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LOW Rm MHD TURBULENCE:
THE ROLE OF BOUNDARIES
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In this short review, we present the main known features of MHD Turbulence at a
low magnetic Reynolds number, for which the flow is neither intense nor electrically
conductive enough to disturb an externally applied magnetic field. The emphasis is
deliberately placed on the very specific physical mechanisms of these flows, rather than
their numerical modelling. We also focus on homogeneous magnetic fields, which have
received most attention. Since the basic properties of these flows have been thoroughly
reviewed a number of times, this review is deliberately biased towards flows in bounded
domains, in which the tendency to two-dimensionality observed in MHD flows casts the
boundaries of the domain into a leading role.

Introduction. Magnetic fields are routinely used to attempt to control flows
of electrically conducting fluids in metallurgical processes. The intensity of these
flows, however, places them most often in a turbulent state, with direct impact on
their dissipative, mixing and transport properties. Because these properties are
key to these processes, there is a wide need to understand MHD turbulence in an
externally applied magnetic field. In this class of flows, the magnetic Reynolds
number is low and the flow cannot disturb an externally imposed magnetic field
Bez. The main effect of the Lorentz force that results from the induced electric
currents is then to diffuse momentum along the magnetic field lines [1]. Flow
structures tend to become elongated along this direction and even invariant if this
effect is not effectively opposed by inertia or viscosity. In turbulent flows, 3D
inertia precisely resists this phenomenon as it breaks up larger flow structures into
smaller ones and promotes a return to isotropy. In a homogeneous magnetic field,
turbulence is precisely determined by the antagonism between these two forces and
by the interaction parameter N = σB2L/ρU , which represents their ratio (σ and ρ
are the fluid’s electrical conductivity and density, and U and L are the macroscopic
velocity and length scales). Whether diffusion along magnetic field lines is effective
enough to stretch all structures all the way between the boundaries of the domain
or not decide whether the flow is 3D or in any form of 2D state.

The systematic experimental investigation of MHD turbulence in liquid met-
als started in the 1960’s with the works of [2–5]. Driven by applications, these
pioneering experiments analysed turbulence in ducts and pipes, rather than “ho-
mogeneous” turbulence and were reviewed in detail by Lykoudis [6]. In this review,
we focus on the physical properties of turbulence in bounded domains, as first in-
vestigated experimentally in [7]. We shall underline the influence of the walls not
only on the 2D states of MHD turbulence, but also on the crucial intermediate
states that exist between two-dimensionality and full three-dimensionality. We
shall first explore the consequences of the antagonism between inertia and the
Lorentz force on turbulence far from walls (section 1). Section 2 will be dedicated
to the mechanisms of the transition between 3D and strictly 2D turbulence. In
section 3, we shall review the possible states of quasi-2D turbulence in the pres-

13



A.Pothérat

ence of Hartmann walls, while section 4 will underline some of the author’s recent
results on the appearance of three-dimensionality in quasi-2D MHD flows.

1. MHD turbulence far from walls. The most generic mechanisms of
MHD turbulence are best singled out in flow regions far from boundaries, where
the Lorentz force is at least strong enough to balance inertia, i.e. N � 1 or N � 1.
Despite the presence of a strong magnetic field, it is usually acknowledged that
three ranges of 3D homogeneous non-MHD turbulence still exist: the flow is usually
assumed forced at some large scales, whose non-universal behaviour is dictated by
the particular forcing and the boundary conditions. Energy is cascaded down
along the inertial range, which in contrast to the large scales is believed to exhibit
a somewhat universal behaviour. The inertial range stops at the “small scales”,
where viscous friction becomes dominant. Unlike in non-MHD turbulence at high
Reynolds numbers, however, the Joule dissipation incurred by the Lorentz force
extracts energy at all scales so that not all the energy pumped out of the large
scales survives along the inertial range, which therefore exhibits a steeper energy
spectrum than the E(k) ∼ k−5/3 law of homogeneous hydrodynamic turbulence
(k stands for the usual wavenumber used to identify the vortex size) [8]. The
dynamics of the inertial range of MHD turbulence is usually described using two
assumptions [7]: 1) at each scale, inertial forces balance Lorentz forces, and 2)
anisotropy remains the same at all scales, over the inertial range. These lead to
the scalings for the power spectral density and for a “geometric anisotropy”:

E(k⊥) ∼ U2
0 k−3

⊥ (1)

kz

k⊥
∼ Re1/2

Ha
= N−1/2, (2)

where Re is a Reynolds number based on the large scale velocity U0 and length
L, the ratio Ha2/Re = N is the corresponding interaction parameter, and the
square of the Hartmann number Ha = LB

√
σ/(ρν) represents the large scale

ratio of the Lorentz to viscous forces. The subscript ‘⊥’ stands for components
of vectors orthogonal to B, assumed aligned with ez. Unlike the Lorentz force,
viscous friction is only effective at very small scale. When active, it stops the
energy cascade so that the smallest scales are heuristically defined as the smallest
possible structures of the inertial range, which are not destroyed by viscosity. This
leads to

kzm

k2
⊥m

∼ Ha−1. (3)

Now combining (2) and (3) yields:

k⊥max ∼ Re
1
2 , (4)

kzmax ∼ Re
Ha

. (5)

The corresponding number of degrees of freedom of the flow scales as

Nf ∼ k2
⊥max

kzmax ∼ Re2

Ha
.

These scalings show that Joule dissipation strongly reduces the number of degrees
of freedom, since Nf ∼ Re9/4 in non-MHD turbulence. In other words, the lesser
amount of energy that survives the journey down the inertial range is dissipated
by viscous friction at much larger “small scales” than in non-MHD turbulence.
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Fig. 1. Variations of the exponent with N in the scaling law for the inertial range of
the energy spectrum found by [10] in the turbulent flow in the wake of a fixed grid in a
rectangular channel.

The validity of these simple scalings has been tested experimentally in several
occasions, in particular, the k−3 law. In [9] and [7], turbulent spectra in a turbulent
flow of liquid metal either subjected to a homogeneous magnetic field or to no field
were measured. They were able to convincingly recover both the E(k) ∼ k−5/3

law in a non-MHD case and the E(k) ∼ k−3 law with an applied magnetic field
corresponding to an interaction parameter of at least a few units. In both cases, the
experiments were designed in such a way as to eliminate any significant influence
from the walls. More recently, in [10], turbulent spectra in a rectangular channel
were measured to find that the spectral exponent in the inertial range depended
non-monotonously on the value of N, with its values in the range [−5,−5/3] (see
Fig. 1). Two main explanations were put forward: first, it was deemed possible
that for N > 1 larger structures, at least, could extend across the whole channel.
Their behaviour would then be governed by 2D turbulence leaving the flow in a
partly 2D, partly 3D state. For exponents lower than −3, in [11, 12] a theory was
invoked suggesting that the presence of helicity in the flow can lead to such steep
spectra. Although no definite evidence for this explanation could be put forward,
it does find support in the fact that the presence of large 2D structures in the
vicinity of walls can indeed generate helicity by Ekman pumping (see section 3).

On the more theoretical side, attempts were made to justify these heuristic
scalings either numerically or by analysing the dynamical system associated with
a generic turbulent flow. Rigorous estimates of the dimension of its attractor were
derived by [13, 14] that indeed confirmed the exponent of Ha in these scalings
without the need for any additional assumption than those the Navier–Stokes
equations rely on.

Since the 1980’s, the properties of low-Rm MHD turbulence have been to
a large part analysed numerically, in periodic domains, with various large scale
forcings. These aspects are reviewed in detail in [15]. Among these studies, [16]
raises the question on the validity of the assumption that anisotropy is constant
across the inertial range. They stressed that anisotropy could be defined in a
number of ways, and were able to show that for N > 1 both the anisotropy of the
velocity gradients and the kinematic anisotropy (defined as the ratio of energies
along and across the field direction) were reasonably scale-independent in the
inertial range for several types of forcing.
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Fig. 2. Contours of turbulent kinetic energy, as observed in the wake of a moving grid
in [18] and in direct numerical simulations of forced 3D turbulence in statistically steady
state [20]. In both figures, most of the energy is contained outside the Joule cone, within
a cardioid-shaped region of the spectral space.

The picture can be refined by inspecting how the energy is distributed in the
(k⊥, kz) spectral space. In this regard, it was early recognised that the selective
nature of Joule dissipation severely damped modes within the “Joule cone”, defined
as the region of spectral space such that kz/k⊥ < N−1/2 [17]. Consequently, hardly
any energy remains there unless it is maintained by external forcing. Experiments
in [18] showed that because of their finite number, energy containing modes were
in fact localised in a torus in (k⊥, kz), whose pointy inward edge coincided with
the Joule cone. This was later confirmed by the numerical simulations in [19, 20],
which showed that the radial section of the torus was shaped as a cardioid curve
and that the spectral energy transfer essentially occurred through surfaces of the
same family. In [20], it was found that the lines of constant energy tended to
coincide with those of the vorticity decay rate due to the combined viscous and
Joule friction

λk = k2 +
kz

k2
Ha2.

They noted that the anisotropy of low-Rm MHD turbulence was naturally rendered
by the sequence of scalar decay rates (λk). This removed the need for separate laws
along and across the field (4), which could be replaced by a single one involving
the forcing scale kf : √|λmax|

2πf
� 0.5Re1/2. (6)
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2. Transition to and from strict two-dimensionality. One of the most
distinctive features of MHD turbulence is its tendency to become 2D, highlighted in
the introduction. But the question of just how close to two-dimensionality MHD
turbulence can become cannot find an answer without specifying the boundary
conditions of the problem, at least along those boundaries that intercept magnetic
field lines. In his seminal 1967 paper [17], Moffatt showed that in a freely decaying
unbounded flow, the anisotropy of structures increased indefinitely, and that the
flow tended towards a limit state, where the ratio of kinetic energies along to across
the magnetic field direction would be of 1/2. This spread a vision of 2D MHD
turbulence as a limit state rather than as an achievable flow. Later, numerical
simulations of freely decaying MHD turbulence in a spatially periodic domain [21]
indeed exhibited strictly 2D structures when the initial interaction parameter was
above 50. Here, strict two-dimensionality was only made possible by the finite
length imposed by periodic boundary conditions chosen along the magnetic field
lines. Similar observations were more recently made in forced MHD flows [22], still
in 3D periodic domains.

The reverse transition that leads to the appearance of three-dimensionality
in an initially strictly 2D flow has received less attention. In [22], the existence of
intermittent regimes in forced flows is mentioned. More recently, the authors of [23]
and [24] argued that such intermittency could appear in regimes, where diffusion
of momentum along the field direction by the Lorentz force was sufficiently strong
to create 2D structures, but not sufficiently dominant to prevent the development
of 3D instabilities that disrupted these structures. Indeed, without dissipation at
the boundaries, the flow can become strictly 2D, a state, in which the Lorentz force
vanishes completely, leaving the growth of 3D perturbations unimpeded. These
perturbations break down 2D structures to restore a 3D state, in which the Lorentz
force starts acting again. This dynamic instability can produce an intermittent
behaviour in domains with periodic or no-slip boundaries, but this effect has never
been observed in domains bounded by no-slip walls, where strong dissipation is
always present in wall boundary layers.

When strict two-dimensionality is achieved, the electric current density and
the Lorentz force vanish entirely, so the flow strictly recovers the properties of
non-MHD 2D turbulence: above the injection scale, energy is cascaded upwards
up to large coherent structures, whose dynamics is dictated by the forcing and
the conditions along boundaries parallel to B. The corresponding power density
spectrum exhibits a k−5/3 slope. Below this scale, enstrophy is cascaded along a
k−3 energy spectrum down to the Kraichnan scales k⊥max ∼ Re1/2 (reviews of 2D
turbulence can be found in [25] and [26]).

3. Quasi-2D MHD turbulence. Strictly 2D flows and intermittently 2D
flows have been ever achieved only in numerical simulations with either periodic
or free-slip boundary conditions, but never in a laboratory, where the influence
of walls and wall friction can never be completely avoided. As such, no-slip walls
are an intrinsic part of MHD turbulence and become especially important in flow
regimes that approach the 2D state.

The most obvious feature of the wall-bounded flows is the presence of Hart-
mann boundary layers along boundaries that intercept the magnetic field lines.
In these layers of thickness ∼ Ha−1, viscous friction opposes the Lorentz force to
maintain a velocity gradient along B [27]. Strict two-dimensionality is thus only
possible outside these layers and the corresponding flows are only quasi-2D, rather
than strictly 2D. The influence of the walls in quasi-2D MHD was first analysed
by Sommeria and Moreau [1], who showed that in the limit of large N and Ha,
inertia was negligible in the Hartmann layers and the flow in the core was not only
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Fig. 3. (a) Kinetic energy spectra measured in [28] in a quasi-2D turbulent layer of
mercury pervaded by a transverse magnetic field. The inverse energy cascade is iden-
tified through the k−5/3 slope. (b) Variation of the total angular momentum against
the Reynolds number based on the thickness of the Hartmann layer R = Re/Ha for
the quasi-2D annular flow electrically driven in the MATUR experiment (experiments
from [33] are referred to as “MATUR”, numerical simulations from [34] are based on the
model in [35] for the turbulent Hartmann layer). Values are normalised by the value of
the angular momentum predicted on the assumption of a laminar Hartmann layer: the
change in slope reflects the intensification of friction when the layers become turbulent.

dynamically 2D (i.e. u · B = 0), but also kinematically 2D (i.e. ∂Bu = 0). The
absence of inertia in the layers does not prevent the development of 2D turbulence
in the core, but the Hartmann layers exert linear friction on it so that a flow
confined within a channel orthogonal to the field is described by a shallow water
equation of the (dimensional) form:

du⊥
dt

+ ∇⊥p = ν∇2
⊥u⊥ − u⊥

tH
+ f , (7)

where f represents an externally applied force density. For a given fluid, the linear
damping time tH = H2/(νHa) is controlled by the intensity of the magnetic field
and the channel depth H . In this same channel configuration, the authors of [9]
and [28] experimentally showed that the dynamics of such flows was essentially that
of 2D turbulence, and the latter work presented an evidence of an inverse energy
cascade (see Fig. 3). Unlike in 2D turbulence, however, linear friction introduces an
energy sink at scale kmin

⊥ ∼ Ha/Re, as structures larger than the corresponding size
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cannot survive the action of friction. If this largest possible scale is smaller than
the typical dimension of the domain, Hartmann friction prevents the condensation
of energy in modes determined by the boundary conditions and stops the possible
energy pile-up in the large scales associated with this phenomenon [25].

In the regimes of moderately high inertia, where N ∼ 1, rotation at the scale
of individual vortices becomes strong enough to drive local poloidal recirculations
through a local Ekman pumping mechanism [29], an effect that is well known
in rotating flows [30]. These secondary flows were shown to alter the properties
of quasi-2D turbulence by introducing non-linear anisotropic diffusion along the
flow streamlines that tends to damp small scale fluctuations [31, 32]. Local Ek-
man pumping is also a source of helicity, which, according to [11], induces steep
turbulent spectra, which reflect the damping of small scales, too.

More recent experiments [33] exhibited a further interesting regime of MHD
turbulence in a channel, where the core remained 2D, as in experiments in [28], but
where the Hartmann boundary layers were turbulent. This happened whenever
Re/Ha > 380 and N � 1. Unlike the friction exerted by laminar Hartmann layers,
that due to turbulent Hartmann layers varies non-linearly with the core velocity
(see Fig. 3). It incurs a much higher global dissipation, alters the scaling of the
large scales [34] and most likely the rest of the spectrum, all the way down to the
size of the small scales.

4. Appearance of three-dimensionality. Although dominant in the quasi-
2D state of MHD turbulence, the role played by boundaries is not confined to this
regime. In [1], it is argued that since the anisotropy of a given structure of size
(l⊥, lz) results from the competition between the diffusion of momentum along
the magnetic field and the return to isotropy driven by inertia, then in a channel
of width H , a critical size l2D

⊥ existed, above which structures were quasi-2D and
below which they were 3D:

l2D
⊥
H

<

(
ρU

σB2H

)−1/2

. (8)

This remarkable property was verified experimentally only recently, when
MHD turbulence was forced in a cubic insulating container placed in a homo-
geneous magnetic field [36]. By comparing the frequency spectra derived from the
electric potential gradients measured near both Hartmann walls at opposite loca-
tions, the authors found a cutoff frequency fc separating 2D from 3D fluctuations:

fc � 1.7τ−1
u′ N0.67

t . (9)

The true interaction parameter Nt = N(H/Lf)2 was based on a scale Lf , at
which the flow was forced and the turnover time τu′ was associated with the RMS of
velocity fluctuations. This experiment also singled out further mechanisms at play
when the Lorentz force was not strong enough to achieve quasi-two dimensionality
in forced established flows: at high Ha, the flow was quasi-2D as in the experiments
in [28]. For slightly lower values of Ha, a form of three-dimensionality, called weak,
was observed, where flows in planes orthogonal to the field were topologically
identical but of intensity decreasing with the distance to the Hartmann wall where
the forcing was applied. This observation recovers the theoretical and numerical
predictions made in [29, 37]. These authors proved indeed that 2D inertia induced
electric eddy currents between the Hartmann layers and the bulk that caused
differential rotation and led columnar vortices to assume a 3D barrel -like shape.
Weak three-dimensionality is, therefore, a direct consequence of the presence of
Hartmann walls.

19



A.Pothérat
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Fig. 4. Barrel-shaped vortices found in the wake of a rectangular cylinder, according
to the numerical simulations of [37].
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Fig. 5. Snapshots-contours of electric potential measured on two Hartmann walls facing
each other [36]. The flow is forced by injecting an electric current through a square array
of electrodes embedded in one of the walls (denoted “bottom”). Left: Ha = 18220,
Re � 104, contours on both Hartmann walls are practically identical, so the flow is
quasi-2D turbulent. Middle: Ha = 1822, Re = 409, the flow is steady near the bottom
wall, but periodic merging appears near the top wall. Right: Ha = 1822, Re = 512, the
flow is steady, but vortices are not columnar anymore and exhibit 3D reconnexions.

At moderate values of Ha, partial vortex merging was observed, where vortices
generated near one Hartmann wall were elongated along the magnetic field and
merged near the opposite Hartmann wall, leading to Y-shaped vortices. At mod-
erately high Ha, vortex pairing was unsteady, but most remarkably, for the lowest
values of Ha, this phenomenon could lead to a re-stabilisation of the flow with
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steady Y-shaped vortices. Although the flow was clearly not turbulent in these
regimes, these findings pointed out some of the mechanisms of the antagonism
between the momentum diffusion along the field lines and inertia that give birth
to remarkable flow patterns directly relevant to the dynamics of MHD turbulence
around the 2D-3D transition.

5. Conclusion. To conclude this short review, the exploration of low-Rm
MHD turbulence is still very much a task in progress, particularly in wall-bounded
configurations or more realistic ones. If some of the basic mechanisms are now
well understood at least heuristically, hardly any exact result is available for this
rather specific type of turbulence (such as the 4/5th law in homogeneous turbu-
lence). The most distinctive feature of MHD turbulence is possibly its tendency
to two-dimensionality, which, unlike in turbulent flows in rotation, incurs strong
dissipation. In this regard, the conditions of the transition between quasi-2D and
3D turbulence are still very poorly understood. Recent progress indicates that the
nature of the boundaries play a leading role in it: while strict two-dimensionality
is only possible in domains bounded by non-dissipative boundaries, the presence
of no-slip walls implies that three-dimensionality appears progressively in the flow,
rather than because of the instability of quasi-2D structures. Three-dimensional
instabilities still probably occur, but develop in states where turbulence may al-
ready exhibit several possible forms of three-dimensionality. Transition to three-
dimensionality along such a route is to this day unexplored, and is likely to differ
significantly from that found in simulations without dissipative boundaries.
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[36] R.Klein and A.Pothérat. Appearance of three-dimensionality in wall
bounded MHD flows. Phys. Rev. Let., vol. 104 (2010), no. 3, p. 034502.

[37] B.Mück, C.Günter, and L.Bühler. Buoyant three-dimensional MHD
flows in rectangular ducts with internal obstacles. J. Fluid Mech., vol. 418
(2000), pp. 265–295.

Received 19.02.2012

23



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /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 300
  /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 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


