern of Ribbon with a = 0.01 and § = 1.5585 at 2 = 1.18 for
R = 100. The stream-wise component of the vorticity is indicated by colour code and
the velocity vectors are projected on the span-wise(z) - wall normal(y) cross-section at the
stream-wise(x) stations at (a):x = 0, (b):(27/a)(3/10), (¢):(27/a)(5/10), (d):(27/«)(8/10).

In conclusion, there exist no stable two-dimensional stream-wise-independent roll-cells theo-
retically. What are observed in experiments might be actually Ribbons with a long stream-
wise wave length A\ = 27/a.
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Our experimental work which investigated the aggregation of micro-scale silica particles in a
chaotic mixing field will be introduced. The experimental apparatus comprises two rotating
cylinders (diameter : 15 mm) and a vessel (inner diameter : 130 mm) as shown in Figure
1. The cylinders rotated at a constant rate w and paused for a fixed time T" with a phase
difference to give rise to the chaotic mixing [1]. Silica particle (diameter : 2.5 um, density:
1.9 g cm~3)-silicone oil (kinetic viscosity : 50 mm? s~!, density : 0.96 g cm™3) suspension
was used as the working fluid and pure glycerol was introduced to make the friction of the
bottom surface be negligible. The solid content was 0.1% w/w. Particle size analyses were
done with a microscope on samples taken from the sampling point shown in Figure 1.

sampling point
a) b) <:>w silicone oil
15 @
O “ 1115
NUZEaRNIV4 X
‘ 48 ’ glycerol
<1170
cylinder
130 mm

Figure 1: Experimental apparatus; a) top and b) side views.

The median diameter dsg after 20 min of the process had a minimum value when plotted
against w1’ as shown in Figure 2. Representative particle distributions are shown in Figure
3. If wT is small, the particle size distribution curve was monomodal as well as the initial
distribution, which implies that aggregates form from the same scale of particles. On the
other hand, when wT is large, it drastically changed to the bimodal distribution compare to
the initial monomodal distribution. This result implies that aggregates form from different
scale of particles. The mechanism of aggregation in a chaotic mixing field would be able to
control by changing wT.
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Figure 2: Relationship between w7 and dsg at t = 20 min.
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Figure 3: Particle size distributions at different wT'.
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Abstract

In this paper, we investigate numerically the Taylor-Couette flow between indepen-
dently rotating cylinders with a relatively small aspect ratio I' = 2.4 . For this purpose,
direct numerical simulations (DNS) have been achieved to study the effects of the gravi-
tational and the centrifugal potentials on the stability of incompressible Taylor-Couette
flow as well as on passive scalar transport. The flow is confined between two concentric
cylinders both the inner cylinder and the outer one are allowed to rotate. The Navier-
Stokes equations and the uncoupled convection diffusion reaction (CDR) equation are
solved using a spectral development in one direction combined together with a finite
element discretization in the two remaining directions. When the cylinders are abruptly
rotating, it is shown that the counter rotation promotes the appearance of the abnormal
mode.

Introduction

Flow between independently rotating concentric cylinders, which is commonly called Taylor-
Couette flow has attracted great interest since the publication of the classical Taylor [1]
paper, because of its complex dynamic behavior and it numerous engineering applications.
In the most of the previous works the effect of the end walls is neglected, theoretically by
assuming innitely long cylinders, experimentally by using long cylinders compared to the
gap between the cylinders, and computationally by using periodic boundary conditions at
the axial extrema of the computational domain. However these end walls have a significant
influence on the flow dynamics [2]. In the classical setup where only the inner cylinder
is allowed to rotate and with stationary end walls, Benjamins studies [3] [4] reveal a new
dynamical aspect in short annulus and classified the observed flow into primary mode which
is usually develops smoothly with increasing the Reynolds number and uniquely possible at
small values of Re, and secondary modes witch are possible only above a respective critical
value of Re, these modes can be normal if the flow is inward close to the end wall, or
anomalous if the flow is outward near the end wall.

Results

The codes ability to solve three-dimensional flow in axisymmetric geometries including pas-
sive scalar transport with uniform boundary and initial conditions with both LES and DNS



methods was previously established [5] . In these simulations we examine the effect of both
weak and strong counter rotation on the flow structure in a Taylor-Couette apparatus with
small aspect ratio, This is reached by starting the two cylinders from rest and keeping the end
walls at rest, the inner Re; numbers explored here are ranging between 300 to 700, and outer
Re, numbers between -10 to -300, the modes uncountred here are summarized in Fig.1, the
first Remarque that we can make is that all the modes produced with the counter rotation
in our range of Reynolds numbers are anomalous, and two new anomalous modes appeared
when a counter rotation is imposed, these modes are anomalous two-cell and anomalous
four-cell flows, the anomalous four-cell flow (fig. 1 b. c¢. f. i) is formed by a pair of normal
cells at the center and two anomalous cells at both end walls, the anomalous two-cell flow
is also constituted by two anomalous cells and the flow is outward at both end walls, which
also the case in the anomalous four-cell flow.
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Figure 1: Instantaneous axial velocity u, contours and streamstraces for the cylinder geom-
etry n =0.615and ' =24
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The Taylor-Couette system has long been studied as a model for the study of centrifugal
effects and the transition to turbulence in closed flows. In realistic situations, it is often
necessary to take into account the presence of thermal effects. Thus, the first observation of
the complications caused by these thermal effects is generally attributed to Taylor himself [1].
He reported in some cases the appearance of a spiral instead of the Taylor vortex flow. This
phenomenon, not predicted by theory in the context of an isothermal fluid, was a posteriori
associated with the presence of an axial flow created by a radial temperature gradient [2].
Here we are interested in the study of the flow produced in a Taylor-Couette system submitted
to a large radial temperature gradient.

Our system is composed of two vertical coaxial cylinders of same length L = 57 cm (figure 1a).
The inner cylinder made of black anodized aluminium has a radius a = 2 cm, the outer
cylinder made of glass has a radius b = 2.5 cm. The gap between the cylinders d =b—a =
0.5 c¢m is filled by water. Two stationary Teflon rings are used to seal the annulus, giving
the gap length H = 55.4 and the radii and aspect ratios n = a/b=0.8 and I' = H/d = 111.
The inner cylinder is rotated with angular frequency 2 whereas the outer cylinder is at rest.
The inner and outer cylinders are maintained at fixed temperatures T and 75 by constant
temperature water circulating inside the inner cylinder and between the outer and a third
glass cylinder which surrounds the system. Therefore, the flow can be described by three
physical control parameters: the Taylor number Ta = (Qad/v).(d/a)'/?, the Grashof number
Gr = gadTd?/v? and the Prandtl number Pr = v/k.
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Figure 1: Schematic drawing of the experimental setup (a). Space-time diagrams of the
spiral pattern for Gr = 4270 and Ta = 12.4 (b) and Gr = —8800 and T'a = 15.8 (c).

The flow is characterized using two complementary techniques. Using Kalliroscope AQ1000
concentrate, the flow pattern are visualized along the whole length of the system in the
r — z plane. We also use encapsulated Thermochromic Liquid Crystals (TLC) to perform
temperature and velocity measurements in a 11 ¢cm wide portion of the same plane taken at
mid-height.



As soon as a radial temperature gradient is imposed between the cylinders, the flow takes the
form of a convective cell with particles moving upwards along the heated wall and downwards
along the cooled one. When the inner cylinder starts to rotate, the classical circular Couette
flow is added to this convective cell. Then, when the rotation of the inner cylinder is further
increased and the Taylor number reaches a critical value T'a. which depends on the Grashof
number, this base flow is destabilized [4]. For Gr = 0, Ta. = 47 and the base flow is replaced
by the Taylor vortex flow [1, 3]. For Gr # 0 a spiral flow, sets in when T'a. is reached. The
onset of the instability first decreases as |Gr| increases until |Gr| ~ 800. For |Gr| > 800, T'a.
remains roughly constant.

For Gr # 0, two distincts behaviours can be observed according to the Grashof number.
For |Gr| < 800 the pattern appearing at the onset of the first instability has already been
described in [5]. The spiral only appears at the bottom of the cavity and has a regular time
behaviour inducing the temporal frequency spectrum to be caracterized by one single mode.
For |Gr| > 800, the time behaviour of the pattern is no longer regular. A low frequency time
modulation can be seen on the space-time diagrams. The pattern evolves from the bottom
to the mddle of the heigth of the system. Its axial extension icreases with the Grashof numbe
and reaches half the length of the system at Gr = 4270 (figure 1b). For |Gr| > 2500, as soon
as the Taylor number is slightly increased above its critical value (an increase of §Ta = 0.4 is
sufficient), a pattern called solitary wave appears on the background of the modulated spiral.
This solitary wave is a robust structure and persists even when T'a is further increased. It
takes the form of one to three helical stripes depending on the Grashof number (figure 1c).
Its helicity follows the same rules as the other patterns observed in the system [6] but it is
much more intense than the modulated spiral which is barely visible in the same conditions.
It extends vertically over 3/4 of the system from the top (bottom) when the inner (outer)
cylinder is hotter and propagates around the cylinders following the inner cylinder rotation.
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Low Mach Number Modeling of Stratorotational Instability in a
water-filled Taylor-Couette cavity
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The Stratorotational Instability (SRI) is a purely hydrodynamic instability with distinctive
local features occuring in centrifugally stable flows. It is suspected to contribute to the out-
ward angular momentum transport in accretion discs, which is a central problem of planet
formation. Only turbulence can achieve such a large angular momentum transport. SRI
can be studied from specifically designed laboratory experiments and numerical simulations
in an axially-stratified Taylor-Couette setup [1, 2]. Recent studies [3, 4] mentioned that, at
fixed values of the Froude number, Fr = ;/N (with N the buoyancy frequency and ; the
angular velocity of the inner cylinder), and of the angular velocity ratio p = €,/€Q; (with
Q, the angular velocity of the outer cylinder), there exists an upper limit of the Reynolds
number Re = Q;R;(R, — R;)/v for the occurrence of SRI. These authors also showed that
the value of Re where the flow becomes stable again increases as F'r decreases. Therefore, at
high Reynolds number values relevant to transition to turbulence regimes, SRI can only be
obtained at small Froude number values and, consequently, for large temperature difference
AT between the top and bottom endplates. When liquid water is used in simulations, the
validity of the Boussinesq approximation may be questioned under such conditions. Indeed,
Shalybkov and Ridiger [5] suspected non-Boussinesq effects to be responsible for large dis-
crepancies between numerical and experimental results for strong stratifications, e.g small
values of Fr. Medale and Haddad [6] reported non-Boussinesq effects in a mixed convec-
tion problem using liquid water. The Boussinesq approximation can theoretically be applied
with liquid water at 298.15K for temperature differences AT less than 5.2K [7]. We investi-
gated the influence of non-Boussinesq effects on the characteristics of SRI by performing 3D
simulations with both Low Mach number and Boussinesq approximations based on spectral
methods in the configuration of experiments at the BTU Cottbus-Senftenberg, Germany [4].
For the Low Mach number modeling, the specific equation of state proposed for water by
Patek et al. [8] is implemented, which allows for an accurate representation of the den-
sity and other thermodynamic properties of water, with a mean deviation of 0.01% for the
density compared with data provided by NIST. The simulations show that non-Boussinesq
effects modify the value of the Froude number for the threshold of occurrence of SRI. Sig-
nificant changes are also observed for the azimuthal wavenumber, as illustrated in figure 1,
and for the fundamental frequency of the instability. The present studies will serve to guide
future simulations based on High Performance Computing in order to reach higher values of
governing parameters relevant to turbulence regimes [9].
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Figure 1: Iso-contours of radial velocity at mid-height of the cavity for Re = 1000, F'r = 0.58
(AT = 24K) and p = 0.35. Left: Low Mach number approximation (azimuthal wavenumber

m =1,

frequency w/€;=0.54). Right: Boussinesq approximation (m=2, w/;=1.12).
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Taylor-Couette Flow with Cavitation

Prof. Peter Reinke, Tom Beckmann, Dr. Marcus Schmidt
HAWK Géttingen, Faculty of Natural Sciences and Technology.

The work on hand presents a new flow phenomenon which has yet not seen any research:
the combination of the transistion from Couette to Taylor vortex flow and the formation of
vapor. In other words, the one-phase and two-dimensional Couette flows becomes a two-
phase (liquid/vapor) and three-dimensional Taylor vortex flow. This flow is studied inside
the gap between a rotating inner cylinder and fixed outer cylinder. Initially the gap is filled
with a liquid, only. If the rotational speed is increased and exceeds a critical value, torodial
vortices begin to fill the gap in pairs according to gap and diameter ratio. The onset of vor-
tex formation is known as first linear instabilty of the Couette flow and is widely investiga-
ted numerically and experimentally, both. The parameter which drives the vortex formation
is the radial pressure gradient across the gap. When reaching a critical value the pressure
gradient causes a radial flow which in turn becomes a component of the three-dimensional
vortices. The motivation to investigate a fluid that has a boiling point near the stability limit
of the Couette flow led to the work on hand targeting the interaction of cavitation and vor-
tex formation. The results yield a better understanding of the physics and the parametrizat-
ion of a newly developed numerical model. As a matter-of-fact, numerical studies indicate
the initiation of cavitation near the wall of the inner cylinder due to the radial pressure gra-
dient and the pressure minimum adjacent to the inner wall. The work on hand presents
numerical results as well as experimantal data, which are in good agreement. A special
fluid is used for the experiments, which fulfills three conditions: a viscosity to reach the in-
stabilty of the Couette flow, a vapor pressure to provide boiling at the operating point and
an optical refractive index compatible with the housing material. A specifically designed
experimental set-up allows optical accessibilty to the flow that makes the application of
non-intrusive measurement techniques possible. Numerical and experimental results are
presented and discussed.

Contact:

Prof. Dr.-Ing. Peter Reinke
HAWK Géttingen
Von-Ossietzky-Str. 99
D-37085 Gattingen
Germany
peter.reinke@hawk.de



Subharmonic instabilities on modulated Taylor-couette flow
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Abstract

This paper deals with the centrifugal instability of time-periodic flow in Taylor-Couette
geometry where both the inner and outer cylinders are oscillating with equal amplitude
and frequency, Q(t) = Q, cos(w t) and Qa(t) = & Q, cos(w t) respectively. Attention
is focused on the case of co-oscillating and counter-oscillating cylinders corresponding
to ¢ = 1 and € = —1 respectively. The Floquet analysis is employed to solve the par-
tial differential equations governing the stability of the system. Results obtained in
this framework show that the subharmonic responses are present, in contrast to previ-
ous works where only harmonic responses are observed. In addition, it turns out that
the most dangerous mode in the intermediate frequency is the subharmonic one. Also,
transitions between harmonic and subharmonic responses are occurred by decreasing the
frequency number. In the low frequency limit, these responses are likewise since the
system approaches the steady configuration.
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Figure 1: Stability diagrams related to the in-phase € = 1 and out-of phase ¢ = —1 modula-
tions.



Numerical and theoritical study of extremely rare collapse and
build-up of turbulence in stochastic models of wall flows
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Using skin friction measurements [1], it has been know for decades, that in pipe flow, turbu-
lence can be maintained down to Reynolds number R = UD /v ~ 2000 and that it coexists
with laminar flow up to Reynolds number ~ 2600. In this transitional range, turbulence
in localised in turbulent puffs which are actually metastable. They undergo three typical
events: turbulence collapse [2], puff splitting, and build up of turbulence from the linearly
stable laminar flow, possibly passing nearby the minimal seed of turbulence [3]. The quanti-
tative knowledge on these events is actually far more recent. One important feature of these
metastability events is that they can become extremely rare as R is varied. This can make
them hard to study by traditional means.

Recently, numerical methods have been proposed that can exponentially accelerate the cal-
culation of rare events, of the trajectories that lead to these events and of the mean first
passage time before they occur [4]. One strong advantage of these methods is that they
come along proofs of convergence and well documented convergence rates. I specifically use
one of these methods, called Adaptive Multilevel Splitting (AMS), which performs a mu-
tation selection procedure on NN clones of the system to calculate the trajectories. In this
presentation I show the result of the use of AMS on two stochastic models of transitional
wall flows [5, 6]. The core results, the trajectories, indicate us what are the paths followed
by the flow during collapses of pipes or isolated puffs (figure 1 (a)), isolated puffs splitting,
or during the build up of turbulence from the laminar flow under a noise of vanishing vari-
ance. Among other things, the calculations yield the Reynolds number R and pipe length L
dependence of the mean first passage time 1" before collapse of turbulence in initially laminar-
turbulent pipes. This dependence can written in a Large Deviation form in the large size
limit limy_,oo In(T")/L = Ar — B (figure 1 (b)) [7]. This result confirms and extend a former
numerical find in classical simulations of pipe flow [2].

Numerical methods like AMS come hand in hand with a theoretical formalism to study
rare events. Many of these methods are asymptotic in the variance of the noise felt by
the system going to zero (in that case the pipe length L increasing). These theories write
mean first passage times in a large deviations form In(T)/L = f(R,Z). In the case of
the model by Dauchot & Manneville, 1 derived analytically the mean first passage time
before collapse of turbulence. This again confirms the In(7)/L = AR — B dependence, in
quantitative agreement with numerical calculations (figure 1 (c)). One fundamental physical
point of this derivation is the separation of the system between slow, leader, modes (which
typically represent streamwise vorticity) and fast, slave modes (which typically represent the
streamwise flow) [8]. This analysis shows that in the Dauchot & Manneville model, the affine
dependence of In(7T")/L in Reynolds comes from the amplitude of the flow leader mode that
has to be collapsed and which grows like an affine function of the Reynolds number.
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Figure 1: (a): Spatiotemporal diagram of the intensity of turbulence in the model of D.
Barkley [5] during the collapse of an isolated turbulent puff. (b): logarithm of the mean first
passage time before collapse T of initially laminar-turbulent pipes as a function of size for
increasing Reynolds numbers (model of D. Barkley). (c): rate function f(R) = In(T)/L as
a function of Reynolds number R of mean first passage time before collapse of turbulence in
the model by O. Dauchot & P. Manneville [6].

These results could provide a new approach for calculating the mean first passage time
before collapse of turbulence very efficiently in direct numerical simulations of transitional
wall flows. This could be applied to flow configurations uninvestigated so far, or this could
be applied to more academical configurations to check scalings in details. The approach is
also currently being used to calculate build-up trajectories in direct numerical simulations of
Couette flow. This could confirm the relevance of minimal seed, edge states etc. calculations.
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Exact Coherent Structures in Weakly Turbulent Couette-Taylor Flow:
Experiments and Numerics
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Recent work suggests turbulent shear flow behaviors may be captured by Exact Coherent
Structures (ECS), which are particular unstable solutions of the Navier-Stokes equations with
nontrivial spatial structure and simple temporal dynamics. We report preliminary results
on the direct comparision of predicted ECS with output from direct numerical simulations
and observations from lab experiments in Couette-Taylor flow. The studies are carried out
in a small-aspect-ratio (I' = 1) system at radius ratios n = 0.5, 0.71 in a counter-rotating
regime (inner Reynolds number R; > 0, outer Reynolds number R, < 0). Predictions are
quantitatively compared with experimental measurements from tomographic particle image
velocimetry of all velocity components, fully resolved in space and time, throughout the
entire flow domain.

(a) (b) \

Turbulence

Periodic Orbit

Figure 1: Snapshots of radial velocity level sets are nearly identical for (a) direct numerical
simulation of turbulence (top) and an ECS (relative periodic orbit, bottom) at I' = 1,
n = 0.5, with R; = 1200, R, = —1200. (b) 3D tomographic velocimetry yields particle track
measurements in turbulent flow experiments at I' =1, n = 0.71, with R; = 600, R, = —600.
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Onset of dielectrophoretic force-driven convection in annular geometry
under Earth’s gravity
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Radial outward heating and the influence of a gravitational central-force field is subjected
to planetary flows like the motion in Earth’s atmosphere or its liquid mantle. Another in-
teresting set-up is the cask for storage and transport of radioactive material ’castor’ or
encapsulated heat exchanger systems [1]. An improvement of heat transfer due to the ap-
plication of a central-force field is of general interest. To simulate the central nature of the
gravitational field Smylie (1966) suggested the use of a strong non-homogeneous electric field
in dielectric liquids. When we apply a radial alternating electric field to a dielectric fluid
with temperature dependent permittivity confined in a concentric vertical annulus and addi-
tionally apply a radial temperature gradient, mainly the dielectrophoretic force contributes
to the flow field [3, 4]. Warmer fluid adjusts to regions with less intense electric field and
cooler fluid to regions with more intense electric field. This force can be seen as a buoyancy
force referring to an ’electrical gravity’ that superposes Earth’s gravity. Nowadays known as
thermal electro-hydrodynamic (TEHD) driven flow.

The experimental work investigates the onset of convective instability and its coherent struc-
tures in two experiment cells with two different aspect ratios. The cells have an inner cylinder
radius Ry = 5 mm, an outer cylinder radius Ry = 10 mm and heights of h = 100/300 mm
leading to aspect ratios I' = h/(R2 — Ry1) = 20/60. With two different flow visualization
techniques, namely the shadowgraph method [5] and particle image velocimetry (PIV) [6]
we are able to characterize perturbations of the base flow. We show that the unicellular
base flow induced by Archimedian buoyancy first undergoes transition to a stationary axi-
ally aligned columnar structure and compare the result with 3D numerical simulation. From
all measurements available we draw a regime diagram and compare the lines of marginal
stability with linear stability analysis [4].
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Figure 1: The flow in the annular gap of aspect ratio I' = 20 induced by a temperature
gradient of AT = 7 K and an electric potential of V.,,s = 7 kV. Left: PIV measurement
in the meridional plane. Blue/red color refers to down/upward flow. Right: Top view
shadowgraph image showing the normalized light intensity I/Iy as function of density of the
axially integrated flow. Blue/red color refers to denser/lighter fluid.
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Recent Developments of the Liquid Metal Taylor Couette Experiment
PROMISE
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In the beginning of the 20th century Taylor-Couette (TC) experiments were carried out
with transparent liquids like water or air, which are electrical no-conducting. With the
first experiments of Donnelly [1] in the sixties, a more general approach with liquid metal
experiments started to investigate the interaction between magnetic fields and the TC flows
of electrically conducting fluids. Two challenges of opaque liquid metal experiments are the
measurement technique to investigate the flow structure inside the liquid and the precision
and strength of the magnetic field.

b)

=
S

L v/ (mis)

> 1

d/m

0 200 400 600 800 1000

400 mm

v/ (mls)

> 1

|
|
|
1

l’:} i
A

=~

I
I
|
|
|
1
)
1
1
|
1
L
L

N E— T ] Tt
0 200 400 600 800 1000
t/s

Figure 1: a) Sketch of the PROMISE facility. (1) Vacuum insulation; (2) Upper motor; (3)
Current carrying copper rod; (4) UDV — Sensors, fixed with the outer cylinder; (5) Outer
cylinder; (6) Top acrylic glass split rings; (7) Inner cylinder; (8) Center cylinder; (9) Bottom
split rings; (10) Bottom motor; (11) Interface — Dimensions: h = 0.4 m, r; = 40 mm,
7o = 80 mm. b) shows the filtered time series of one sensor, with characteristic disturbance
originating from magnetic field imperfections. c¢) same as b) but with optimized magnetic
field distribution. The dashed lines indicate the rotation period of the outer cylinder.

In the present setup magnetic field support is realized by a cylindrical coil (yellow wires
in Figure 1) generating B, and a central rod carrying up to 20 kA DC current creating
B,. The former current supply for B, consisted of an upper feed line and a lower one,



which together formed a frame coil with approximated two meters in height and width.
The effect of this design was that the magnetic field component B, in the cylindrical gap
on the inside was about 6% larger than on the outer side. In addition to that, also a
small B, component was created which acted on the flow. All this imperfections lead to
an m = 1 distributed stationary (in the frame of laboratory) residual background flow as
seen in Figure 1b. Nevertheless the results on the AMRI experiment in 2014 [2] confirmed
the predicted features of the investigated instability such as amplitude, frequency and wave
number.

We like to report recent results carried out with a quasi coaxial return path, which was
introduced to the PROMIS experiment in the last years. Instead of the former frame coil an
axial-symmetric return path closes the electrical circuit, which improves the field symmetry
inside the experiment and minimizes the stray field outside the setup. Since this arrange-
ment consists of an electrical parallel connection of the return conductors and the parallel
connection of the hydraulic cooling circuit, it must be checked whether stability problems
can occur in the current distribution in the return conductors. It turned out that the current
return design can be controlled by simple and cheap proportional heater valves [3].

The improved magnetic field configuration minimized side effects of geometric imperfections
which leads to an unperturbed evolution of AMRI-wave. As an example, Figure 1c depicts
results at Ha = 124 (I,oq = 16kA), Re = 1480 and Qquyt/Qin = 0.26, which indicate a clean
AMRI-wave in the upper half plane of the experiment. In a future experimental campaign
the transition from HMRI [4] to AMRI is to be investigated.

A new liquid metal Taylor Couette Experiment is currently under development in the frame
of DRESDYN-Project. In contrast to the PROMISE facility the new machine will be in
1 m - scale, which enables Re = O(10°%), Rm ~ 21 and Ha = O(10%) to achieve conditions
necessary for standard MRI — the “holy grail” in liquid metal shear-flow experiments.
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Quasi-periodic mixing events in two-layer stably-stratified turbulent
Taylor-Couette flow
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We consider mixing in stratified Taylor-Couette flow between two concentric cylinders driven
at different angular rotation rates when the fluid in the annular region between the two
cylinders is stably stratified, with (statically stable) density variation in the axial (vertical)
direction. If the fluid is initially linearly stratified, for certain flow parameters such stratified
Taylor-Couette flow is known to be prone to the so-called ‘strato-rotational instability’ (SRI),
even when the unstratified flow is (centrifugally) stable. At finite amplitude, the SRI develops
into helical structures[1], growing due to resonance between boundary trapped inertia-gravity
waves.

Conversely, when the flow is centrifugally unstable (with the inner cylinder rotating at some
angular rotation rate (2, and the outer cylinder fixed) at sufficiently high rotation rates, layers
spontaneously form in an initially linearly stratified flow, with turbulent motions ensuring
the relatively deep ‘layers’ are well-mixed, and separated by apparently robust ‘interfaces’
of substantially higher density gradient[2]. Interestingly, the buoyancy flux through these
layers matches the equivalent flux through a two-layer stratification, independently of the
height or number of layers [2].

Even in two layer flows with a single interface, such interfaces appear always to support
m = 1, inherently nonlinear perturbations with characteristic period ~ 6x* 27 /2 for an inner
cylinder of 100 mm and outer cylinder of 240 mm, where T' = 27 /) is the characteristic
period of rotation of the inner cylinder. These perturbations are observed to disrupt the
interface completely yet transiently, inducing the dominant irreversible mixing within such
flows. Crucially, these perturbations are not observed in experiments using immiscible flu-
ids, indicating that inherently nonlinear processes are central to the maintenance of these
perturbations, which still survive even in highly turbulent flows. Through the use of PIV
and LIF measurements, we characterise the growth, maintenance, and mixing of momentum
or mass by these largely coherent perturbations.

For example, we find that the azimuthal velocity also increases and decreases periodically
with the same period as the observed mixing event. The interface periodically becomes
very sharp (O[1 mum]) in the high shear regions close to the inner and outer cylinders, with
the dominant mixing processes occurring at intermediate radii in the annulus. Due to the
mixing, the density difference across the interface steadily decreases, which ultimately causes
the region of the flow with substantially higher frequency content (as shown in figure 1(a))
to penetrate across the entire annulus, as shown in figure 1(b).
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Figure 1: (a)Time-series of azimuthal velocity perturbation along one radial line. (b)Phase
averaged azimuthal velocity perturbation time-series at the same line with reducing Richard-
son number (density difference).
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A symmetry assumption is revisited and tested. A highly resolved measurement of axial
distribution of radial velocity of Taylor Couette system (TCF) was performed for Taylor
Vortex Flow (TVF) and Wavy Vortex flow (WVF). A shift-reflect symmetry was found
visually to be well reproduced as known from early time. Quantitatively, an auto-correlation
function of radial velocity at the mid gap position with respect to vertical position grows
from 0.6 at just after onset of TVF to larger than 0.9 just before WVF appears, which
verifies a high degree of shift symmetry. The value is flat to be at 0.8 for WVF' regime,
which shows a validity of shift symmetry of TCF for all the covered range of Reynolds
number including the wavy vortex mode. Evaluation using a folding coefficient (defined
here) indicates, however, that the reflect symmetry is also valid for TVF but it abates after
WVF sets in.

1 Introduction

A symmetry assumption is revisited and tested. A highly resolved measurement of axial
distribution of radial velocity of Taylor Couette system (TCF) was performed for Taylor
Vortex Flow (TVF) and Wavy Vortex flow (WVF). A shift-reflect symmetry was found
visually to be well reproduced as known from early time. Quantitatively, an auto-correlation
function of radial velocity at the mid gap position with respect to vertical position grows from
0.6 at just after onset of TVF to larger than 0.9 just before WVF appears, which verifies a
high degree of shift symmetry. The value is flat to be at 0.8 for WVF regime, which shows a
validity of shift symmetry of TCF for all the covered range of Reynolds number including the
wavy vortex mode. Evaluation using a folding coefficient (defined here) indicates, however,
that the reflect symmetry is also valid for TVF but it abates after WVF sets in.

2 Results and Discussion

2.1 Shift symmetry

As expected, it appears that shift symmetry dominates for the range of Reynolds number
studied here. All axial distributions indicate no violation of this symmetry. In order to in-
vestigate this quantitatively, it is readily studied by computing the auto-correlation function
of these distributions, showing the shift symmetry is valid for long distances in the axial
direction. Variation of the correlation function with respect to Reynolds number shows that,
in the regime of TVF (R*<1.4), the correlation coefficient grows from 0.57 to 0.97 with
increasing R*, which implies the development of Taylor vortices, while the wave length stays



constant. For R*>1.44 where WVF sets in, both the correlation coefficient and the wave
length becomes smaller but quite constant. This is an interesting nature that shift symmetry
may be valid also for WVF.

2.2 Reflect symmetry

We define a folding coefficient as follows; K(z) = 5 Z Vv (w(z +1i) —v(z —i))) where z is

axial position, 2L corresponds to the axial wave length of Taylor rolls. The value would
be zero if reflect symmetry is perfect around the symmetry axis at z. Figure la is the
distribution of the computed folding coefficient for R*=1.07. The value of the minima is, in
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Figure 1: (a) Computed reflection coefficient for R*=1.07. (b) Variation of the averaged
minimal values of reflection coefficient.

this example, roughly 20 which is far smaller compared to the value of maxima, roughly 550.
Therefore, it could be judged that reflect symmetry is almost perfect in this example. The
average over all minimum values is plotted against Reynolds number as shown in Figure 1b.
It is found that reflect symmetry is good and remains good for TVF and beginning of WVF,
but it grows for larger R*.

3 Conclusion

Shift- and Reflect-symmetry was quantitatively investigated. An auto-correlation coefficient
close to unity was obtained, which indicates a very high symmetry of TVF, and it remains
symmetric even for WVF. On the other hand, reflect symmetry was investigated by defining
a folding coefficient, which shows a good symmetry only for TVF, and it departs from
symmetry just after WVF sets in. Our observation and quantitative evaluation of shift-
reflect-symmetry confirms the validity of the assumption of symmetry used in theoretical
and numerical work, as long as for TVF, but reflect symmetry must be treated carefully for
the higher mode of WVF.
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Applying horizontal magnetic field to Rayleigh-Beénard convection in a layer of electrically
conductive fluids restricts convective motions into two-dimensional (2D). We examined the
onset and development of oscillatory convections formed in a liquid metal layer confined by
aspect-ratio-five box imposed by a horizontal magnetic field. The onset and development
were controlled by decreasing Chandrasekhar number @ at fixed Rayleigh numbers Ra in
relatively larger @) ranges. Experimental investigations using ultrasonic velocity profiling
(UVP) and following numerical simulations elucidated that the oscillatory convection is 2D
at the onset, and is possibly caused by instability on recirculation vortex pair between the
main rolls aligned parallel to the magnetic field (see Fig. 1). Variations of the Reynolds
number, Resp, estimated from velocity profiles perpendicular to the rolls measured by UVP
(Fig. 2) indicate the oscillations appear at Reap ~ 900 even for different Ra values. The
increases of Reop with relaxation of the magnetic field obey power law, Reop ~ Q¢, —0.25 <
a < —0.2. According to Prandtl’s free-fall theory and using effective Ra values reduced
by critical Ra values, Ra., depending on @, the relation between Resp and Ra can be
described as Resp ~ [Ra/Rac(Q)]'/?. In the fluid layer confined by electrically insulated side
walls, viscous dissipation by Hartmann breaking on the walls perpendicular to the magnetic
field restricts the onset of convection. Linear stability analysis with considering Hartmann
breaking performed in Burr & Miiller [2] derived Ra. ~ Q™, where the exponent m increases
with respect to Q and approaches to 1/2 for sufficiently large Q). This derives the relation,
Reop ~ Ra*2Q~™/2, and the exponent for Q becomes -1 /4 for sufficiently large @ values

Figure 1: 2D oscillatory convections visualized by isosurface of Qsp value [1]
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Figure 2: Variations of Reynolds number for quasi-2D flows, Resp, with decreasing () at
different Ra values and different number of rolls; (a) n = 5 and (b) 6, respectively; Bigger
open symbols (grey lines for crosses) indicate estimated value of Resp corresponding to Qos.

and increases with decreasing of (). This relation has reasonable agreement with the power
law found in the present experiment shown in the figure.
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The discovery of the phenomenon known as the Taylor-Couette flow, some aspects of which
were first noted by Sir Isaac Newton in the 17" century has sprouted numerous studies and
development in this area of fluid dynamics. Among the unknowns surrounding the Taylor-
Couette flow, our research group has delved into the behaviour of objects trapped in this flow.
This review looks into computational and experimental studies that we have carried out over
the past decade on object motion in the Taylor-Couette flow. This review first begins with our
investigation into the motion of bubbles trapped in Taylor vortices. Our study found interesting
observations, including uniform spacing between bubbles travelling in the same axial plane
and orbit crossing of small and large bubbles. From bubbles, we move on to droplet and particle
motion in Taylor vortices respectively. Differences in behaviour exist between these three
objects, such as the deformation of droplets trapped in Taylor vortices and variation in droplet
and particle trajectories with increasing Reynolds number. Finally, this review looks into our
studies pertaining to the cultivation of rBMS and QM7 cells respectively in a Taylor-Couette
bioreactor for biomedical applications. One key benefit of this application is the improvement
of mass and oxygen transport, which improves cell proliferation and cell secretion. Overall,
these studies demonstrate the unique phenomenon of object motion in the Taylor-Couette flow
and its potential application in particle-laden processes such as mixing, extraction and cell
cultivation.
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This paper presents an experimental and numerical study of hydrodynamic instabilities of an
incompressible viscous fluid contained between two concentric spheres whose the inner one
rotating (€21 $0)while the outer is at rest (23 = 0). The flow system, totally or partially filled
through the aspect ratio I'yp = H/d of the fluid is defined by clearance ratio in small gap
configuration (6 = 0.11). The main aim is to investigate the effect of the aspectratio on the
instabilities in completely illed flow system and with free surface using two immiscible fluids.
Experiments are performed for different aspect ratio values,and Laser photometric technique
is sed for visualization. Our observations are compared to the flow system totally filled
using a single fluid studied by M. Wimmer [1], K.Nakabayashi et al [2]. Three-dimensional
numerical simulations are performed using the finite volume method in order to set up and
solve the free-surface problem in spherical Taylor-Couette flow. The simulation confirms
our experimental measurements that a surface cell exists and wavy mode flow is accelerate
for aspect ratio (I'yrp = 13). The numerical results of the flow pattern and critical Taylor
numbers were analyzed and compared to the experimental results [3] which are in good
agreements.
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We experimentally study the influence of wall roughness on bubble drag reduction in tur-
bulent Taylor-Couette flow, see figure 1. We measure the drag in the system for the cases
with and without air, and add roughness by installing transverse ribs on either one or both
of the cylinders. We operate our system at Re = O(10%). For the smooth wall case (no
ribs) and the case of ribs on the inner cylinder only, we observe strong drag reduction up to
DR = 33% and DR = 23%, respectively, for a void fraction of o = 6%. However, with ribs
mounted on both cylinders or on the outer cylinder only, the drag reduction is weak, less
than DR = 11%, and thus quite close to the trivial effect of reduced effective density. Flow
visualizations show that stable turbulent Taylor vortices are induced in these two cases, i.e.
the cases with ribs on the outer cylinder. These strong secondary flows move the bubbles
away from the boundary layer, making the bubbles less effective than what had previously
been observed for the smooth-wall case. Measurements with counter-rotating smooth cylin-
ders, a regime in which pronounced Taylor rolls are also induced, confirm that it is really
the Taylor vortices that weaken the bubble drag reduction mechanism. Our findings show
that, although bubble drag reduction can indeed be effective for smooth walls, its effect can
be spoiled by e.g. biofouling and omnipresent wall roughness, as the roughness can induce
strong secondary flows.
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Figure 1: (a) Top view schematic of the T3C facility. We attached 6 vertical transverse
ribs (not to scale) equally distributed around the perimeter of the inner cylinder, the outer
cylinder, or both cylinders. We also measure a smooth-wall case without any ribs. (b)
Vertical cross-section of the setup at rest, showing the position of the torque sensor. To
control the void fraction, we fill the cylinder only partially with water, so that the void
fraction « is controlled by measuring the relative height of the water level. (c) Vertical
cross-section of the setup during a measurement. The free surface disappears, and all air is
entrained by the turbulent flow (bubbles not to scale).
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We are interested in the free surface rotating flow driven by the rotation of the bottom in
an open cylinder with radius R. Given an initial filling depth H, increasing the rotation
disk frequency f; breaks the flow axisymmetry. Two kinds of instability patterns can be
observed: a modal structure with almost no free surface deformation (Fig. 1a) similar to
those observed in [3] at intermediate Reynolds number values; a pattern of rotating polygons
at high Reynolds numbers (Fig. 1b) with large free surface deformations [4]. In the present
work, we carry out a detailed study of the flow structure for the intermediate Reynolds
number regime by characterizing the influence of Froude number, aspect ratio and Reynolds
number. The ultimate goal is to understand if the structures prevailing in the two regimes
are related.
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Figure 1: (a)-(b) Top view of the experiment using kalliroscope to visualise the flow structure
(H =26 mm, R =140 mm). (a): azimuthal mode m = 3 for f; = 14.6 rpm (no surface deformation
is observed). (b): rotating triangle with a dry core at fg = 139 rpm. (c): typical spectrum of the
azimuthal velocity component [probe location (r, z) = (112, 13) mm].

The intermediate Reynolds number regime has been investigated using several numerical
techniques — computations of steady solutions, mean unsteady two-dimensional and three-
dimensional direct simulations — as well as Laser-Doppler Velocimetry measurements. Simu-
lations reveal the structure of a toroidal flow located at the periphery of a central solid body
rotation region. This flow cell is found bordered by four layers in the meridional plane, a
bottom layer on the disk, a side layer along the wall, a core layer separating the solid body
rotation (discussed also in [1]) and a layer at the free surface. The Froude number that



quantifies surface deformation and the Reynolds number are shown to have little effect on
the flow structure when the Reynolds number is sufficiently large. By increasing the aspect
ratio, we find that the toroidal flow is composed of an upper sub-region with sinuous core
layer and a mostly z-independent lower region. The mean flow and the rms of fluctuations in
3D simulations obtained through space and time averaging are compared with LDV measure-
ments. A fair agreement is obtained for azimuthal and axial velocity distributions, except
some local discrepancies.

Preliminary experiments show that the modal structure at intermediate Reynolds number is
robust over a large range of f; as long as the free surface does not touch the bottom disk.
The spectrum shown in figure 1(c) indicates that this instability is observed always at a
frequency close to 2f; before moving abruptly to 1.13f; when the rotating triangle occurs.
Yet, the transition between the two regimes seems complex and depends on the protocol
used to increase the disk speed [2].
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The transition to turbulence in the rotating disk boundary layer is investigated in a closed
cylindrical rotor-stator cavity via direct numerical simulation using spectral vanishing vis-
tocity method (DNS-SVV) and linear stability analysis (LSA). As shown in the Figure 1,
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Figure 1: Instantaneous flow pattern in the whole cavity for Re = 4 x 10°. The stator is
below. Iso-surfaces and iso-contours of the instantaneous axial velocity w. Three dimensional
view. The rotor and stator boundary layers are shown for z = +0.97H, respectively.

the stator boundary layer (lower part) is already turbulent while the rotor boundary layer
(upper part) remains stable until very high Reynolds number Re = U/vR then shows an
organised behaviour followed by incipient turbulence. We focus on the global stability and
the transition to turbulence of the rotor boundary layer. The mean flow in the rotor bound-
ary layer is qualitatively similar to the von Kérmén self-similarity solution [1]. The mean
velocity profiles, however, slightly depart from theory which is developed on the infinite disk
assumption [2] as the rotor edge is approached. Such meanflow modification near the edge
seems to affect the stability behaviour of the system [3, 4]. Shear and centrifugal effects
lead to a locally more unstable mean flow than the self-similarity solution, which acts as a



strong source of perturbations. Fluctuations start rising there, as the Reynolds number is
increased, eventually leading to an edge-driven global mode, characterized by spiral arms
rotating counter-clockwise with respect to the rotor (see Figure 1). At larger Reynolds num-
bers, fluctuations form a steep front, no longer driven by the edge, and followed downstream
by a saturated spiral wave, eventually leading to incipient turbulence. Numerical results
show that this front results from the superposition of several elephant front-forming global
modes, corresponding to unstable azimuthal wavenumbers m, in the range m € [32, 78]. The
spatial growth along the radial direction of the energy of these fluctuations is quantitatively
similar to that observed experimentally on the infinite single disk [5]. This superposition
of elephant-modes could thus provide an explanation for the discrepancy observed in the
single disk configuration, between the corresponding spatial growth rates values measured
by experiments on the one hand, and predicted by LSA and DNS performed in an azimuthal
sector [6], on the other hand.
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Spiral patterns have attracted much interest due to their striking topological features [1].
The patterns are often found in excitable media, e.g., in the Belousov-Zhabotinsky reac-
tion, but also observed in dissipative pattern forming systems, e.g., in the Rayleigh-Bénard
convection [2].

We report an experimental investigation on the liquid curtains falling from a horizontal liquid
film beneath a grid plate (Fig. 1). Liquid is fed continuously to the film from a depressurized
reservoir at a given volumetric flux density U through the grid holes. The film lower surface is
exposed to air so that it is unstable against the gravitational acceleration. The development
of the Rayleigh-Taylor instability leads to the discharge of the same amount of liquid as U
from the film surface per unit area. Different modes of discharge (drops, columns, curtains,
bells) are observed, depending on the flow rate [3, 4, 5]. We are interested in a particular
dynamical regime where liquid is discharged in the form of rotating spiral curtains.
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Figure 1: The experimental rig (a) and spiral liquid curtains (b).

Experiments are performed with different liquids of different viscosities v under different
geometrical constraints (i.e., the radius R of the grid plate). The motion of liquid curtain is
monitored in the top view along the center axis of the system, where the roots of curtains
on the film are visualized by an optical technique (Fig. 2). Patterns with different numbers
of rotating arms are observed at a given control parameters (v, U) in a given geometry as
shown in Fig. 2. The time scale of their rotation is given by the viscous time 7, = (v/g?)!/?
and the rotation speed € is inversely proportional to the number m of arms. The averaged
wave length \ of patterns decreases with the flow rate but is insensitive to the viscosity. It
does not seem to be sensitive to the geometrical constraint.



Figure 2: Patterns exhibited by the roots of spiral curtains on the liquid film. The directions
of rotation are indicated by arrows.

We develop a simple theoretical model to get insights into the formation mechanism of the
spiral patterns. By considering the mass conservation for the liquid supply to the curtain
from the film, we obtain the following shape of spiral:

r=rgsecqa, @ —Qt=tana — a+ o,

in a parametric representation, where « is a parameter varying from 0 to 7/2, (r, ) are the
cylindrical polar coordinates of a spiral arm, and (g is a constant. The single length scale rg
involved in this theoretical shape depends on the flow rate and related to the wavelength A
by 27rg = A. This predicted shape shows a good agreement with experimental ones.
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Turbulence governs the transport of heat, mass, and momentum on multiple scales. In
real-world applications, wall-bounded turbulence typically involves surfaces that are rough;
however, characterizing and understanding the effects of wall roughness for turbulence re-
mains a challenge. Here, by combining extensive experiments and numerical simulations, we
examine the paradigmatic Taylor-Couette system, which describes the closed flow between
two independently rotating coaxial cylinders. We show how wall roughness greatly enhances
the overall transport properties and the corresponding scaling exponents associated with
wall-bounded turbulence. We reveal that if only one of the walls is rough, the bulk velocity
is slaved to the rough side, due to the much stronger coupling to that wall by the detaching
flow structures. If both walls are rough, the viscosity dependence is thoroughly eliminated,
giving rise to asymptotic ultimate turbulence — the upper limit of transport — the existence
of which was predicted more than fifty years ago [1]. In this limit, the scaling laws can be
extrapolated to arbitrarily large Reynolds numbers.
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