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ABSTRACT
Large eddy simulation (LES) of magnetohydrodynamic

(MHD) turbulent Taylor-Couette (TC) flows is conducted to
reveal the effect of the Hartmann number proportional to the
axial magnetic field strength on the flow and electric current
fields. The upper-lower walls are insulated and the inner-
outer sidewalls are set to insulating walls (open condition) or
perfectly conducting walls (short condition). As increasing
the Hartmann number, turbulent fluctuations are suppressed,
and the turbulent flow distributions approach the MHD lam-
inar flow distributions. The orientations of turbulent vortices
change from the azimuthal flow direction to the axial mag-
netic field direction even in the TC flow. The triplet high-speed
streaky structures are uncovered near the inner wall.

INTRODUCTION
Taylor-Couette (TC) flow is one of important and funda-

mental flows (Coles, 1965; Grossmann et al., 2016) and has
been actively studied in various research fields. Direct numer-
ical simulation (DNS) of non-conducting turbulent TC flows
has been conducted, and the fine turbulent vortex structures
and the turbulence statistics of TC flow are clarified (e.g., see
Dong, 2007). The DNS of conducting turbulent TC flows, e.g.,
liquid metal flows, is performed with conducting sidewalls un-
der the periodic conditions in the azimuthal and axial direc-
tions, and the suppression of the fine turbulent vortices is re-
vealed in the axial magnetic field (Leng et al., 2018). When
imposing strong magnetic field, it is known that the turbulent
vortex is elongated in the direction of the applied magnetic
field. The aligned vortex structure is the so-called quasi-two-
dimensional (Q2D) structure and appears in magnetohydrody-
namic (MHD) flows (e.g., see Chen et al., 2021).

From the viewpoint of the torque control of wind tur-
bine via the Lorentz force and the recovery of excessive wind
power as electrical output, Takana & Tanida (2017) has pro-
posed a co-axial MHD energy conversion device and demon-
strated the performance in experiments. We conducted the
one-dimensional theoretical analysis of the flow field (Sasaki
et al., 2021a) and power generation characteristics (Sasaki et

al., 2021b). We have already examined two-dimensional MHD
laminar TC flows for aspect ratio 10 and exhibited that the
number of Taylor vortex gradually diminishes from ten to two
as increasing the magnetic field strength (Sasaki et al., 2021c).

In the present study, large eddy simulation (LES) of MHD
turbulent TC flows is carried out to clarify the effect of the
magnetic field strength on the flow and electric current fields
in the MHD energy conversion device.

GOVERNING EQUATIONS AND NUMERICAL
CONDITIONS

In this study, LES is conducted to investigate unsteady
MHD turbulence structures and laminarization phenomena by
the Lorentz force. The low magnetic Reynolds number is as-
sumed. Consequently, induced magnetic fields and the fluc-
tuation of magnetic field are discarded although we can com-
pute the induced magnetic fields as carried out in the previous
study (Kobayashi et al., 2012). Governing equations under the
low magnetic Reynolds number consit of filtered incompress-
ible Navier-Stokes equations with the Lorentz force, a filtered
continuity equation, filtered Maxwell equations and the gener-
alized Ohm’s law as described below.

(i) Continuity equation:

∇ ·u = 0, (1)

(ii) Navier-Stokes equations:

∂u
∂ t

+(u ·∇)u =− 1
ρ

∇p+ν∇2u−∇ · τ + 1
ρ
( j×B), (2)

(iii) Maxwell equations:

∇×E = 0, (3)

∇ · j = 0, (4)
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Figure 1. Computational domain where the inner cylindrical
electrode is rotating and the outer one is at rest.

(iv) Ohm’s law:

j = σ
(
E +u×B

)
, (5)

where (·̄) denotes the filtered variable, the velocity u = ui, the
pressure p, the subgrid-scale (SGS) stress tensor τ = τi j , the
electric current density j, the electric field E are used. The
magnetic flux density B is set to only the external magnetic
flux density (0,0,Bz). The electric potential ϕ is obtained from
the following Poisson equation:

(v) Poisson equation for the electric potential:

∇2ϕ = ∇ ·
(
u×B

)
, (6)

that is derived from eq.(3) - (5).

The equations are discretized in the r− θ − z cylindrical
coordinate. The magnetic field is imposed in the z (axial) di-
rection. We use the second order Adams-Bashforth method
for the time marching scheme and the second order central
finite difference method for the spatial discretization. The
SMAC scheme is used for the coupling between velocity and
pressure. We adopt the coherent structure model (Kobayashi,
2005), which is useful subgrid-scale model in the MHD flows
(Kobayashi, 2008; Kobayashi et al., 2012).

Figure 1 shows the computational domain. The ratio of
the inner radius to the outer radius, namely radius ratio, is
set to 0.5. The aspect ratios of 1 and 10 are adopted for the
cross section in the r − z plane. We use the insulating walls
for the upper and lower walls. We examine two types of the
sidewall condition, (1) open condition: insulating sidewalls
and (2) short condition: perfectly conducting sidewalls. The
no-slip boundary condition is utilized on the walls and no-
penetration and penetration wall conditions of electric current
are used for open and short conditions, respectively. The com-
putational domain in the azimuthal direction is π/2 and the pe-
riodic boundary condition is adopted. The grid points are set to
(Nr,Nθ ,Nz) = (32,64,128) because LES of aspect ratio of 10
with those grid points shows good agreement with the mean
velocity and turbulent intensity profiles of the DNS (Dong,
2007) (not shown here). Reynolds number is set to 8000. The
Hartmann number Ha, the ratio of the Lorentz force to the vis-
cous force, is proportional to the magnetic field strength and is
varied from 0 to 100. The Lorentz force acts against the flow
and suppresses the turbulence.

Figure 2. Mean (upper) and root mean square (lower) pro-
files of azimuthal velocity for the open condition at aspect ratio
of 10. The mean velocity with avarage indicates the average
in the z direction. The mean velocity without average exhibits
the mean velocity at z = L/2.

NUMERICAL RESULTS
Results of Aspect Ratio of 10

First, we show the validation results for TC flow of aspect
ratio of 10. Figure 2 shows the Mean (upper) and root mean
square (lower) profiles of azimuthal velocity for the open con-
dition at aspect ratio of 10. In the present simulation, upper and
lower walls exist. Therefore, we showed two mean velocities:
with average in the z direction and at z = L/2 without average.
The mean and root mean square velocity profiles with average
are good agreement with the DNS results (Dong, 2007).

Let us see the Taylor vortex cells. In Fig. 3, the mean
distributions of stream line and radial velocity for Ha = 0, 50,
70 and 100 of the open condition in the r− z plane at aspect
ratio of 10 are displayed. As increasing the Hartmann number,
we found that the number of the Taylor vortex or the eddy
current is gradually reduced from ten to two. Note that two
Taylor vortex cells remains due to the existence of the upper
and lower walls even for large Hartmann number.

Figure 4 exhibits the mean distributions of the Joule dissi-
pation and the electric current streamline for Ha = 70 and 100
of open and short conditions in the r− z plane at aspect ratio
of 10. The cells of electric current streamline are comparable
to the Taylor vortex cells for various Hartmann numbers. The
Joule dissipation becomes high at the location of the high ra-
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Figure 3. Mean distributions of stream line and radial veloc-
ity for Ha = 0, 50, 70 and 100 of the open condition in the r−z
plane at aspect ratio of 10.

Figure 4. Mean distributions of the Joule dissipation and the
electric current streamline for Ha = 70 and 100 of open and
short conditions in the r− z plane at aspect ratio of 10.

dial velocity as shown in Fig. 3. This is due to the centrifugal
force. Owing to the open condition, the electric current flows
very close to the wall.

Results of Aspect Ratio of 1
Let us move on to the results of aspect ratio of 1. The

mean and root mean square profiles of azimuthal velocity for
open and short conditions are shown in Fig. 5. At Ha = 0,
mean velocity gradient is sharp and the velocity fluctuation is
strong near the inner and outer walls. This is the typical tur-
bulent TC statistics (Dong, 2007). When increasing the Hart-
mann number, the velocity fluctuation is suppressed and then
the mean velocity gradient becomes gentle. For the high Hart-
mann number of the short condition, the mean reverse flow

appears on the outer-wall side whereas for that of the open
condition the mean reverse flow never emerges on there.

Figure 6 displays the mean distributions of azimuthal ve-
locity and streamline for Ha = 70 and 100 of open and short
conditions in the r− z plane. Since the upper and lower walls
exist, two Taylor vortices appear for the aspect ratio of 1.
As increasing the Hartmann number, the Taylor vortices are
compressed toward the inner wall owing to the strong Lorentz
force.

Figure 7 shows the mean distributions of the Joule dissi-
pation and the electric current streamline for Ha = 70 and 100
of open and short conditions in the r−z plane. Under the open
condition, eddy currents are induced along the Taylor vortices
because all walls are insulated, and electric current cannot pen-
etrate the insulating walls. The electric current concentrates
not only near the inner and upper-lower walls but also on the
central plane z/h = 0.5, so that the high Joule dissipation (in
other words Joule heating) occurs there. However, under the
short condition, the electric current flows near the upper-lower
walls from the inner wall to the outer wall, avoiding the cen-
tral region where reverse azimuthal velocity appears as shown
in Fig. 5(c) and Fig. 6(c)-(d). Moreover, the electric current
flows from the inner wall to itself. The current is the so-called
short-circuit current. The eddy current and short-circuit cur-
rent cannot be extracted as electrical output.

Figure 8 exhibits vortex structures extracted by the iso-
surfaces of the second invariant Q = 0.25 of velocity gradi-
ent tensor for Ha = 0, 50, 70 and 100 of the open condition.
At Ha = 0, the orientations of the vortices show in the az-
imuthal direction. At Ha = 50, the vortices are suppressed by
the Lorentz force. For Ha = 70 and 100, the orientations of
the vortices change to the axial direction. The vortices are the
so-called quasi-two-dimensional (Q2D) vortices that align to
the direction of the imposed magnetic field (e.g., see Chen et
al., 2021). It is found that the Q2D vortices emerge even in the
TC flow.

The contours of instantaneous azimuthal velocity in the
vicinity of inner wall for Ha = 0, 50, 70 and 100 of the open
condition are visualized in Fig. 9. As increasing the Hart-
mann number, the low-speed streaky structures are curbed.
For Ha = 0 and 30, the high and low-speed streaky structures
are advected with the flow velocity. For Ha = 70 and 100,
the high-speed streaky structures have triplet structures and
move slowly although the flow velocities near the inner wall
are higher than those for Ha = 0 and 50 as shown in Fig. 5(a).
The slow velocity may correspond to a group velocity. It will
be investigated in more dial.

CONCLUSIONS
We conducted the LES of MHD turbulent TC flows and

investigated the effect of the Hartmann number on the velocity
and electric current distributions. When increasing the Hart-
mann number, turbulent fluctuations are suppressed, and the
velocity and electric current distributions approach the MHD
laminar flow distributions. For high Hartmann numbers, two
Taylor vortices appear, and the eddy currents for the open con-
dition or the short-circuit currents for the short condition are
induced along the TC vortices. The fine turbulent vortices ori-
entating in the azimuthal direction for no magnetic field align
in the axial magnetic field direction, so that we found that the
Q2D structures appear even in TC flow. The triplet high-speed
streaky structures are discovered for high Hartmann numbers
and are transported slowly in the azimuthal (flow) direction.
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Figure 5. Mean (left) and root mean square (right) profiles of azimuthal velocity for open (upper) and short (lower) conditions.

Figure 6. Mean distributions of azimuthal velocity and streamline for Ha = 70 and 100 of open and short conditions in the r−z plane.
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Figure 7. Mean distributions of Joule dissipation and electric current streamline for Ha = 70 and 100 of open and short conditions in
the r− z plane.

Figure 8. Iso-surfaces of the second invariant Q = 0.25 of velocity gradient tensor for Ha = 0, 50, 70 and 100 of the open condition.
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