https://doi.org/10.1017/jfm.2013.76 Published online by Cambridge University Press

J. Fluid Mech. (2013), vol. 721, pp. 438-453. (© Cambridge University Press 2013 438
doi:10.1017/jfm.2013.76

Visualization of the Ludford column

Oleg Andreevi, Yurii Kolesnikov and André ThessT

Institute of Thermodynamics and Fluid Mechanics, Ilmenau University of Technology, PO Box 100565,
98684 Ilmenau, Germany

(Received 24 February 2012; revised 15 January 2013; accepted 1 February 2013;
first published online 13 March 2013)

When a liquid metal flows around a truncated cylinder in the presence of a magnetic
field which is parallel to the axis of the cylinder, a stagnant region develops above
the cylinder. We call this region a Ludford column. The Ludford column represents
the magnetohydrodynamics (MHD) analogue of the well-known Taylor columns in
rotating flows. Whereas Taylor columns can be easily visualized using dye, the
visualization of Ludford columns has remained elusive up to now because liquid
metals are opaque. We demonstrate that this fundamental limitation of experimental
MHD can be overcome by using a superconducting 5 T magnet. This facility permits
us to perform MHD experiments in which the opaque liquid metals are replaced with a
transparent electrolyte while maintaining the key MHD effects. We report results of a
series of flow experiments in which an aqueous solution of sulphuric acid flows around
a bar with square cross-section (which for simplicity shall be referred to as a cylinder).
We vary the Reynolds number in the range 5 < Re < 100 and the Hartmann number in
the range 0 < Ha < 14. The experimental procedure involves flow visualizations using
tracer particles as well as velocity measurements using particle image velocimetry
(PIV). Our experiments provide direct access to the Ludford column for the first time
and reveal the spatial structure of this basic feature of MHD flows.

Key words: high-Hartmann-number flows, MHD and electrohydrodynamics, MHD
turbulence

1. Introduction

Flows around obstacles are among the most common problems encountered in the
fluid mechanics literature, and cylindrical obstacles have received particularly broad
attention. The reason is that this relatively simple geometry encompasses many of
the important physical effects likely to play a role in flow around more complicated
obstacles. This implies that a profound understanding of the flow past a cylinder
will facilitate the analysis of a wide variety of applied problems ranging from
aerodynamics to pollutant dispersion around buildings and flows in turbines.

When the fluid is electrically conducting such as for instance a liquid metal in
metallurgical applications, additional effects appear (Moreau 1990; Davidson 1999;
Miiller & Biihler 2010). In particular, the presence of a magnetic field tends to
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homogenize the flow along the direction of the magnetic field lines. This leads to
strong changes in the flow structures which are qualitatively similar to the formation of
the well-known Taylor columns above a truncated obstacle in rotating flows. The goal
of the present work is to visualize and investigate the magnetohydrodynamic analogue
of Taylor columns (Greenspan 1969) which we shall refer to as Ludford columns.

If the magnetic field in an electrically conducting fluid has the same direction
as the axis of a truncated cylinder and the electromagnetic interaction parameter
(to be defined below) is sufficiently large, a stagnant region is formed above
the cylinder. This stagnant region was first identified by Ludford (1961) who
studied magnetohydrodynamic (MHD) flows around obstacles. The theory was further
developed by Hunt & Leibovich (1967) and Hunt & Ludford (1968). According
to their predictions MHD boundary layers are formed along the magnetic field,
originating from sharp bends in ducts as well as at points where the duct geometry
changes. Since these layers are often referred to as Ludford layers, we shall term the
stagnant region above a truncated cylinder a Ludford column, which, as mentioned
above, can be regarded as the MHD-counterpart of Taylor columns in rotating systems
(Greenspan 1969).

The understanding of Ludford columns, which is the central focus of the present
work, is not only interesting in its own right. This configuration is also a generic
one as MHD flows around obstacles also occur in a wide variety of applications. For
instance, the space vehicle re-entry problem features the flow of conducting plasma
around an obstacle. Takizawa et al. (2006) have shown that it could be influenced
by a strong magnetic field in order to reduce heat transfer. The cooling blanket of
the fusion reactor ITER which is currently under construction in Cadarache (France),
features complex flows of liquid metal in magnetic fields of the order of 10 T in
which the occurrence of obstacles and stagnant effects cannot be avoided (Kolesnikov
& Tsinober 1972; Moreau 1990; Kolesnikov & Andreev 1997). The motivation of the
present investigation also comes from the necessity to use MHD effects for control
in electromagnetic processing of materials (Moreau 1990; Davidson 1999) as well as
MHD separation of particles and liquid metal transport in metallurgy (Davidson 1999).

For MHD processes with liquid metals the value of the Hartmann number, which
characterizes the ratio between electromagnetic and viscous forces, is often high. This
implies that the electromagnetic forces prevail over the viscous forces, and that such
MHD flows can be split into a quasi-inviscid core flow and relatively thin boundary
layers or free shear layers of two types. The core occupies almost the whole volume
of the flow. In this region there is a balance between a driving force (pressure or
externally applied electrical current) and the Lorentz force. In the boundary layer
regions, the viscous forces are balanced by the Lorentz forces. The boundary layer
adjacent to the wall perpendicular to the magnetic field is called the Hartmann
layer and is characterized by an exponential decay of the velocity towards the wall
and by thickness of order 8y ~ O(Ha™') where the Hartmann number Ha will be
defined below (Shercliff 1975). The boundary layer adjacent to the wall parallel to
the magnetic field is termed the Shercliff layer. Its thickness scales as §s ~ O(Ha~'/?)
(Shercliff 1953, 1962, 1975).

Theoretically the effect of a magnetic field on the evolution of vortices has been
investigated by Sommeria & Moreau (1982), Davidson (1997) and Pothérat, Sommeria
& Moreau (2000) who showed that the velocity components of three-dimensional
perturbations are suppressed by Joule dissipation, except in the Hartmann layer where
the turbulent fluctuations are weakly damped due to the sharp velocity gradients.
The vortices parallel to the magnetic field have a tendency to stretch along the field
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lines. The dissipation of mechanical energy in this case is of viscous nature and
is concentrated in the Hartmann boundary layers at the walls perpendicular to the
field. The electrical current penetrates into this layer from the core flow in order to
maintain the electromagnetic force and balance the viscosity. That is a very general
mechanism of exchange of momentum between the core flow and the boundary layers.
The magnetic field mainly stabilizes the vortices parallel to the field with minor
dissipation compared to the vortices oriented perpendicular to the field. In particular,
the orientation of the magnetic field with respect to the axis of a cylindrical obstacle
significantly affects the configuration of the vortical structures in the vicinity of and
behind the obstacle.

Whereas the case when the magnetic field is oriented along the streamwise direction
has received significant attention (Lahjomri, Capéran & Alémany 1993; Mutschke et al.
1997), the literature on flows where the magnetic field is aligned with the cylinder
axis is scarce. Experimentally such flows around a cylinder were investigated by
Branover et al. (1969), Kolesnikov & Tsinober (1972), Josserand, Marty & Alémany
(1993), Andreev & Kolesnikov (1997) and Frank, Barleon & Miiller (2001). The
particular motivation of the present study comes from the observation by Kolesnikov
& Andreev (2000) of a two-step mechanism for the onset of instability past a cylinder
in experiments with liquid metal permeated by a strong axial magnetic field. If the
length scale 85 ~ O(Ha~'/?) of the Shercliff boundary layer becomes smaller than the
diameter of the cylinder, the instability occurs first in this layer which contains the
cylinder itself and the stable attached vortices. As a result, this flow configuration
generates small-scale perturbations upon the onset of instability. This effect defines the
first value of the critical Reynolds number. The breakdown of the large-scale attached
vortices commensurable with the diameter of the cylinder occurs later with the growth
of the inlet velocity and defines the second critical Reynolds number.

In the present work we attempt to visualize this effect. Dousset & Pothérat
(2008, 2012) presented a comprehensive review of numerical simulations of MHD
flow around a cylinder (in their terminology referred to as a ‘truncated cylinder’).

Our paper is organized as follows. In § 2 we describe the design of the experimental
device and the methods of optical measurements and visualization. In § 3 the results
are described: § 3.1 contains the results of the flow visualization, which we performed
for the creeping regime at Reynolds number equal to 5. Here the Ludford column is
clearly seen above the end face of the moving cylinder in the transparent electrolyte
under the imposed axial magnetic field. Vortical structures visualized for a large
Reynolds number in the vertical mid-plane parallel to the magnetic field are discussed
in §3.2. For the same regimes, the structure distributions in a plane perpendicular
to the magnetic field are shown in §3.3. In §4 we summarize our conclusions and
discuss some future questions that would be useful to investigate.

2. Experimental method
2.1. Test section

The visualization experiments are performed in an open vessel filled with an
aqueous solution of sulphuric acid (H,SO,). At room temperature this transparent
electrolyte has a relatively high electrical conductivity compared with other water-
based electrolytes. The physical properties of this solution, taken from Zaytsev &
Aseyev (1992) for a mass concentration of 37 % and at a temperature of 20 °C, are
as follows: density p = 1222 kg m~3, kinematic viscosity v =2.04 x 107® m? s~! and
electrical conductivity o =87 Q7! m~L.
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FIGURE 1. Sketch of the experimental set-up: (a) side view, (b) top view. The linear motor
moves the cylinder whose lower part is immersed in electrolyte with a wetted length
L = 67 mm. The depth of the electrolyte is H = 90 mm, the lower face of the cylinder is
23 mm above the bottom.

Figure 1 shows a schematic of the experimental set-up. A special vessel with a
diameter of 280 mm and a height of 150 mm is installed inside the 30-cm-diameter
warm bore of a superconducting magnet. The magnet develops a DC magnetic field
whose induction is varied stepwise in the range By =0, 2, 3, 4, 5 T. The front wall
and the bottom wall of the vessel are made of glass and allow access for visualization
and optical flow measurement. In the experiments we use a non-conducting bar with
square cross-section made of Plexiglas and having a polished surface. For simplicity
we shall use the term ‘cylinder’ instead of ‘bar with square cross-section’. This
obstacle has the advantage that it does not perturb the light sheet in contrast to a
cylinder acting as a lens. The cylinder is moved in the quiescent electrolyte, filled to
a level of H =90 mm, by a linear motor. We use a single light source to illuminate
regions both upstream and downstream of the cylinder. The cylinder has a width of
d =15 mm, a total length of 150 mm, and is submerged in the electrolyte to a length
of L =67 mm. The quantity d is used as the length scale for the computation of the
non-dimensional parameters. The cylinder is situated at a distance of 40 mm from the
sidewalls. This corresponds to a rather large value of the blockage ratio of 37.5 %.
This is due to the limited space inside the magnet bore as shown in figure 1(b). In the
experimental runs the cylinder travels a distance of 240 mm. The Cartesian coordinate
system with the origin placed on the top of the cylinder in its centre is defined in
figure 2. The direction of the x-coordinate is opposite to the motion of the cylinder and
corresponds to the direction of the incoming flow in the coordinate system associated
with the cylinder. The experiments are conducted for cylinder velocities in the range
0.7 < Uy < 13.6 mm s~ !, corresponding to Reynolds numbers Re = Uyd/v in the range
5 < Re < 100. The Hartmann number Ha = Byd (o/ vp)l/ 2 which represents the square
root of the ratio between the electromagnetic and viscous forces attains a maximum
value of Ha = 14 in a magnetic field of 5 T.

2.2. Visualization and particle image velocimetry (PIV) measurements

Since commercially available PIV equipment is not designed for operation in the
vicinity of a strong magnetic field, a low-cost custom-made optical system was used
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FIGURE 2. Schematic of the PIV system: (a) front view in the x—z plane, (b) side view in the
x—y plane, (c) images of the test-section showing the cylinder in the vertical and horizontal
cross-sections prior its movement.
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to measure both the instantaneous and time-averaged flow fields. This set-up is shown
in figure 2. The electrolyte flow was seeded by 10 um glass powder as usually used
in PIV measurements (Raffel, Willert & Kompenhans 1998). Light sheets in the
x—z and x—y planes were created by two standard CW laser sources with 532 nm
wavelength, each with a maximum energy output of 250 mW. Each laser pulse lasted
for 40 ms and was controlled by a digital clock through the TTL inputs of the power
supplies. Particle images were taken using one CCD camera (IDS type USB uEye RE,
UI-2220RE-C, 768 x 576 pixels). Synchronization between snapshots and laser pulses
was provided by a LabView program. The PIV measurements were performed in one
(x,2) plane (y =0) and two (x,y) planes (z/d = —0.25 and z/d = 2.25). The CCD
camera was placed at a distance of 2.5 m from the magnet to minimize disturbance
caused by the strong magnetic field. In the processing of PIV images, interrogation
areas of 32 x 32 pixels were used with a 50 % overlap in both directions, producing
180 x 48 in-plane velocity vectors. A total of 500 PIV images were captured to
calculate time-averaged velocities and sectional streamlines. For image processing we
used version 0.97 of the open MPIV toolbox (see http://www.oceanwave.jp/softwares/
mpiv) written in MATLAB by Nobuhito Mori and Kuang-An Chang, which has the
following features:

(a) cross-correlation and MQD (minimum quadratic difference);
(b) super-resolution (recursive/hierarchical) algorithm;
(c) local mean, median and global filtering;

(d) vector interpolation using linear, spline and Kriging methods.


http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
http://www.oceanwave.jp/softwares/mpiv
https://doi.org/10.1017/jfm.2013.76

https://doi.org/10.1017/jfm.2013.76 Published online by Cambridge University Press

Visualization of the Ludford column 443

Electrical
current j

Stagnant
zone .7

.
i [

n{égnetic field

Lorentz force

Truncated —1
cylinder

T

FIGURE 3. Schematic illustration of the formation of the Ludford column as seen from a
coordinate system attached to the moving cylinder and turned upside down. In this coordinate
system the cylinder is at rest and the bottom of the vessel is represented by a moving plate
above the top surface of the cylinder.

To run the program, one needs the MATLAB Image Processing and DACE (Design
and Analysis of Computer Experiments) Toolboxes. The latter is available from http://
www.imm.dtu.dk/hbn/dace/.

3. Results
3.1. Flow structures for Re < 20 and the Ludford column

The formation mechanism of the Ludford column extending along the magnetic field
from the end of the cylinder to the wall is schematically shown in figure 3. For
illustration purposes we discuss the results as if the cylinder were at rest and the wall
moving with constant velocity. In the presence of the magnetic field the difference
in velocities between the fluid adjacent to the surface of the cylinder end and the
layer near the wall induces eddy currents as indicated in figure 3. For comparison, for
homogeneous motion of the fluid the eddy currents do not appear if the cylinder is
absent and there is only the generation of the potential difference in the fluid between
sidewalls. The currents parallel to the magnetic field pass through vertical shear layers
of thickness d Ha~'/?, whereas the currents near the cylinder end flow through the
Hartman shear layer of thickness d Ha='. The interaction of the currents and the
magnetic field generates a breaking Lorentz force f, = (j x B), in the layers above
the end of cylinder. In response to this, a stagnant region is produced in the fluid
region bounded on the one hand by two vertical shear layers, and on the other hand
by the end of the cylinder and the non-conducting wall. The diffusion of momentum
from the cylinder along the magnetic field direction becomes more pronounced as
the magnetic field grows. Such an effect is most conspicuous at electromagnetic
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FIGURE 4. (Colour online) Visualization of the Ludford column in the two planes z = —0.25
and y = 0 for Reynolds number Re = 5 with and without magnetic field: (a,b) Ha = 0, (c,d)
Ha = 14 (N = 39.2). (Horizontal black line ahead of the cylinder is an optical effect from the
end face of the cylinder.)

interaction parameters N = Ha’/Re > 1, which represents the ratio of Lorentz force to
inertial force.

We start our discussion of the experimental results with the case of slow motion,
when the cylinder does not generate vortex structures. With our electrolyte and magnet
our experiments are limited to a maximum value of the Hartmann number of Ha = 14.
However, we can realize Reynolds numbers in the range of 5 < Re < 20 and obtain
comparatively high values of the electromagnetic interaction parameters in the range of
9.8 <N < 39.2.

Figure 4 demonstrates the results at Re =5 without a magnetic field (Ha = 0)
and in the presence of the magnetic field at Ha = 14, i.e. at N = 39.2 when
the stagnant region is pronounced. The flow without a magnetic field shown in
figure 4(a,b) completely corresponds to the flow around a truncated cylinder in
ordinary hydrodynamics. In figure 4(a) one can see a weak influence of the cylinder
end on the flow at a distance of z = —0.25. We should note that for N < 1 the
flow around a cylinder placed in homogeneous flow is also three-dimensional near
the cylinder. Figure 4(d) demonstrates that in the presence of a high magnetic field
(B=5T and N =39.2) the flow evolves in such a way as to produce a Ludford
column as predicted in earlier work (Ludford 1961; Hunt & Ludford 1968). Stagnant
fluid is clearly observed in figure 4(c) inside the projection of the cylinder cross-
section on the plane z = —0.25. In all images the short white streaks or points
visualize the stagnant region. It should be noted that in a strong homogeneous
magnetic field (N > 1) the flow of conducting fluid has the tendency to be two-
dimensional in the plane perpendicular to the field. As a consequence, the Lorentz
force induced opposite to the flow creates the stagnant region above the cylinder. In
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FIGURE 5. Flow structures in the vicinity of the cylinder in the vertical mid-plane at Re = 50:
(a) Ha =0 and (b) Ha = 14 (N = 3.92). The symbols © and <% mark the focus and saddle
point respectively. The horizontal black line ahead of the cylinder is a shadow from the top
face of the cylinder.

the case when the coordinate system is attached to the moving cylinder this region
moves together with the cylinder whereas the surrounding fluid remains at rest.

3.2. Flow structures for 10 < Re < 100 in the vertical mid-plane parallel to the
magnetic field

The difference in the flow structures past the truncated cylinder at Re = 50 with and
without a magnetic field is shown in figure 5. Without the magnetic field the so-called
‘head’ vortex (Hunt et al. 1978; Dousset & Pothérat 2010) is developed and completely
occupies the visible region behind the cylinder as one can see in figure 5(a). It should
be mentioned that the horseshoe vortex and the base vortices are not observed in
our experiments in the absence of a wall boundary layer whose instability could feed
these vortices. The head vortex is visualized by a circular system of streaks in the
considered plane, i.e. the vortex axis is perpendicular to the magnetic field. The central
point is classified as a focus point. If a magnetic field is applied (see figure 5b), the
vortex is broken up by a slowing of the flow above the end of the cylinder (because
of N > 1) and, perhaps, partly through the Joule dissipation due to the inner electric
currents induced by the perpendicular orientation of the vortex to the magnetic field.
Moreover, this value of the Reynolds number is high enough for the generation of
attached vortices past the cylinder, which are clearly visible in figure 9 for Re = 50.
The region above the cylinder is occupied by slowly moving fluid (in the limit N — oo
the fluid is at rest) and there exists a certain angle between the axes of the vortices
and the magnetic field direction under which the Joule dissipation is sufficiently small
(in the ideal case of Re # 0, N — oo the dissipation is zero and the flow around a
cylinder becomes two-dimensional in the plane perpendicular to the field). In our case
of Ha = 14 and Re = 50 the flow becomes quasi-two-dimensional. In our visualization
of streamlines in figure 5(b) we have denoted the flow directions by two arrows. The
right arrow indicates the outer flow past the ends of the vortices (see also figure 8
for Re = 50 and figure 9¢). One can see that the attached vortices are deformed in
the vertical direction and they possess a non-zero vertical velocity component. In this
regime the structure of the flow above the end of the cylinder is evident. The point
where the attached vortices contact the outer flow can be identified as a saddle point.
Figure 6 demonstrates the behaviour of the flow for increasing values of the
interaction parameter in the range of 0.63 < N < 4.18. For small N and for Re = 50
one can see in figure 6(a) that a head vortex is generated by the fluid above the


https://doi.org/10.1017/jfm.2013.76

https://doi.org/10.1017/jfm.2013.76 Published online by Cambridge University Press

446 O. Andreev, Y. Kolesnikov and A. Thess

FIGURE 6. Flow in the vicinity of the cylinder and the positions of the saddle <+ and focus
© points: (a) Re =50, Ha = 5.6 and N = 0.63; (b) Re = 50, Ha = 11.2 (N = 2.51); (¢)
Re =30, Ha = 11.2 (N = 4.18). The horizontal black line ahead of the cylinder is a shadow
from the top face of the cylinder.

cylinder and that two slightly pronounced attached vortices behind the cylinder emerge
with a tendency to be parallel to the magnetic field. The growth of N at constant
Re leads to a slowing of the fluid above the cylinder and hence to a decrease of
head vortex generation (figure 6b). In addition, the vortex is suppressed due to the
Joule dissipation as already mentioned above. Due to these two causes of a weakening
of the head vortex, the attached vortices build up and fill the space behind the
cylinder because they possess minimum Joule dissipation (Kolesnikov & Tsinober
1972; Andreev & Kolesnikov 1997) when their axes are parallel to the magnetic
field. In an early experimental study of the effect of a transverse magnetic field
on perturbations in the wake behind a cylinder in a 20% KCI solution electrolyte
(Branover et al. 1969) it was established that application of the field reduces the
intensity of the vortices perpendicular to the field and simultaneously reorients the
vortices in the wake so that their axes become parallel to the field. This transformation
of motion was observed even at N = 0.26. When the Hartmann number is kept
constant at a value of Ha = 11.2 and the Reynolds number is decreased to 30 so
that the electromagnetic interaction parameter exceeds N = 4.18, the head vortex is
no longer observed and the area of attached vortices becomes narrower behind the
cylinder, as can be seen in figure 6(c).

In order to classify the flow patterns we present in figure 7 the results of detailed
measurements of the dependence of the positions of saddle points behind the cylinder
on the values of the Reynolds and Hartmann numbers. To generate the lines, the
positions of saddle points were evaluated by averaging over several images using an
exposure time of 5 s. The positions were recorded for Reynolds numbers in the ranges
10 < Re < 50 for Ha =0; 15 < Re < 65 for Ha = 5.6, 15 < Re < 85 for Ha = 8.4,
15 <Re <90 for Ha=11.2 and 15 < Re < 90 for Ha = 14. The experimental data
thus provide the lowest position of the saddle point Sc at the highest value of
Re and the upper position of the saddle point at the lowest value of Re for all
Hartmann numbers presented in this figure. Hence the lower points correspond to
small interaction parameter whereas the upper points correspond to large interaction
parameters in the range 0.48 < N < 13.09. In the three sketches we also schematically
indicate the positions of the focus points for the respective flow regimes. One can
see from the figure that the transition regions for all regimes, where the positions
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FIGURE 7. Positions of the saddle points Sc plotted for different Reynolds numbers in
the range 10 < Re < 50 and at different Hartmann numbers: 10 < Re < 50 for Ha = 0;
15 < Re < 65 for Ha =5.6, 15 < Re < 85 for Ha = 8.4, 15 < Re < 90 for Ha = 11.2 and
15 < Re < 90 for Ha = 14. The positions of the focus points F¢ are schematically shown in
the sketches I and II. The flow structures relevant to the points a, b and c are illustrated by the
images shown in figure 6(a—c). Full dimensionless length of the cylinder is L/d = 4.46.

of S¢ are displaced toward the cylinder in a narrow area of the z-coordinate, change.
This is obviously linked with the reducing intensity of the head vortex for decreasing
Reynolds number. The transition begins earlier if the value of the magnetic field is
higher. In response to this the right-hand branches of the curves corresponding to
moderate and high Reynolds numbers also approach the cylinder as the Hartmann
number increases. This effect occurs, on the one hand, due to the suppression of the
head vortex by the magnetic field which is perpendicular to its axis. On the other
hand, it is due to an increasing effect of electromagnetic braking of the fluid above the
cylinder for N > 1, when the Ludford column begins to appear.

We identify three types of flow patterns in figure 7 according to the relative position
of the singular points. The first type denoted by ‘I’ corresponds to the case of weak
MHD interaction (i.e. N « 1) and is illustrated in figure 6(a). Here the head vortex
with its axis perpendicular to the magnetic field is clearly seen. The focus point is
situated far away from the surface of the cylinder. The second type of flow denoted
by ‘II’ corresponds to moderate Reynolds numbers and interaction parameters N > 1 at
Ha =11.2 and 14. In this case the head vortex decays and the intensity of the attached
vortices behind the cylinder with the axes parallel to the magnetic field increases as
can be seen in figure 6(b). The focus point is situated in the vicinity of the cylinder.
The third type of flow denoted by °‘III’ corresponds to the highest possible Hartmann
number Ha = 14 reached in our experiments and different Reynolds numbers obeying
N > 1. In this case the head vortex is not developed, and the attached vortices
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Re=10,N =19.6 Re=15,N=13.07

Stable
- ———=—" attached

Re=20,N=9.8 . ' Re=30,N=6.53

Breakdown of
small-scale
vortices

Re=40,N =4.9 Re=50,N=3.92

Re =60, N =3.27 Re=70,N=2.38

Re=80,N =245 Re =100, N =1.96

FIGURE 8. Visualization of the flow patterns past the cylinder in the horizontal plane
7z =2.25 for various Reynolds numbers and constant Hartmann number Ha = 14. The end
of the cylinder was covered by black paint to enhance the clarity of the flow visualization.

parallel to the magnetic field exist in a narrow space behind the cylinder as shown in
figure 6(c). Thus it can be seen that the described mechanism of transition from the
flow configuration characterized by the head vortex (with axis oriented perpendicularly
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FIGURE 9. Visualization of the flow patterns past the cylinder in the horizontal plane
z = 2.25 for the Reynolds number Re = 50 and various Hartmann numbers.

to the magnetic field) to the flow pattern presented by two attached vortices parallel to
the field depends on both Reynolds Re and Stuart N numbers.
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3.3. Flow structures for 10 < Re < 100 in the plane perpendicular to the magnetic field

In figure 8 we show selected flow patterns in the horizontal plane z = 2.25 in the
case of the highest possible value of the magnetic field equal to 5 T corresponding to
Ha = 14. The Reynolds number is varied in the range 10 < Re < 100. The images in
figure 8 are obtained by integration of sequential PIV images over 5 s and represent
the streamlines as time-averages of the fluid motion. At a small Reynolds number
Re =10 (and N = 19.6) a narrow stagnant zone is observed behind the cylinder.
Upon increase of the Reynolds number the stagnant zone lengthens in the flow
direction, and at Re = 15 (N = 13.07) the attached vortices are in prospect there.
Upon a further increase of the Reynolds number we observe two distinct attached
vortices as shown for Re =20 (N = 9.8). The closed streamlines which correspond
to the attached vortices are clearly seen. These structures are retained behind the
cylinder in the Reynolds number range 20 < Re < 70 (9.8 < N < 2.8). The domain
of attached vortices continues to extend in the flow direction. The vortices are stable
and symmetric up to the Reynolds number of Re = 60 (N = 3.27). The image for
Re =70 (N = 2.80) displays the presence of non-symmetrical vortices behind the
cylinder which are prone to oscillations.

In our observations of this regime during the experiment we note that the vortices
remain in the vicinity of the cylinder. It should be recognized that the shedding
of attached vortices from a cylinder in ordinary hydrodynamics occurs at Re = 55
(Zdravkovich 1997). The delay of the vortex shedding in our experiments is related
to the Joule dissipation in the vortices caused by the angle between the direction of
the magnetic field and the axes of vortices. If Re > 80, then the wake of the cylinder
becomes perturbed and vortex shedding takes place.

We note that the development of the MHD instability takes place in two stages.
Initially, in spite of the growth of Reynolds number, the attached vortices remain stable
(for example for Re < 30 in figure 8) and are stretched in the streamwise direction.
Then the tail of the attached vortices begins to oscillate and to generate small-scale
perturbations. They are visible in figure 8 at Re = 50 and 60. The dimensions of these
perturbations are inversely proportional to the square root of the Hartmann number.
This effect of two-stage onset of instability of the attached vortices is well identified in
ordinary hydrodynamics (Zdravkovich 1997) and was already observed in the previous
investigations with liquid metal (Kolesnikov & Andreev 2000). Our present results
confirm this peculiarity by optical visualization.

Figure 9 illustrates the stabilization of the attached vortices by the applied magnetic
field. In this experimental run we keep the Reynolds number at the value Re = 50
and change the magnitude of the magnetic field so that the Hartmann number is
varied in a range 0 < Ha < 14. The exposure time used for these images is 2 s, i.e.
it is 2.5 times less than in the realizations shown in figure 8. This exposure allows
us to investigate unsteady behaviour. In the non-magnetic case Ha = 0 the attached
vortices are separated from the cylinder as shown in figure 9(a). In particular, one
can see that the image shows the instant when one of the vortices is inflated and is
ready to separate from the cylinder whereas the second small vortex is developing. An
application of the magnetic field acts on the flow in such a way that for magnetic
fields between 2 and 3 T, corresponding to N = 0.63 and N = 1.41 respectively, the
vortex separation is terminated and the vortices become more stable as can be seen in
figures 9(b) and 9(c).

However, the observations during the experiment also show that the vortices
alternately fluctuate in the flow direction without a separation. This is clearly
reflected in the figures. The stabilization under growing magnetic field is due to an
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intensification of Joule dissipation and increases even more due to the increasing
Hartmann friction. In early experiments with cylinders in liquid metal flows (Andreev
& Kolesnikov 1997) the critical Reynolds number increased 70-fold in the presence of
a magnetic field due to the Hartmann friction compared with the non-magnetic case.
The pictures shown in figure 9 demonstrate a further enhancement of the stabilization
effect as the magnetic field increases. For magnetic fields in the range between 4
and 5 T and corresponding to interaction parameters between N = 2.51 and 3.92, the
attached vortices are more stabilized and clearly pronounced in figures 9(d) and 9(e).
Finally, it is interesting to mention that the von-Kdrmdn-like vortex street observed at
the onset of unsteadiness is very similar to that seen by Dousset & Pothérat (2012) but
that it seems much more stable at lower Ha than in the case with walls.

4. Summary and conclusions

In the present work we have performed a visualization of the flow around a
truncated obstacle in a uniform axial magnetic field. The experiments were carried
out by moving a partly submerged cylinder through a quiescent fluid. We used an
aqueous solution of H,SO,4 as the working fluid. Although the electrical conductivity
of our working fluid was about 10* times smaller than the conductivity of liquid
metals, we were able to reach a sufficiently high electromagnetic interaction parameter
(N =239.2 for B=5T) so as to visualize the formation of the Ludford column. As
commercially available PIV equipment is not designed to operate in the vicinity of a
strong magnetic field, a low-cost self-made optical system had to be used to measure
both the instantaneous and time-averaged flow fields. The ranges of the Reynolds
number, the Hartmann number and the electromagnetic interaction parameters were
5 < Re <100, 0 < Ha <14 and 0.31 < N < 39.2. For these parameters we visualized
the behaviour of the flow and the vortical structures past the cylinder, termed the ‘head
vortex’ generated by the flow above the cylinder and the attached vortices.

Our visualization showed that at Re =5 and N = 39.2 a Ludford column clearly
emerged from the cylinder and extended along the magnetic field direction.

In the non-magnetic case and for Re = 50 we found that the head vortex and
the attached vortices grow and are separated as known from ordinary hydrodynamics.
The head vortex is perpendicular to the magnetic field and decays very quickly with
increase of the field. More-stable attached vortices are observed for a small angle to
the magnetic field and weakly interact with the magnetic field. It has been discovered
that at Re = 50 the attached vortices are stabilized at electromagnetic interaction
parameters starting from N = 0.63 (B =2T). For these parameters the separation
of the vertical structure is stopped. Further growth of N leads to a stabilization of
attached vortices because of the stabilizing mechanism of Joule dissipation.

At fixed Ha = 14 and variable Reynolds number up to Re = 15 a narrow stagnant
area of fluid beyond the cylinder is observed. For Re > 15 the stagnant area is
elongated in the flow direction, and then at Re = 20 one can see a well-defined system
of two attached vortices the intensity of which grows with an increase the Reynolds
number in the range between Re = 20 and Re = 60. Beginning at Re = 70 the vortices
undergo alternating oscillations along the flow, and at Re > 70 they break down.

We conclude from our experiments that the combination of a high magnetic field of
the order of 5 T with an electrolyte as a working fluid allows one to visualize MHD
phenomena and to use optical flow measurement techniques for their quantitative
characterization. We believe that future experiments in higher magnetic fields of the
order of 10 T and the use of optical flow measurement techniques unaffected by
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high magnetic fields will offer the opportunity to study other MHD features such as
Hartmann layers and Shercliff layers including their instabilities in much greater detail
than with liquid metal experiments.
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