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A liquid metal flow in the form of a submerged round jet entering a square duct in the
presence of a transverse magnetic field is studied experimentally. A range of high Reynolds
and Hartmann numbers is considered. Flow velocity is measured using electric potential
difference probes. A detailed study of the flow in the duct’s cross-section about seven jet’s
diameters downstream of the inlet reveals the dynamics, which is unsteady and dominated
by high-amplitude fluctuations resulting from the instability of the jet. The flow structure
and fluctuation properties are largely determined by the value of the Stuart number N.
At moderate N, the mean velocity profile retains a central jet with three-dimensional
perturbations increasingly suppressed by the magnetic field as N grows. At higher values
of N, the flow becomes quasi-two-dimensional and acquires the form of an asymmetric
macrovortex, with high-amplitude velocity fluctuations reemerging.

Key words: high-Hartmann-number flows, jets

1. Introduction

Nuclear fusion is considered to be a future source of clean energy. It does not involve the
nuclear waste characteristic of fission. The fuel for fusion, a combination of the hydrogen
isotopes deuterium and tritium, either is abundant in sea water or can be generated (bred)
as a byproduct of the reaction. In the reactor, these isotopes are heated up to a temperature
of several million Kelvin until the fusion reaction starts. The burning plasma in the reactor
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Figure 1. Configuration of the experiment: the test section and the x-distribution of the main component of
the imposed magnetic field Bz. The distances are given in millimetres, whereas the magnetic field is in Tesla.
An inlet pipe of a length 1 m is necessary to position the experimental section in the magnet.

is contained by a very high magnetic field of 5–10 T. The plasma chamber is surrounded
by blankets, which may contain liquid metals, Li or PbLi, and act simultaneously as heat
exchangers diverting the reaction energy into an external circuit, as shields, and as breeders
of tritium (Molokov, Moreau & Moffatt 2007; Abdou et al. 2015). As liquid metals
are electrically conducting, their flow is strongly affected by the magnetohydrodynamic
(MHD) interaction with the high fields typical of fusion devices.

Liquid metal blankets contain many elements, such as straight ducts, bends and
manifolds. One of the key elements of the blanket is an expansion of a circular pipe into a
larger rectangular duct (see figure 1). Understanding the flow dynamics in the expansion is
important because it contributes largely to the flow distribution in a subsequent manifold.
Such a sudden expansion in the presence of a strong imposed magnetic field has been
analysed previously, in particular by Mistrangelo (2006), Mistrangelo & Bühler (2007)
and Mistrangelo (2011). The focus of our work is on the configuration in which both the
ratio of the duct to pipe dimensions and the fluid velocity are high. The resulting flow is
better described as an initially circular jet entering a rectangular duct under the influence
of a high, transverse magnetic field.

Another important technology in which a similar flow structure is observed is the
electromagnetic braking in the continuous casting of steel. Molten steel entering the
solidification mold through a nozzle forms a submerged jet in a rectangular domain.
As explained, for example, by Cukierski & Thomas (2008) and Timmel et al. (2013),
a strong transverse magnetic field is often applied to suppress excessive turbulent
fluctuations around the jet and to prevent strong impingement of the jet into the
wall.
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Submerged liquid metal jet in transverse magnetic field

The flow is also interesting from a fundamental point of view. It can be classified as
one of several archetypal configurations of liquid metal MHD, other such configurations
being, for example, a duct flow in a uniform or non-uniform transverse magnetic field,
an internal shear layer, an MHD boundary layer or magnetoconvection in an enclosure or
a duct. As we show in this paper, the jet flow demonstrates and helps in understanding
the fundamental properties of flow transformation caused by an imposed magnetic field.
In particular, the flow remains turbulent even in a high magnetic field as it evolves from
three-dimensional to quasi-two-dimensional (quasi-2D) form. The quasi-2D state here and
in the following refers to a situation where flow quantities do not vary in the direction of
the magnetic field except for the regions near the walls crossing the field lines.

Instability and transition to turbulence in an axisymmetric and a planar jet of viscous
fluids without the magnetic field effect is a thoroughly studied area of fluid mechanics (see,
e.g., Michalke 1984; Thomas & Goldschmidt 1986; Stanley, Sarkar & Mellado 2002). Jets
are known to be unstable at all but the smallest values of the Reynolds number (Sato 1960;
Sato & Sakao 1964). The instability mechanism is of the Kelvin–Helmholtz type. It leads
to vortices in strongly sheared outer regions of the jet and the jet’s rapid distortion and
development of turbulence. The process is strongly affected by inlet conditions (shape of
the inlet, velocity profile and presence of perturbations).

A sufficiently strong imposed magnetic field completely changes the flow behaviour if
a fluid is electrically conducting. An example of this is the experiments with a submerged
annular jet in an axial uniform magnetic field (Kalis & Kolesnikov 1984; Klyukin & Thess
1993). Here, the transition to turbulence also occurs through a Kelvin–Helmholtz-type
instability, but the process demonstrates unique MHD features, such as the development
of a quasi-2D state and pronounced hysteresis in the plane of the Reynolds and Hartmann
numbers (Kljukin & Kolesnikov 1989).

Flows of laminar, inviscid liquid metal jets in an unbounded fluid in a transverse,
uniform magnetic field B were theoretically studied by Moffatt & Toomre (1967) and
Davidson (1995). MHD effects in these flows can be understood by considering the
electrodynamic part of the MHD equations (Müller & Bühler 2001) in a quasi-static
approximation, namely Ohm’s law,

j = σ(−∇ϕ + u × B), (1.1)

and the charge conservation equation,

∇ · j = 0. (1.2)

Here u = (ux, uy, uz) is the fluid velocity, j = (jx, jy, jz) is the electric current density, ϕ

is the electric potential, σ is the electrical conductivity of the fluid and (x, y, z) are the
Cartesian coordinates. The Lorentz force acting on the fluid is

f = j × B. (1.3)

Moffatt & Toomre (1967) considered a two-dimensional (y-independent) jet flowing in
the x-direction in a transverse magnetic field B = Bez. In a two-dimensional flow ϕ =
constant, so that the first term in the brackets in (1.1) vanishes. Then j = σu × B =
−σuxBey, the Lorentz force, f = −σuxB2ex, reduces to pure braking at every point within
the flow, and the axial component of momentum is weakened by the field.

If the jet is not two-dimensional, axial momentum is conserved in the zero-viscosity
limit but is redistributed along the field lines by the Lorentz force (Davidson 1995), as
shown in figure 2. To understand the process, we consider a straight, infinite, initially
circular jet flowing in the x-direction. Now, ϕ is a function of both y and z. In the original
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Figure 2. Schematic diagram of the jet expansion along the magnetic field lines: an initially round infinite jet
(broken line), electric current lines and the directions of the Lorentz force (a), evolution of the jet profiles in
the centre plane y = 0 as time increases (b).

jet cross-section, currents are induced by the electromotive force u × B, and the resulting
Lorentz force brakes the flow. The currents induce the electric potential difference between
the left and right parts of the jet, shown by ‘+’ and ‘−’ in figure 2(a). This difference in the
electric potential drives the current back through the fluid from ‘+’ to ‘−’, as shown in the
figure. The Lorentz force accelerates the fluid above and below the original jet. The process
continues with time as more and more layers of fluid become involved in the motion. The
development of the axial velocity profiles with time is shown schematically in figure 2(b).
The resulting jet has an anisotropic structure. We show here that this evolution is very
important for understanding the flow pattern. It should be noted that similar anisotropic
structures are found in many MHD flows, including flows around solid bodies (see, e.g.,
Hasimoto 1960; Ludford 1960), rotation of vortices (Davidson 1995) and solid bodies
(Molokov 1993) and electrically driven flows (Moffatt 1966).

It is evident that the just-outlined scenario of jet transformation does not form a
complete picture. Inertial effects, hydrodynamic instabilities and turbulence anticipated
at sufficiently high Reynolds numbers are not included. Not less importantly, the effect of
walls surrounding the flow domain and altering paths of electric currents is expected to be
strong, much more so than in a flow without a magnetic field. The effect remains poorly
understood.

Surprisingly, very little work has been done to analyse the flow. To the best of the
authors’ knowledge, no experiments have been performed in the last three decades. The
only computational work addressing the conclusions of Davidson (1995) concerning the
transformation of a round jet by a transverse magnetic field was the large eddy simulations
of Kim & Choi (2004). The closest we can find to a study of MHD jets in a wall-bounded
domain is the recent works of Krasnov et al. (2021) and Belyaev et al. (2021), in which
transformation of a planar jet in a transverse magnetic field is analysed.

This study aims to understand the dynamics of a round jet as it enters a square
duct. The effect of walls is, therefore, an inherent component of the jet dynamics. The
study is divided into two parts. The experimental results are presented in this paper.
Theoretical results obtained using numerical simulations will be presented in detail in
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Submerged liquid metal jet in transverse magnetic field

Parameter Quantity Value

Duct inner section 2a × 2a, mm × mm 56 × 56
Pipe radius r, mm 3
Characteristic length a, mm 28
Magnetic induction B, T 0–1.7
Length of uniform MF LB, m ≈0.9
Duct Reynolds number Re ≡ U0a/ν 600–7000
Duct Hartmann number Ha ≡ Ba

√
σl/ρν 0–1300

Duct Stuart number N ≡ Ha2/Re 0–2100
Pipe Reynolds number Rep ≡ Up2r/ν ≈ 24Re 14 000–82 000
Pipe Hartmann number Hap ≡ B2r

√
σl/ρν ≈ 0.2Ha 0–280

Pipe Stuart number Np ≡ Ha2
p/Rep 0–5.6

Wall conductance ratio c ≡ σwdw/σa �0.01

Table 1. Physical and non-dimensional parameters of the experiment.

a future publication by the authors of this article (in preparation). A brief account can be
found in the appendix of this paper and in Schumacher et al. (2022).

2. MHD transformation of a submerged jet in a duct

MHD flows of liquid metals in ducts are governed by four dimensionless parameters: the
Reynolds number, Re; the Hartmann number, Ha; the Stuart number, N = Ha2/Re, also
known as the interaction parameter; and the wall conductance ratio, c. They characterise
the ratios of inertial to viscous, electromagnetic to viscous, and electromagnetic to inertial
forces and the ratio of wall to fluid electrical conductances, respectively. Their definitions
are given in table 1.

Consider a flow in a duct (figure 3a). The pairs of walls transverse and parallel to
the magnetic field are called the Hartmann walls and the sidewalls, respectively. In a
sufficiently strong magnetic field, Hartmann layers of non-dimensional thickness ∼Ha−1

are formed at the Hartmann walls. The streamwise velocity has an exponential profile
inside these layers, as determined by the balance between the viscous and Lorentz forces.
There are also Shercliff (sidewall) layers of thickness ∼Ha−1/2 forming at the sidewalls,
but they seem to play no role in this study.

Consider now a flow created specifically by a round jet entering a duct. From the
discussion in the previous section, it is clear that the flow is transformed by the action
of the electromagnetic forces. The transformation is in space, with the flow evolving
with the downstream distance. Initially, the electric current lines are similar to those
shown in figure 2(a). As the jet progresses through the duct, the gradients of the
velocity profile along the magnetic field become smaller, and the jet develops anisotropy.
Further downstream, the gradients virtually disappear. The velocity profile becomes
almost independent of the z-coordinate except for thin Hartmann layers. The jet becomes
quasi-2D, planar-like, at a distance L from the inlet, as illustrated in figure 3. If Hartmann
walls are electrically insulating, all the lines of the electric current pass through Hartmann
layers. They are very thin, and their electrical resistance is inversely proportional to
their thickness, i.e. scales as Ha. Owing to the increased resistance, the induced currents
become weaker and the resulting Hartmann damping decreases. If Hartmann walls are
electrically conducting, part of the current will flow in the walls as well. Thus, its
magnitude increases, and damping increases as a result.
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Figure 3. Two-dimensionalisation of a round jet by a transverse magnetic field in a duct.

In a three-dimensional flow, the longitudinal component of electric current jx also
appears due to the variation of the electric potential along the flow (Müller & Bühler
2001). Indeed, the average fluid velocity is higher in the pipe than in the duct. Thus,
u × B is higher as well, and the induced potential difference in the (x, y)-planes is higher.
These currents result in the Lorentz force stretching the jet in the (x, y)-planes towards the
sidewalls, but the importance of the effect in this experimental study is unclear.

3. Description of the experiment

3.1. Experimental facility
Experiments are performed using the HELME facility (HELMEF) described by Belyaev
et al. (2017). Mercury circulating in a closed loop is used as a model liquid. The flow is
driven in the x-direction by a pump. The experimental test section (see figure 1) or one of
the two calibration test sections (see figure 6) is placed inside an electromagnet, which can
create a magnetic field of up to 1.7 T within an 80 mm gap. The imposed magnetic field B
has the dominant component along the z-direction. The transverse inhomogeneity of the
magnetic field along the y- and z-axes is less than 1 %.

Walls in all test sections are made of stainless steel AISI316 and have a thickness of
2 mm. No special methods are used to achieve good contact between mercury and the wall
other than vacuuming water vapor and avoiding oxidation by argon before filling the loop
with mercury.

In order to avoid possible disturbances caused by gas bubbles in the test section, the
loop is vacuumed prior to filling it with mercury. Furthermore, experiments are repeated
with consistent results with the test sections oriented both vertically and horizontally.

Further features of the facility concerning the configuration of the experiment,
measurement technique and calibration are discussed in the remaining parts of § 3.

3.2. Experimental procedure
All the walls surrounding the inlet are made of stainless steel. Mercury enters through an
inlet into a square duct of half-height a = 28 mm and length of 500 mm. The inlet has the
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form of a round pipe, 90 mm long with 6 mm inner diameter, located at the mid-plane of
the duct.

The uniform part of the magnetic field covers approximately the first 250 mm of the duct
length. The effect on the flow of the magnetic field gradients at the entrance to and exit
from the magnet is negligible. It is known that in a square duct, the flow is significantly
affected only at a distance of two–three duct half-widths (Kit et al. 1970; Holroyd 1979;
Mistrangelo 2006). The influence of the gradient at the entrance on the flow in a pipe
is much higher (Holroyd & Walker 1978; Holroyd 1979; Hua & Walker 1989; Molokov
& Reed 2003), but this effect is significant only at very high Hartmann numbers, Ha ∼
104–105, which are well outside the parameter range of our experiment. We conclude that
the dynamics of the jet in our experiments occur entirely in the conditions of a nearly
uniform magnetic field.

Parameters of the experiment are given in table 1. The values of the physical properties
of mercury, such as the kinematic viscosity ν and the electrical conductivity σ at room
temperature (about 18 ◦C) provided by Bobkov et al. (2008) are taken. The other physical
parameters used in the table are the mean flow velocities U0 in the duct and Up = 110U0
in the inlet pipe, and the thickness dw and electrical conductivity σw of the walls.

A range of flow rates from 0.75 l min−1 to 5.4 l min−1, corresponding to the duct
Reynolds numbers 600 � Re � 7000, is covered in the experiments. The bottom limit is
set by the impossibility of accurate measurements of flow velocity occurring at lower flow
rates due to the significant effect of electromagnetic noise. The top limit corresponds to the
beginning of cavitation in the jet area. The mean flow velocity U0 used to define the duct
Reynolds number is based on the flow rate measured using the electromagnetic flow meter.
A flow stabiliser with a gas cavity is used to avoid possible flow fluctuations produced by
the pump.

A comment is in order concerning the value of the wall conductance ratio reported in
table 1. Although correct from the formal point of view, the formula used to define c may
provide results quite different from the effective value observed in the experiment. During
the experimental program, it is impossible to directly assess the quality of the contact
between mercury and the wall. It is well known that oxides and other deposits worsen
the electrical contact with the wall and decrease the relative electrical conductivity by
one to two orders of magnitude (Bucenieks et al. 1997). Therefore, instead of applying
the formal definition of c, we estimate the range of the possible effective values of the
wall conductance ratio c in the experiments as between 0.001 and 0.01. The influence of
the wall conductance ratio on the flow is currently explored by the authors via numerical
simulations. The results will be presented in a future publication.

3.3. Velocity measurements and steps to assure their accuracy
Flow velocity is measured using the electric potential difference method (see, e.g.,
Mistrangelo & Bühler 2010). A four-electrode potential sensor, illustrated schematically
in figure 4(c), can measure two components of velocity at a point. With such a sensor,
it is possible to simultaneously measure the electric potential ϕ at four electrodes and
then to calculate the local velocity components using the projection of Ohm‘s law onto
the x- and y-axes. Neglecting electric currents, as their magnitude is small in ducts
with poorly conducting walls, and replacing the partial derivatives with their difference
approximations gives

ux ≈ ϕa − ϕb

c1B0�ly
≈ ϕc − ϕd

c1B0�ly
, (3.1)
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Figure 4. Sensors of different construction: (a) type 1; (b) type 2; (c) schematic representation of the principle
of measurements. Here 1 is the tin contact layer, 2 is the copper electrode and 3 is an insulating layer of epoxy.

uy ≈ ϕc − ϕa

c1B0�lx
≈ ϕb − ϕd

c1B0�lx
, (3.2)

where ϕ is the electric potential at the electrodes, �ly = 2 mm, �lx = 2–4 mm are the
distances between the corresponding electrodes and c1 is the coefficient depending on the
conditions of closing the induced currents. For the Hartmann number over 200 used in the
experiment, c1 ≈ 1, which has been verified in the calibration procedure.

Sensors of two principal designs were used in the majority of the reported experiments.
The sensor of type 1 (see figure 4a) was used during the first stage of the experimental
program. Its design was primarily motivated by the desire to avoid damage to the sensor
by a strong jet flow. The sensor of type 2 (see figure 4b) was built and utilised at later
stages of the program in order to validate the results obtained with the sensor of type 1
and to minimise the potential influence of the sensor on measurement data obtained in
situations with the reversed flow. Yet another modified sensor of a design similar to type 2
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Figure 5. (a) Measurement points used to map distributions of time-averaged velocity in the duct’s
cross-section. The inlet shape of the jet is shown by a circle. (b) Profiles of time-averaged streamwise velocity
measured by sensors of type 1 and type 2 at x = 44 mm = 1.6a, z = 0 for Re = 800, Rep = 19 × 103 and
Ha = 200. Time averaging is over about 600 s.

was utilised to investigate the jet development far downstream (in the cross-section located
at a distance 5.2a from the jet inlet).

Consistently good agreement between measurements obtained using different sensors
was found in all the experiments. An illustration of that is provided in figure 5(b). The
observed small deviations are attributed to the uncertainty of the sensor’s positioning.
Most of the results reported in this paper are based on the data obtained with the sensor of
type 2, except for the diagrams in figures 14 and 15, where the results of the experiments
performed using sensors of all three types are summarised.

The electrode size of 0.3 mm was chosen to avoid possible errors caused by sensor
damage during measurements near walls. Sensors were installed on scanning probes
extended in the direction opposite to the flow. The probes allowed us either to record
the velocity signal at one location over time or to map the mean velocity in a cross-section
of the duct by taking time-averaged measurements point by point (see figure 5(a) for the
measurement points utilised for the mapping). Simultaneous measurement of velocities at
more than one point was impossible.

Time-averaged streamwise velocity values 〈ux〉 and 〈uy〉, standard deviations σx and σy
and higher-order statistical moments are used in further analysis. Standard deviations are
calculated as

σx =

√√√√√
n−1∑
j=0

(uxj − 〈ux〉)2

n − 1
, σy =

√√√√√
n−1∑
j=0

(uyj − 〈uy〉)2

n − 1
, (3.3a,b)

where n is the number of measured points in the velocity signal. A similar approach is
followed to calculate the skewness and kurtosis coefficients.

The inherent limitation of the electric potential sensors is their inability to measure
velocity within boundary layers. This is due to the facts that the thickness of MHD
boundary layers is significantly smaller than the distance between the electrodes and
that positioning the sensor very close to the wall leads to increased uncertainty of
measurements due to possible wall–sensor contact.

In the rest of this section, we discuss the factors potentially negatively affecting the
accuracy of electric potential sensors. We also list measures taken during the experiments
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to identify and minimise the effect of these factors. It must be stressed that a consistent
moderate shift in measured absolute values of velocity is not detrimental to achieving the
goals of our study. As we show, the flow transformation caused by the magnetic field is
described in terms of relative changes of velocity profiles or in terms of centred statistical
moments of velocity fluctuations. These characteristics are insensitive to a shift of absolute
velocity values, provided the shift is the same in all the experiments.

One potentially negative factor is the thermoelectrical effects associated with the contact
between dissimilar metals in a non-uniform temperature field. To minimise it, the mercury
loop was water-cooled, so that temperature remained constant and uniform at 291 K.
Variations of temperature in the experimental section were within 0.4 K.

Another factor is the error (zero shift) caused by electromagnetic noise in the
measurement equipment. To avoid this effect, each experimental session started with
measurements performed at zero imposed magnetic field. The registered small deviation
from the expected zero value of velocity was then used for correction of measurements
in production runs performed at non-zero imposed magnetic field. Furthermore, two
acquisition systems were used, one based on an NI cDAQ 9213 measuring module with
100 Hz anti-aliasing analog filtering and another on NI 4071 digital multimeters with
multi-rate data conversion (Smith 1997) and digital processing of 1 kHz signals. After
the aforementioned correction, the two systems showed consistent results.

We should also mention the possible effect of strong three-dimensional electric currents
developing in the area, where the flow transforms from three-dimensional to quasi-2D
form. The currents increase the measurement error of potential sensors. The qualitative
data reported for this part of the flow must, therefore, be viewed as less accurate than the
others.

The biggest potential factor negatively affecting measurement accuracy is the
disturbance of the flow by the probe. The disturbance may happen directly, with the
probe modifying the velocity as a solid obstacle, or indirectly via MHD effects caused
by the modification of electrical currents around the probe. One already mentioned step
undertaken in the experiments to reduce the probe’s influence was always to insert it in the
direction opposite to the mean flow.

The other effects are addressed in the calibration experiments described in the following.
All the results reported in the following sections of the paper satisfy three criteria: (i)

measurements of the time-averaged values of ux are consistent with U0 measured by
an electromagnetic flowmeter, (ii) nearly identical results are obtained in experiments
performed with different acquisition systems and (iii) measurements are performed at
magnetic fields high enough to ensure the stable performance of the sensor demonstrated
in calibration experiments. The experiments in which these conditions are not satisfied
(this happens, for example, in cases with low magnetic field) are considered insufficiently
accurate and are not reported.

3.4. Calibration tests
Two calibration test sections in the form of straight ducts of rectangular cross-section
56 × 56 mm × mm and 56 × 16 mm × mm (Belyaev et al. 2020), illustrated in figure 6,
are used. The 56 × 56 mm × mm section has an inlet in the form of a pipe of 24 mm
inner diameter. The section is 900 mm long. Measurements of velocity are done at least
425 mm downstream of the inlet to achieve full development of the velocity profile. The
56 × 16 mm × mm section is a straight duct of length 1400 mm with a honeycomb inserted
at the location of the entrance into the magnetic field.
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Figure 6. Calibration sections and the x-distribution of the main component of the imposed magnetic field
Bz. The distances are given in millimetres, whereas the magnetic field is in Tesla.

The 56 × 16 mm × mm duct is used to calibrate velocity sensors at high velocities
comparable with the values in the studied jet flows. The need to achieve these velocities
and the upper limits imposed on the total flow rate by the pump, and the necessity of
preventing cavitation, are the reasons for using the narrow duct. The 56 × 56 mm × mm
section is used at lower flow velocities to evaluate the effective electrical conductance ratio
of the wall.

In the first series of calibration experiments performed with the 56 × 16 mm × mm
duct, time-averaged streamwise velocity 〈ux〉 is measured along the y-axis in the middle
of the duct at a distance of 600 mm downstream from the entrance into the magnetic
field. It is anticipated in such a system that a moderate magnetic field would produce a
flow with an experimentally detectable sidewall and a centreline value of 〈ux〉 exceeding
the mean velocity U0. At stronger magnetic fields, the sidewall boundary layers would
be undetectably thin and the measured velocity would show a nearly flat profile along
the y-axis, with 〈ux〉 ∼ U0. The results of the calibration experiments agree with the
expectations. An exception is flows with a weak magnetic field (approximately Ha below
180), in which case the accuracy of the sensor is expected to be low. Figure 7(a) illustrates
the agreement by the variation of the ratio 〈ux〉/U0 with the magnetic field strength.

In the second series of calibration tests performed with the 56 × 56 mm × mm duct,
velocity profiles along the transverse coordinate y perpendicular to the magnetic field taken
in the mid-plane of the duct are measured. The size of the sensor does not allow us to
measure velocity within the boundary layers and thereby unambiguously determine the
velocity profile near the walls. It is, however, visible that the velocity in figure 7(b) does
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Figure 7. (a) Sensor calibration using flow in the duct of cross-section 56 × 16 mm × mm. Time-averaged
centreline velocity is shown for different flow rates and values of the Hartmann number. (b) Velocity profile
in the calibration duct of the cross-section 56 × 56 mm × mm at Re = 1000 and Ha = 1000 compared with
profiles computed based on the thin-wall approximation (Krasnov et al. 2022). Data at y < −26 or y > 26 are
obtained with the probe deformed by the wall contact but the sensor was undamaged, and should be understood
as measurements at the wall.

not show the tendency toward an M-shaped profile typical for a flow in a duct with thin
electrically conducting walls (Müller & Bühler 2001). This indicates a very low value of
the effective conductance ratio c, consistent with our estimates in table 1.

We conclude that the accuracy of the sensors at all but the smallest Hartmann numbers
considered in our experiments is confirmed by the tests. We furthermore conclude that the
effective wall electrical conductance is low. This can be attributed to the existence of oxide
film on the duct’s walls and poor wetting of the walls by mercury.

4. Results

Significant unsteadiness of the flow, with high-amplitude fluctuations of velocity recorded
downstream of the jet inlet, is found in all the experiments reported in this paper. It
must be stressed that the unsteadiness cannot be a result of the transition to turbulence
within the duct itself. As first identified by Murgatroyd (1953) and later discussed on
the basis of experimental data by Branover (1978) and from the theoretical perspective
by Zikanov et al. (2014), a transition or laminarisation occurs in laboratory flows when
Re/Ha traverses the range between 200 and 400. All the experiments discussed in the
following have smaller values of Re/Ha. The ratio Rep/Hap = 240Re/Ha determining
the possibility of transition within the inlet pipe can be in or above the transition range,
so some turbulent fluctuations of moderate amplitude are possible at the jet inlet. We
conclude that the high-amplitude velocity fluctuations recorded in the experiments can
only be results of the instability of the jet itself and that the instability is likely to be
affected by perturbations at the jet’s inlet.

The presence of high-amplitude fluctuations creates a challenge for experimental
characterisation of the flow. In particular, time series of long duration (up to 600 s) are
required to accurately measure time-averaged velocity at each point.

Measurements are made in the cross-section x = 44 mm = 1.6a, chosen so that the
jet has already developed its unsteady structure resulting from the instability but has not
yet strongly decayed. A distribution of time-averaged velocity in the duct’s cross-section
is found by positioning the sensors along the lines z = 0, z = −a/2 and z = a/2
perpendicular to the magnetic field, i.e. from one sidewall to another (see figure 5a), and
recording a full time series at each measurement point.
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Figure 8. An illustration of two-dimensionalisation of the velocity field caused by the magnetic field: (a)
Ha = 200; (b) Ha = 1300. Time-averaged longitudinal velocity profiles at x = 44 mm = 1.6a are shown for
three values of z in the flow at Re = 800, Rep = 19 × 103.

The results for the time-averaged velocity components 〈ux〉 and 〈uy〉 are presented in
figures 5, 8, 9 and 10. The tendency towards the formation of quasi-two-dimensionality
in an initially round jet is illustrated in figure 8 by velocity profiles at Re = 800 (here
we remind the reader that, as mentioned in § 3.3, the accuracy of the data is likely to be
lower for a flow transforming from three-dimensional to quasi-2D form than in the other
situations reported in this paper). At Ha = 200 there is already strong flow at z = ±a/2,
but a significant difference between the profile at the centre of the duct z = 0 and the
profiles measured at z = −a/2 and a/2 is visible (see figure 8a). At Ha = 1300, the three
profiles are close to each other, demonstrating quasi-two-dimensionality (see figure 8b).

Figure 8 also illustrates the existence of two clearly different states of the flow. The
time-averaged velocity profiles are symmetric with respect to the centreline y = 0 at low
Hartmann numbers, such as Ha = 200 in figure 8(a). Strong asymmetry is observed at
higher Ha, such as Ha = 1300 in figure 8(b). The presence of an asymmetric velocity
profile with a negative component almost equivalent to a positive one indicates the fact
that the flow is not just the result of attaching a flat quasi-2D jet to the wall, but that there
is a formation of a large recirculation zone: a macro vortex.

The two typical behaviours observed at moderate and high values of Ha are further
illustrated in figure 9 on the example of flows at Re = 800, Ha = 200 and Re = 800,
Ha = 1300. Time-averaged values and waveforms of longitudinal ux and transverse uy
velocity components measured at points distributed along y at z = 0 are provided. The
waveforms show instantaneous simultaneously measured local values of ux and uy, from
which time-averaged values computed at the same y are subtracted. One should keep in
mind that waveforms corresponding to different measurement points are recorded during
different periods of time, so any apparent correlation between them is purely coincidental.

Figures 9(a) and 9(b) illustrate a typical flow observed at moderate values of Ha. The
profile of 〈ux〉 is symmetric. It has a peak at y = 0 and shows positive values of 〈ux〉 at
about −10 < y < 10 mm. This area coincides with the area of high-amplitude fluctuations
in the waveforms. We conclude that the interval −10 < y < 10 mm corresponds to the
zone swept by an oscillating central jet. Outside this interval, i.e. at y < −10 mm or
y > 10 mm, 〈ux〉 < 0 and the amplitude of velocity fluctuations is significantly lower.
These areas are identified as those of a weakly turbulent reversed flow. The picture of
an expanding central jet is further confirmed by the profile of 〈uy〉 shown in figure 9(a).
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Figure 9. Longitudinal ux (blue curves) and transverse uy (red curves) velocity components measured at points
located along the line z = 0 at x = 1.6a = 44 mm in flows with (a,b) Re = 800, Ha = 200 and (c,d) Re = 800,
Ha = 1300. Profiles of 〈ux〉 and 〈uy〉 obtained by averaging over 610 s are shown in (a,c). Velocity fluctuations
around the time-averaged values are shown in (b,d). In the latter, each pair of red and blue curves shows a
velocity signal measured at a y-location indicated by a respective point in the left-hand-side graph. The velocity
scale in (b,d) is such that the half-distance between the black lines corresponds to 60U0.

After a correction for a zero shift we observe a flow in the positive y-direction at y > 0
and in the negative y-direction at y < 0.

The waveforms in figure 9(b) show strong fluctuations in the central area, especially
at y = 0. The maximum amplitude exceeds 60U0 at some moments. The dominant
frequencies correspond to the time period of about 6–7 s. There are also oscillations
of much higher frequency and lower amplitude corresponding to three-dimensional
turbulence. Another interesting feature is the correlation between fluctuations of ux and
uy observed in the side regions of the jet but not in its centre. Positive peaks of ux correlate
with positive or negative peaks of uy at, respectively, y > 0 or y < 0. Such events are
identifiable as excursions of the jet into the areas of positive or negative y.

An entirely different structure of the flow is presented by the measurements made at
Re = 800, Ha = 1300 (see figure 9c,d). The asymmetry, which we have already presented
in figure 8, demonstrates that the jet is shifted toward one side of the duct. It must be
stressed that the apparent shift is a result of time-averaging. The signal of ux at y = a/2
shown in figure 11 illustrates the fact that velocity fluctuates and may become negative at

953 A10-14

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
2.

87
9 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2022.879


Submerged liquid metal jet in transverse magnetic field

10

1010

20

10

0

–10

–20

(a)

20

10

0

–10

–20

(c)

20

10

0

–10

–20

(d )

20

1
2
3
4

10

0

–10

–20

(b)

–10 0 20 30 –10 0 20 30

10–10 0 20 30–10 0 20 30

y, mm

y, mm

y, mm

y, mm

Figure 10. Time-averaged characteristics of flows at (a) Ha = 200, Re = 800; (b) Ha = 1300, Re = 800;
(c) Ha = 550, Re = 5000; and (d) Ha = 1300, Re = 3000. Profiles measured at x = 1.6a, z = 0 are shown: 1,
〈ux〉/U0; 2, 〈uy〉/U0; 3, σx/U0; 4, σy/U0.

some moments. Once time-averaging over a sufficiently long time period is taken, however,
the jet is found consistently located on one side of the duct, at positive (as in figures 10b
and 9c) or negative y. No preference for one side and no spontaneous switches of the
time-averaged profiles from one side to another have been found in the experiments. The
possibility of such behaviours cannot be excluded, because no special studies that could
detect them (statistical studies with multiple realisations of the same flow or very long
measurement runs) have been completed.

The profiles of 〈ux〉 and 〈uy〉 in figure 9(c) also show a reversed flow in the negative y
part of the duct. It is nearly as strong as the jet itself. The global structure of the asymmetric
flow structure can be characterised as that of a macrovortex.

The velocity waveforms in figure 9(d) demonstrate significant fluctuations in the entire
measurement region. The typical amplitude and frequency of the fluctuations are higher
in the zone of the jet at positive y than in the zone of reversed flow. It can also be seen that
high-frequency turbulence oscillations present in the flow at Ha = 200 (see figure 9b) are
not seen at Ha = 1300. This is attributed to quasi-two-dimensionality of flow structures at
such high Ha.

The profiles of mean velocities 〈ux〉, 〈uy〉 and standard deviations σx, σy (see (3.3a,b))
non-dimensionalised by the mean duct velocity U0 are shown in figure 10. They further
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Figure 11. Signal of longitudinal velocity ux measured at z = 0, y = a/2 in the flow with Re = 900,
Ha = 1300.
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Figure 12. Velocity measurements at the center of the duct y = z = 0 in the cross-section x = 1.6a. (a,b)
Time-averaged velocity components and (c,d) standard deviations based on signals of length 600 s are shown.
Here (a,c) Re = 800 and (b,d) Re = 3000; 1, 〈ux〉 and σx; 2, 〈uy〉 and σy. The horizontal dash-dotted line in
(a,b) shows the value equal to half of the mean inlet velocity of the jet. The vertical solid lines indicate Hacr
separating central jet and macrovortex regimes (see the text).

illustrate the existence of the two types of flow structure found in the experiments: a central
jet and a macrovortex. The structure of the macrovortex becomes more complex at high
Re, as illustrated by the multiple extrema of the profile of 〈ux〉 in figure 10(d).

It is possible to differentiate between flow states with a central jet and a macrovortex
using magnitudes of the time-averaged velocity components and their standard deviations
at the central point y = z = 0. Results of such an analysis carried out for two values of Re
and the entire explored range of Ha are presented in figure 12. To indicate the magnitude
of velocity with respect to the mean inlet velocity of the jet Up = 110U0, a horizontal line
corresponding to Up/2 is drawn in figures 12(a) and 12(b).
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Submerged liquid metal jet in transverse magnetic field

The data for 〈ux〉, σx and σy (although not for 〈uy〉, which is nearly zero for all Ha) clearly
show the existence of two intervals of Ha with distinct behaviours. The critical Hartmann
numbers separating the intervals (shown as vertical lines in figure 12) are approximately
Hacr = 380 at Re = 800 and Hacr = 780 at Re = 3000. At Ha < Hacr, 〈ux〉 is large and
gradually decreases from its maximum 〈ux〉 ≈ 25U0 at Ha = 200 (as explained in § 3, this
is the lowest Ha at which accurate measurements are possible) to nearly zero. The intensity
of velocity fluctuations quantified by σx and σy also decreases and reaches its minimum at
Ha = Hacr.

The interval Ha > Hacr is characterised by small values of 〈ux〉/U0 and by σx and σy
growing with Ha to large values (about 12U0 to 14U0). Some decrease of the standard
deviation at very high Ha is observed at Re = 600 but not in the explored range of Ha at
Re = 1300.

A detailed discussion of the flow transformation causing the radical change of behaviour
is provided in § 5. Here we state only the evident conclusion that, in the cross-section of
the duct studied in our experiments, the flow takes the form of a central jet at Ha < Hacr
and of a macrovortex at Ha > Hacr.

The effect of the magnetic field on the properties of the velocity signal measured
at the duct’s centre is illustrated in figure 13. Properties of ux at Re = 800 and Ha =
200 (central jet), Ha = 1000 (macrovortex) and Ha = 350 (close to Hacr) are shown.
We see the typical features of flow transformation observed in other MHD flows in
experiments and numerical simulations, e.g. by Kolesnikov & Tsinober (1972), Alemany
et al. (1979), Burattini, Zikanov & Knaepen (2010), Verma (2017) and Zikanov et al.
(2019). The transition into a quasi-2D form at growing Ha is associated with suppression of
high-frequency fluctuations, growth of energy of low-frequency fluctuations and steeper
energy spectra with the slope approaching ∼f −3 (see figure 13a,b). The signal is also
shown using its standard deviation averaged over a sliding 15-second interval (figure 13c).

The typical amplitude of velocity oscillations varies non-uniformly with Ha. It decreases
from about 10U0 to about 5U0 when Ha changes from 200 to 350 and increases back to
about 10U0 when Ha increases to 1000.

The results of all the reported measurements of longitudinal velocity at the duct
centre are summarised in figure 14. Mean value and standard deviation (3.3a,b) of the
longitudinal velocity ux scaled with U0 are shown as functions of N in figures 14(a) and
14(b). Dimensionless skewness and kurtosis

b1 = 〈(ux − 〈ux〉)3〉
σ 3

x
, g2 = 〈(ux − 〈ux〉)4〉

σ 4
x

(4.1a,b)

are shown in figures 14(c) and 14(d).
We see that the two trends presented by figure 12 are universal. The mean centreline

velocity decreases with the increasing strength of the magnetic field effect and becomes
small when the field is strong (see figure 14a). The amplitude of the fluctuations has two
maxima, one at small and one at large N, and a minimum at intermediate values of N.
The minimum is clearly identifiable in experiments at all values of Re, although it is more
pronounced at small Reynolds numbers.

The line 〈ux〉 ∼ N−0.5 in figure 14(a) corresponds to the theoretically determined MHD
decay of velocity in a submerged uniform jet in an infinite domain (Davidson 1995). It is
not surprising that the experimental data do not reproduce this slope closely. The real jet
is spatially evolving rather than uniform and occurs in a bounded domain of the duct.

We now analyse the data in figure 14 in conjunction with the results presented
earlier, attempting to form a unifying picture of flow’s transformation caused by the
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Figure 13. Properties of the signal of longitudinal velocity ux measured at the centre y = z = 0 of the duct in
the cross-section x = 1.6a at Re = 800 and Ha = 200, 350 and 1000. (a) Signals in a 15 s window. (b) Power
spectral density based on 600 s of observations. The apparent peaks at f = 50 Hz are caused by interference
from the power supplies. The slopes ∼f −5/3 and ∼f −3 are shown for guidance. (c) Curves of the standard
deviation calculated in a moving 15 s window.

magnetic field. The first observation concerns the role of the Stuart number N as a key
non-dimensional parameter determining the flow state. We see in figure 14(b) that all the
data collected in the cross-section x = 1.6a at various values of Re and using sensors of
two different types collapse into one curve. The amplitude of the fluctuations is determined
by N as a single parameter. A similar behaviour, albeit with stronger uncertainty, is
observed for the higher statistical moments: skewness and kurtosis shown in figures 14(c)
and 14(d). The situation is more complex for the mean velocity. One may argue that the
decay of 〈ux〉 at N < 170 is still largely determined by the value of N. The small values of
〈ux〉 at N > 170 do not follow a clear trend. This can be related to insufficient averaging
time in the experiments. The signal in figure 11 indicates flow dynamics that may require
much longer than 600 s to measure true average values. Another possible explanation is
the effect of Hartmann boundary layers, which are not uniquely identified by N.

Considering N as a control parameter and using the data in figure 14, we can identify
four distinct zones characterised by different behaviours.

In zone 1, at approximately N < 50, the fluctuation amplitude increases and the mean
velocity decreases with N. The normalised standard deviation reaches the peak of σx ≈
15U0 at N = 50. The skewness coefficient b1 is negative, indicating intrusion of slow fluid
particles into the axial region. The values of the kurtosis coefficient are close to those of a
normal distribution.

Zone 2 at 50 < N < 170 is characterised by a decrease of the mean velocity, with a
rate higher than in zone 1. The fluctuation intensity σx decreases with N at a rate of about
σx ∼ N−0.5. The smallest values of the fluctuation amplitude are observed at N = 170.
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Figure 14. (a) Non-dimensionalised mean value 〈ux〉, (b) standard deviation σx, (c) skewness and (d) kurtosis
of longitudinal velocity measured at the duct centre y = z = 0 versus the Stuart number N. Data for the
cross-sections x = 1.6a (I and II) and x = 5.2a (II-a) are shown. Measurements series I and II are performed
using sensors of type 1 and 2, respectively, shown in figures 4(a) and 4(b). Measurements of series II-a are
performed using a sensor similar to the sensor of type 2 in its design (see § 3.3).

Skewness increases with N and becomes significantly positive. Kurtosis also increases and
becomes noticeably larger than the normal distribution value. We see that while decreasing
in amplitude, velocity fluctuations in the area of the duct’s axis become increasingly
dominated by fluid particles strongly accelerated in the positive x-direction.

Interestingly, the lower boundary N = 50 of zone 2 corresponds at the same time to the
maximum of the fluctuation amplitude σx, nearly zero skewness b1 and minimum kurtosis
g2. The upper boundary N = 170 represents an entirely different state of the flow, in which
σx is at its minimum and b1 and g2 reach their maximum values.

In zone 3, defined approximately as 170 < N < 1200, the fluctuation amplitude grows
again, initially as σx ∼ N0.5 and then at a slower rate. Skewness and kurtosis decrease, both
remaining above the normal distribution values. This indicates continuing dominance of
fluctuations with excess streamwise velocity.
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Figure 15. Typical slopes of the energy power spectra determined for the streamwise velocity signals measured
by sensor of type 2 at x = 1.6a. The slopes are evaluated using bisquare fitting in the frequency range 3 to
80 Hz, as illustrated by the two subplots. In the subplots, the evaluated typical slope is presented by the red
line, and the slopes ∼ω−5/3 and ∼ω−3 are shown for comparison.

We can also identify zone 4 at N > 1200, where the local mean velocity at the duct
axis ux( y = 0, z = 0) approaches the value of the mean velocity in the duct U0. All three
statistical moments indicate the persistence of velocity fluctuations with a strong positive
streamwise component.

It should be stressed that the just-described universal behaviour is found in the
cross-section x = 1.6a but not in the cross-section x = 5.2a further downstream. We
hypothesise that the effect of Re on flow decay becomes significant at that location, so
the flow state cannot be uniquely determined by N alone.

Typical slopes n of the energy power spectra calculated for the streamwise velocity
signals at x = 1.6a are shown in figure 15(a). To evaluate the slopes, time-averaged spectra
are first obtained by linearly averaging 10 spectra computed using the Bartlett–Hanning
window within one flow realisation. As illustrated by the examples in figure 15(b), the
resolution limitations of the sensor and the short range of active frequencies related to
the effect of a magnetic field on flows at moderate Re do not allow us to evaluate the
true inertial-range slope. Instead, a ‘typical’ slope is computed by bisquare fitting of
the spectrum in the range between 3 and 80 Hz. It is therefore not surprising to see in
figure 15(a) some values of n lying outside the interval between −3 and −5/3 anticipated
for the inertial range. Nevertheless, figure 15 presents useful information, especially if we
exclude the values at the lowest and highest N. We see that the typical slope is largely
determined by N as a single non-dimensional parameter. There is a gradual decrease
in n from values around −5/3 typical for three dimensional flows at small N to values
around −3 expected for quasi-2D flows at high N. Interestingly, the decrease follows
n ∼ log(N−1), shown by the straight line in figure 15(a).

5. Discussion and concluding remarks

In this section we attempt an explanation of the experimental results. Concluding remarks
and suggestions for future work are provided at the end.
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One important and evident conclusion of the experiments is that the classical picture of
the transformation of a round jet in a transverse magnetic field as illustrated in figures 2
and 3 can be improved. The theoretical arguments on which the picture is based fail to
predict the emergence of high-amplitude velocity fluctuations and modification of the
mean velocity profile found at high Stuart numbers.

Another outcome of the experiment, namely that some flow properties are accurately
described by a function of N as a single parameter, is not surprising. The jet instability
in the presence of a strong magnetic field is anticipated to be determined mainly by
the ratio between the Lorentz and inertial forces, which is estimated by N. The key
mechanisms determining the flow evolution are the Kelvin–Helmholtz instability of the jet,
the transition of the flow into a quasi-2D state, the Joule damping of velocity fluctuations
and the Hartmann friction. Viscous dissipation is less significant in flows with such high
Ha and Re. It is ignored in the following discussion.

The jet instability is strong because of high Re and additional perturbations introduced
near the inlet by the Lorentz force in the form of transverse velocity components associated
with the transformation into anisotropic form (in that way, the instability can be enhanced
rather than suppressed by the magnetic field). The presence of high-amplitude fluctuations
at a distance of 44 mm, i.e. about seven jet diameters, from the inlet is therefore not
surprising.

The Joule dissipation of velocity fluctuations is strong if the fluctuations are significantly
three-dimensional but vanishes when the flow approaches quasi-2D form. The damping
effect due to friction in Hartmann layers appears in quasi-2D flows, but it is generally
weaker. These arguments have been demonstrated earlier to be a valid explanation of
the so-called residual fluctuations (see, e.g., Kolesnikov & Tsinober 1972; Sukoriansky,
Zilberman & Branover 1986; Zikanov et al. 2019): high-amplitude low-frequency
oscillations of velocity that appear in shear flows at high values of N.

One may consider this phenomenon as a manifestation of the general effect of vortex
reorganisation by a magnetic field, found prominently in various turbulent or fluctuating
flows. This phenomenon has been studied experimentally and theoretically by many
authors since the 1970s. Experimental works by Eckert et al. (2001) and Bühler, Horanyi &
Arbogast (2007) provide a detailed analysis of two-dimensional phenomena and changes in
the flow intensity for a duct in a transverse field. Experiments of Pothérat & Klein (2014,
2017), where the emergence of a system of anisotropic vortices in a cube is artificially
forced by supplying electric current through the wall in the presence of a magnetic field,
whereas only indirectly related to our study, nevertheless provide information about the
effects of the interaction of a system of anisotropic vortex structures. Similar effects have
been considered in the context of Rayleigh–Bénard convection (Vogt et al. 2018). Thermal
convection (Zikanov et al. 2021) can lead to emergence of high-amplitude unsteady
structures when conventional turbulence is suppressed by the magnetic field and the flow
becomes quasi-2D. The results of all these studies are consistent with our conclusions.
They demonstrate the ability of an applied magnetic field not only to suppress velocity
fluctuations, but also to generate fluctuations of a peculiar large-scale quasi-2D nature.

We now attempt to reconstruct, based on incomplete data, the flow transformation
represented by the results shown in figures 8–15. A sketch illustrating the discussion is
provided in figure 16.

In zones 1 and 2, at approximately N < 170, the mean flow has a central jet (see
figure 16b). The centreline velocity decreases with increasing N. The typical amplitude
of centreline velocity fluctuations increases with N in zone 1 and decreases with N in
zone 2. The flow is anisotropic but still not quasi-2D (see figure 8a). We hypothesise

953 A10-21

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
2.

87
9 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2022.879


I.A. Belyaev and others

N∼1000
Zone 3, 4 

(c)

5 100
x

N∼100
Zone 1, 2 

(b)

N = 0

(a)
1.6a

Jet
Small scale
turbulence

5.2a
x

y
B

Figure 16. Sketch of the typical flow structures at various values of Stuart number: (a) is based on results of
Anghan et al. (2019) and (b,c) are based on experimental data.

that the dominant effect of the magnetic field in zone 1 is the effect consistent with
both observed trends, namely, destabilisation of the jet by the Lorentz force. A similarly
consistent dominant effect in zone 2 is the suppression of three-dimensional velocity
fluctuations by the Joule dissipation. In other words, zone 1 corresponds to the situation in
which the unstable three-dimensional perturbations are still growing in the measurement
cross-section. Zone 2 corresponds to the situation in which the magnetic field is stronger
and the growth has already been replaced by dissipation-caused decay by the time the fluid
arrived at the measurement site. The skewness and kurtosis data in figure 14 suggest that
the surviving fluctuations are dominated by structures with high streamwise velocity.

The sharp minimum of the fluctuation amplitude at the boundary N = 170 between
zones 2 and 3 indicates that the flow undergoes a radical transformation. We hypothesise
that zones 3 and 4 correspond to quasi-2D flow states in the measurement cross-section.
The central jet does no longer exist in this cross-section. As illustrated in figure 16(c), the
jet is diverted to one side of the duct, forming a quasi-2D macrovortex. The mean velocity
at the centreline is nearly zero. The amplitude of velocity fluctuations increases with N
in zone 3 and decreases with N in zone 4. It must be stressed that the nature of velocity
fluctuations is completely different from the nature of fluctuations in zones 1 and 2. As
illustrated in figures 13 and 15, they are characterised by a steep slope of the energy power
spectrum and dominance of low-frequency oscillations. The only plausible explanation for
the emergence of such fluctuations at high N is that they are caused by large-scale unsteady
quasi-2D structures associated with shear-flow instability of a macrovortex. The increase
of the fluctuation amplitude with N in zone 3 can be explained by a combination of two
effects promoting the growth of such structures: stronger quasi-two-dimensionality and
the shift of the jet-to-vortex transition upstream. The decrease of the fluctuation amplitude
in zone 4 is attributed to the effect of growing friction in the Hartmann boundary layers.

It is known that, generally, a central jet diverts towards a wall and forms a large-scale
vortex (see, e.g., Escudier, Oliveira & Poole 2002). It is found in this study that the
process is dramatically changed by an applied magnetic field. The anticipated effects of
stabilisation and quasi-two-dimensionality of the vortex are observed. At the same time,
the process is found to be much more complex, involving a multi-stage transformation with
growing Stuart number and high-amplitude velocity fluctuations reappearing at strong
magnetic fields.

953 A10-22

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
2.

87
9 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2022.879


Submerged liquid metal jet in transverse magnetic field

The experimental results are presented in this paper for a broad range of parameters.
This allows us to analyse the effect of the magnetic field and identify distinct modes
of the flow’s behaviour. At the same time, the experimental data are inevitably limited
in the sense that they do not produce a complete picture of the flow. Many aspects of
the explanation proposed in this section must therefore be viewed as hypothetical until
confirmation in the form of numerical simulation data is available. Such simulations are
a necessary and logical next step of the analysis. Their goals are (i) to produce detailed
descriptions of various states of the flow and (ii) to provide data for a quantitative analysis
based on a detailed comparison between the experimental and numerical data. Preliminary
results of numerical simulations confirming existence of the two principally different flow
states are provided in the Appendix of this paper.

As a final comment, we would like to stress that the conclusions are rigorously valid
only in the case presented in this paper: a jet bounded by duct walls on the sides and by
the junction between pipe and duct in the inlet plane. The behaviour would be different
for a jet issued into an unbounded domain. It might also be different if, in the presence
of duct walls, the junction were replaced by a low-velocity inlet, although we believe that
this would not qualitatively affect the key features of the flow, such as formation of a
macro-vortex. Our results are, therefore, only indirectly related to the theoretical results
on expansion of a jet into an unbounded domain, such as those of Davidson (1995). The
relation is more direct to works on sudden expansion (Mistrangelo 2006; Mistrangelo &
Bühler 2007; Mistrangelo 2011), and to practical applications, such as liquid metal blankets
for fusion reactors and continuous steel casting, for which the effect of side wall and pipe to
duct junction is an inherent part. We also note that a significant effect of walls, especially
of the Hartmann walls, is an inherent feature of high-field magnetohydrodynamics.
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Appendix

Results of preliminary direct numerical simulations are briefly presented here. Flows at
Re = 1000, Ha = 100 and Re = 1000, Ha = 1000 are computed as typical representatives
of low-N and high-N regimes. The simulations are performed in long computational
domains on computational grids consisting of 2304 × 3842 grid points. The numerical
scheme described in our earlier works, such as Krasnov et al. (2021) and Zikanov et al.
(2019), is used. Further details of the numerical procedure will be provided in a future
publication by the authors of this paper.

The instantaneous distributions of the streamwise velocity shown in figure 17 confirm
the main conclusion of the experiment. The flow structure is dominated by a fluctuating
central jet at low N and by a macrovortex attached to one of the sidewalls at high N.
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Figure 17. Results of preliminary numerical simulations. Instantaneous distributions of axial velocity in the
duct cross-section perpendicular to the magnetic field are shown for: (a) Re = 1000, Ha = 100, N = 10;
(b) Re = 1000, Ha = 1000, N = 1000. The velocity is non-dimensionalised by the mean velocity in the duct.
The red dashed line indicates the cross-section, where the measurements are done in the experiment.

REFERENCES

ABDOU, M., MORLEY, N.B., SMOLENTSEV, S., YING, A., MALANG, S., ROWCLIFFE, A. & ULRICKSON,
M. 2015 Blanket/first wall challenges and required R&D on the pathway to DEMO. Fusion Engng Des.
100, 2–43.

ALEMANY, A., MOREAU, R., SULEM, P.L. & FRISCH, U. 1979 Influence of an external magnetic field on
homogeneous MHD turbulence. J. Fluid Mech. 18, 277–313.

ANGHAN, C., DAVE, S., SAINCHER, S. & BANERJEE, J. 2019 Direct numerical simulation of transitional and
turbulent round jets: evolution of vortical structures and turbulence budget. Phys. Fluids 31 (6), 065105.

BELYAEV, I., KRASNOV, D., KOLESNIKOV, Y., BIRYUKOV, D., CHERNYSH, D., ZIKANOV, O. &
LISTRATOV, Y. 2020 Effects of symmetry on magnetohydrodynamic mixed convection flow in a vertical
duct. Phys. Fluids 32, 094106.

BELYAEV, I.A., PYATNITSKAYA, N.YU., LUCHINKIN, N.A., KRASNOV, D, KOLESNIKOV, YU.B.,
LISTRATOV, YA.I., MIRONOV, I.S., ZIKANOV, O. & SVIRIDOV, E.V. 2021 Flat liquid metal jet affected
by a transverse magnetic field. Magnetohydrodynamics 57 (2), 211–222.

BELYAEV, I.A., SVIRIDOV, V.G., BATENIN, V.M., BIRYUKOV, D.A., NIKITINA, I.S., MANCHKHA, S.P.,
PYATNITSKAYA, N.YU., RAZUVANOV, N.G. & SVIRIDOV, E.V. 2017 Test facility for investigation of
heat transfer of promising coolants for the nuclear power industry. Therm. Engng 64 (11), 841–848.

BOBKOV, V., FOKIN, L., PETROV, E., POPOV, V., RUMIANTSEV, V. & SAVVATIMSKY, A. 2008
Thermophysical properties of materials for nuclear engineering: a tutorial and collection of data. IAEA,
Vienna.

BRANOVER, H. 1978 Magnetohydrodynamic Flow in Ducts. Halstead Press & Israel Universities Press.
BUCENIEKS, I., MANIKS, J., SIMANOVSKIS, A. & MUKTEPAVELA, F. 1997 Wetting of stainless steel by

mercury. Trans. Am. Nucl. Soc. 77, 472.
BÜHLER, L., HORANYI, S. & ARBOGAST, E. 2007 Experimental investigation of liquid-metal flows through

a sudden expansion at fusion-relevant Hartmann numbers. Fusion Engng Des. 82 (15–24), 2239–2245.
BURATTINI, P., ZIKANOV, O. & KNAEPEN, B. 2010 Decay of magnetohydrodynamic turbulence at low

magnetic Reynolds number. J. Fluid Mech. 657, 502–538.
CUKIERSKI, K. & THOMAS, B.G. 2008 Flow control with local electromagnetic braking in continuous casting

of steel slabs. Metall. Mater. Trans. B 39 (1), 94–107.
DAVIDSON, P.A. 1995 Magnetic damping of jets and vortices. J. Fluid Mech. 299, 153–186.
ECKERT, S., GERBETH, G., WITKE, W. & LANGENBRUNNER, H. 2001 MHD turbulence measurements in

a sodium channel flow exposed to a transverse magnetic field. Intl J. Heat Fluid Flow 22 (3), 358–364.

953 A10-24

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
2.

87
9 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2022.879


Submerged liquid metal jet in transverse magnetic field

ESCUDIER, M.P., OLIVEIRA, P.J. & POOLE, R.J. 2002 Turbulent flow through a plane sudden expansion of
modest aspect ratio. Phys. Fluids 14 (10), 3641–3654.

HASIMOTO, H. 1960 Steady longitudinal motion of a cylinder in a conducting fluid. J. Fluid Mech. 8 (1),
61–81.

HOLROYD, R.J. 1979 An experimental study of the effects of wall conductivity, non-uniform magnetic fields
and variable-area ducts on liquid metal flows at high Hartmann number. Part 1. Ducts with non-conducting
walls. J. Fluid Mech. 93 (4), 609–630.

HOLROYD, R.J. & WALKER, J.S. 1978 A theoretical study of the effects of wall conductivity, non-uniform
magnetic fields and variable-area ducts on liquid-metal flows at high Hartmann number. J. Fluid Mech.
84 (3), 471–495.

HUA, T.Q. & WALKER, J.S. 1989 Three-dimensional MHD flow in insulating circular ducts in non-uniform
transverse magnetic fields. Intl J. Engng Sci. 27 (9), 1079–1091.

KALIS, KH.E. & KOLESNIKOV, YU.B. 1984 Stability of a rotating transverse axisymmetric flow in an axial
magnetic field. Magnetohydrodynamics 19 (3), 291–294.

KIM, J. & CHOI, H. 2004 Large eddy simulation of magnetic damping of jet. In International Congress of
Theoretical and Applied Mechanics.

KIT, L.G., PETERSON, D.E., PLATNIEKS, I.A. & TSINOBER, A.B. 1970 Investigation of the influence of
fringe effects on a magnetohydrodynamic flow in a duct with nonconducting wall. Magnetohydrodynamics
6 (4), 485–491.

KLJUKIN, A.A. & KOLESNIKOV, YU.B. 1989 MHD instabilities and turbulence in liquid metal metal shear
flows. In Liquid Metal Magnetohydrodynamics (ed. J. Lielpeteris & R. Moreau), pp. 449–454. Kluwer
Academic.

KLYUKIN, A.A. & THESS, A. 1993 The investigation of the turbulence origination process in an electrically
driven MHD flow. Magnetohydrodynamics 29 (4), 341–344.

KOLESNIKOV, YU.B. & TSINOBER, A.B. 1972 Two-dimensional turbulent flow behind a circular cylinder.
Magnetohydrodynamics 8 (3), 300–307.

KRASNOV, D., AKHTARI, A., ZIKANOV, O. & SCHUMACHER, J. 2022 Tensor-product-Thomas elliptic solver
for liquid-metal magnetohydrodynamics. J. Comp. Phys. Pre-proof 111784.

KRASNOV, D., LISTRATOV, YA., KOLESNIKOV, YU., BELYAEV, I., PYATNITSKAYA, N., SVIRIDOV, E. &
ZIKANOV, O. 2021 Transformation of a submerged flat jet under strong transverse magnetic field. Europhys.
Lett. 134 (2), 24003.

LUDFORD, G.S.S. 1960 Inviscid flow past a body at low magnetic Reynolds number. Rev. Mod. Phys. 32 (4),
1000.

MICHALKE, A. 1984 Survey on jet instability theory. Prog. Aerosp. Sci. 21, 159–199.
MISTRANGELO, C. 2006 Three-Dimensional MHD Flow in Sudden Expansions. Forschungszentrum

Karlsruhe.
MISTRANGELO, C. 2011 Topological analysis of separation phenomena in liquid metal flow in sudden

expansions. Part 2. Magnetohydrodynamic flow. J. Fluid Mech. 674, 132–162.
MISTRANGELO, C. & BÜHLER, L. 2007 Numerical investigation of liquid metal flows in rectangular sudden

expansions. Fusion Engng Des. 82 (15–24), 2176–2182.
MISTRANGELO, C. & BÜHLER, L. 2010 Perturbing effects of electric potential probes on MHD duct flows.

Exp. Fluids 48 (1), 157–165.
MOFFATT, H.K. 1966 Electrically driven steady flows in magnetohydrodynamics. In Applied Mathematics,

pp. 945–953. Springer.
MOFFATT, H.K. & TOOMRE, J. 1967 The annihilation of a two-dimensional jet by a transverse magnetic field.

J. Fluid Mech. 30 (1), 65–82.
MOLOKOV, S. 1993 Single-component magnetohydrodynamic flows in a strong uniform magnetic field. 2.

Rotation of an axisymmetric body. Magnetohydrodynamics 29 (2), 175–180.
MOLOKOV, S. & REED, C.B. 2003 Parametric study of the liquid metal flow in a straight insulated circular

duct in a strong nonuniform magnetic field. Fusion Sci. Technol. 43 (2), 200–216.
MOLOKOV, S.S., MOREAU, R. & MOFFATT, H.K. 2007 Magnetohydrodynamics: Historical Evolution and

Trends, vol. 80. Springer.
MÜLLER, U. & BÜHLER, L. 2001 Magnetofluiddynamics in Channels and Containers. Springer.
MURGATROYD, W. 1953 CXLII. Experiments on magneto-hydrodynamic channel flow. Lond. Edinb. Dublin

Philos. Mag. J. Sci. 44 (359), 1348–1354.
POTHÉRAT, A. & KLEIN, R. 2014 Why, how and when MHD turbulence at low becomes three-dimensional.

J. Fluid Mech. 761, 168–205.
POTHÉRAT, A. & KLEIN, R. 2017 Do magnetic fields enhance turbulence at low magnetic Reynolds number?

Phys. Rev. Fluids 2 (6), 063702.

953 A10-25

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
2.

87
9 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2022.879


I.A. Belyaev and others

SATO, H. 1960 The stability and transition of a two-dimensional jet. J. Fluid Mech. 7 (1), 53–80.
SATO, H. & SAKAO, F. 1964 An experimental investigation of the instability of a two-dimensional jet at low

Reynolds numbers. J. Fluid Mech. 20 (2), 337–352.
SCHUMACHER, J., KRASNOV, D. & PANDEY, A. 2022 Thermal and magnetoconvection: Small Prandtl

numbers and strong magnetic fields. In High Performance Computing in Science and Engineering,
pp. 110–111. Garshing.

SMITH, S.W. 1997 The Scientist and Engineer’s Guide to Digital Signal Processing. California Technical
Publishing. dspguide.com

STANLEY, S.A., SARKAR, S. & MELLADO, J.P. 2002 A study of the flow-field evolution and mixing in a
planar turbulent jet using direct numerical simulation. J. Fluid Mech. 450, 377–407.

SUKORIANSKY, S., ZILBERMAN, I. & BRANOVER, H. 1986 Experimental studies of turbulence in mercury
flows with transverse magnetic fields. Exp. Fluids 4 (1), 11–16.

THOMAS, F.O. & GOLDSCHMIDT, V.W. 1986 Structural characteristics of a developing turbulent planar jet.
J. Fluid Mech. 163, 227–256.

TIMMEL, K., MIAO, X., WONDRAK, T., STEFANI, F., LUCAS, D., ECKERT, S. & GERBETH, G. 2013
Experimental and numerical modelling of the fluid flow in the continuous casting of steel. Eur. Phys. J.
220 (1), 151–166.

VERMA, M.K. 2017 Anisotropy in quasi-static magnetohydrodynamic turbulence. Rep. Prog. Phys. 80 (8),
087001.

VOGT, T., ISHIMI, W., YANAGISAWA, T., TASAKA, Y., SAKURABA, A. & ECKERT, S. 2018 Transition
between quasi-two-dimensional and three-dimensional Rayleigh–Bénard convection in a horizontal
magnetic field. Phys. Rev. Fluids 3 (1), 013503.

ZIKANOV, O., BELYAEV, I., LISTRATOV, Y., FRICK, P., RAZUVANOV, N. & SVIRIDOV, V. 2021 Mixed
convection in pipe and duct flows with strong magnetic fields. Appl. Mech. Rev. 73 (1), 010801.

ZIKANOV, O., KRASNOV, D., BOECK, T. & SUKORIANSKY, S. 2019 Decay of turbulence in a liquid metal
duct flow with transverse magnetic field. J. Fluid Mech. 867, 661–690.

ZIKANOV, O., KRASNOV, D., BOECK, T., THESS, A. & ROSSI, M. 2014 Laminar–turbulent transition in
magnetohydrodynamic duct, pipe, and channel flows. Appl. Mech. Rev. 66 (3), 030802.

953 A10-26

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
2.

87
9 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://dspguide.com
https://doi.org/10.1017/jfm.2022.879

	1 Introduction
	2 MHD transformation of a submerged jet in a duct
	3 Description of the experiment
	3.1 Experimental facility
	3.2 Experimental procedure
	3.3 Velocity measurements and steps to assure their accuracy
	3.4 Calibration tests

	4 Results
	5 Discussion and concluding remarks
	Appendix
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


