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An imposed strong magnetic field suppresses turbulence and profoundly changes the
nature of the flow of an electrically conducting fluid. We consider this effect for the case
of mixed convection flows in pipes and ducts, in which unique regimes characterized by
extreme temperature gradients and high-amplitude fluctuations (the so-called magneto-
convective fluctuations) have been recently discovered. The configuration is directly rele-
vant to the design of the liquid-metal components of future nuclear fusion reactors. This
review presents the general picture of the flow transformation emerging from the recent
studies, illustrates the key known facts, and outlines the remaining open questions. Impli-
cations for fusion reactor technology and novel experimental and numerical methods are
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1 Introduction

The physical phenomena discussed in this review belong to the
general area of magnetoconvection (also called magnetic convec-
tion), i.e., thermal convection occurring in an electrically conduct-
ing fluid in the presence of significant electromagnetic effects.
Magnetoconvection is known to play an important role in many
astrophysical and geophysical systems (e.g., in the dynamics of
stellar convective shells and planetary cores [1]). It also appears
in advanced technologies, such as the growth of semiconductor
crystals [2] or the manufacture of high-quality metals [3].

The focus of this review is primarily on mixed convection flows
of liquid metals in pipes and ducts. There are at least two good
reasons for this choice. One is the complex, counterintuitive, and
unique physics of the flows discovered in recent years. Another is
the critical role of such flows in yet another application, namely,
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nuclear fusion technology. As discussed, e.g., in Refs. [4-7], lig-
uid metal components are promising and possibly unavoidable
parts of the technical solutions for future commercial magnetic-
confinement (tokamak or stellarator) reactors. It is foreseen that
such components will be parts of the inner structure of the reac-
tion vessel. A circulating Li-containing metal (most likely, the
eutectic PbLi alloy) will absorb the larger portion of the highly
energetic neutrons generated in the fusion reaction as well as a
portion of the radiative heat flux. The purpose of the liquid metal
components will be three-fold. They will serve as a part of the
heat exchange system, in which the energy produced by the fusion
reaction is converted into heat and transported into an external
power-generating unit. They will also shield the reactor’s exterior,
especially the superconducting magnets, from radiation. Finally,
the interaction between the atoms of Li within the liquid metal
and the absorbed neutrons will accomplish the crucial step of gen-
erating (“breeding”) the tritium fuel for the fusion reaction.

Flows of liquid metals with strong effects of convection and
magnetic field will play an especially important role in the blan-
kets of tokamak reactors (see Fig. 1). Historically, the first liquid
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metal blanket systems presupposed the usage of only a liquid
metal as a coolant and working medium (the self-cooled lead lith-
ium (SCLL) concept [8,9], illustrated in Fig. 1(b)). Problems of
extreme MHD pressure drop and electromagnetic interaction
between channels have stopped the practical development and
testing of this design.

Several competing concepts of blanket modules are currently
being pursued [7]. In some, such as the LLCB (lead-lithium
cooled ceramic breeder) module shown in Fig. 1(c) [10,11],
breeding is done primarily in the solid phase, while liquid PbLi is
responsible for cooling and shielding. In others, for example, in
the HCLL (helium-cooled lithium-lead) module [12] (see
Fig. 1(f)), heat transfer is primarily done by an auxiliary high-
pressure He circuit, while slowly circulating PbLi is used mainly
for breeding and shielding [13]. In the DCLL (dual coolant lith-
ium-lead) module, shown in Fig. 1(d), PbLi flow is utilized for all
three purposes [14]. The WCLL (water cooled lead-lithium) mod-
ule [15], illustrated in Fig. 1(e), is a concept where water is mainly
used for heat removal, while slowly moving liquid metal is a
breeding medium and thermal interface.

At this moment, no preference can be given to any of the pro-
posed concepts, since testing them in true reactor conditions is
impossible and will not become possible until such reactors are
built. First steps will be undertaken in the ITER experimental
reactor [7], but further testing in the next generation FNSF
(Fusion Nuclear Science Facility) and DEMO facilities [5,16] will
certainly be required. It should also be mentioned that the current
design of large-scale fusion experiments allows testing of the
liquid-metal blanket concepts only in the form of modules of
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moderate (~ 1-2m) size (see Figs. 1(a)-1(f)). As we will discuss
at the end of this review, this is a potentially critical limitation
preventing the development of truly effective concepts.

Liquid metal flows with strong convection and magnetic field
effects are found in other components of a fusion reactor, such as
the divertor [17] and the first wall facing the plasma. Various
schemes of a “curtain” of flowing liquid Li are currently consid-
ered for the latter [18,19].

At present, work on understanding the magnetohydrodynamic
(MHD) behavior of liquid metal components is based on labora-
tory experiments and numerical simulations performed for simpli-
fied configurations (see Figs. 1(g) and 1(4) for illustrations).
Neither of them leads to fully conclusive answers regarding the
actual performance, because neither can approach the extreme
conditions of a fusion reactor. Two aspects of these conditions are
critically important. One is the extremely strong magnetic field (4
to 12T is expected in the ITER and DEMO reactors). The field
has a dominant toroidal component and a poloidal component,
which is much weaker (about 5%) in tokamak reactors of the clas-
sical design, including ITER or DEMO (see Fig. 1), but can be up
to 40% in more exotic concepts, such as spherical tokamaks. It
has to be imposed in the fusion chamber to contain the plasma and
inevitably permeates the blanket and divertor areas. Another fac-
tor is the very strong heat flux imposed by radiation from the
plasma and by neutron absorption. The combined steady heat flux
varies between 4 and 20 MW/m? depending on the location within
the system and the type and size of the reactor. Much stronger
(orders of magnitude higher) pulse loads are expected during
plasma disruption events.
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(a) Schematic representation of the blanket and divertor of a tokamak nuclear fusion reactor. The structure is large

(~10m in height). Blankets of experimental reactors will contain multiple testing modules, including those with a liquid metal
circulating through ducts and manifolds. The energy flux in the form of neutrons produced by the fusion reaction and radia-
tion heat flux propagates from the interior of the toroidal vessel. The magnetic field B imposed in the blanket-divertor domain
has the dominant toroidal component B; and the weaker (about 5% in classical tokamak designs) poloidal component B,,.
(b—f) Various concepts of liquid-metal blanket modules shown here for the equatorial location (presented by the bold solid
line in a). (b) Selfcooled lead-lithium module (SCLL) [8,9]; (¢) lead-lithium ceramic breeder module (LLCB) [10,11]; (d) Dual
cooled lead-lithium module (DCLL) [14]; (e) Water cooled lead-lithium module (WCLL) [15]; (/) Helium cooled module (HCLL)
[12]; (g) Schematic illustration of various wall heating schemes applied in experiments and simulations. Flow in a horizontal
pipe is used as an example, although the schemes can be applied to other configurations. (h) Schematic illustration of various
combinations of the mean flow U, the imposed magnetic field B, and wall heat flux g applied in experiments and simulations.

Flows in a vertical duct and pipe are used as examples.
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We can now present the specific subject of this review. In all
the liquid-metal blanket concepts, but especially in those in which
strong circulation of a liquid metal is required for the purpose of
heat transfer (e.g., in the LLCB and DCLL modules mentioned
above), there are flows of liquid metals in ducts and pipes sub-
jected to very strong nonuniform heat fluxes and very strong
imposed magnetic fields. The nature of these flows is unique and
very different from the nature of the flows commonly studied in
the context of heat transfer problems. One reason is the very low
Prandtl number of liquid metals (see Sec. 5.2). This fact alone
makes it impossible to use the results gathered for conventional
fluids, such as water, and demands special approaches to research,
in which only liquid metals can be used as model liquids. The
very strong heat flux and magnetic field change the nature of the
flow further. The recent results to be presented in this review
show that these changes are:

(1) Drastic and paradoxical

(2) Impossible to predict on the basis of understanding of the
effects of heating and magnetic field considered separately

(3) Having a profound impact on the system’s behavior

We must mention from the beginning that, while complex,
often unsteady, and poorly understood, the flows considered in
this review are very rarely turbulent in the usual sense of this
term. The reason, as we explain in Sec. 4, is that turbulent velocity
fluctuations are suppressed by strong magnetic fields. This is illus-
trated in Fig. 2, where the typical values of nondimensional
parameters (the Reynolds (Re) and Hartmann (Ha) numbers, to be
defined shortly) anticipated in flows within ducts of various
liquid-metal blanket concepts are compared with the known range
200 < Re/Ha < 400 of the laminar-turbulent transition in isother-
mal duct, pipe, and channel flows [22]. We see that, with the
exception of the molten salt concept, which we briefly address in
Sec. 7.4, flows in all modern blanket concepts cannot generate tur-
bulence by the conventional shear flow transition mechanism.

It must also be stressed that no particular flow configuration or
several configurations are more practically relevant than the others
and thus deserving to be the particular focus of our review. The
multitude of proposed concepts of liquid metal modules and the
three-dimensional shape of the blanket structure illustrated in
Figs. 1(a)-1(f) imply that flows in a wide range of geometries
(cross section shape and length of the tube), orientations with
respect to gravity and the magnetic field, heating arrangements,
and wall properties must be explored and understood.

The variety of relevant cross section shapes and of the ways the
shapes interplay with the flow physics compel us to introduce a
consistent and hopefully clear terminology. We will use the word
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Fig. 2 Typical parameters (Re-and Ha are defined in section 2)
of flows in channels of various liquid-metal blanket concepts
[5,20,21]. The abbreviations TBM and DEMO indicate the param-
eters of, respectively, the ITER test reactor and the future com-
mercial demonstration reactor. The range of laminar-turbulent
transition in isothermal flows 200 < Re/Ha <400 [22] is shown.
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“pipe” for a pipe of circular cross section, the word “duct” to indi-
cate that the cross section is rectangular, and the word “channel”
as a general term applicable to all pipes, ducts, and planar (with
infinite spanwise dimension) channels.

2 Governing Equations and Non-Dimensional
Parameters

A flow of a single-phase, electrically conducting but not mag-
netizable liquid in a channel is considered. An externally gener-
ated magnetic field is imposed in the flow domain. Heating is
applied to the wall, a part of the wall, or internally in the form of a
nonuniformly distributed volumetric heating. In correspondence
to technological applications, the focus is on the case of mixed
convection, when there is a forced flow along the channel and the
heating is applied with a constant heat flux. Natural convection is
also considered insofar as it is important for understanding the
general flow physics.

Three approximations are usually made in numerical and theo-
retical studies of liquid metal flows. One is the Oberbeck-
Boussinesq approximation, according to which the variations of
physical properties of the liquid with pressure and temperature are
neglected, with the exception of density, for which linear variation
with temperature is assumed in the buoyancy force term. One may
question the validity of this approximation in the case of flows
considered in this review, since, as we demonstrate below, tem-
perature may vary by many tens of degrees within the flow
domain (possible concerns and the theoretical framework are dis-
cussed in Refs. [23,24]). Analysis of physical data shows that
such concerns are rarely justified. For example, considering the
Pb-17%Li alloy and taking 870K as a reference point, we find
that an increase of temperature by 50K results in acceptably low
changes of all properties, except the dynamic viscosity and ther-
mal conductivity, for which the change is, respectively, ~10%
and ~5% [25,26]. The relative magnitude of thermal expansion
remains much smaller than 1.

Another commonly used asymptotic approximation is the
quasi-static (noninductive) model of the electromagnetic interac-
tions. The approximation is described in books on magnetohydro-
dynamics, such as [27-30]. In the interesting situation in which
the imposed magnetic field is steady and there are no imposed
electric currents (the only currents flowing in the fluid are those
induced by the moving fluid), the approximation amounts to two
simplifications. The perturbations of the magnetic field induced
by the electric currents are much weaker than the imposed field
and can be neglected in the expressions of Ohm’s law and the Lor-
entz force. As a result of these simplifications, the flow can be
described without taking the induced magnetic field into account,
in the framework of the model of the one-way effect of the mag-
netic field on fluid velocity. Furthermore, the electric currents are
assumed to adjust instantaneously to changes of velocity field.

As derived in, e.g., [30,31] and validated in many experimental
and numerical studies, the quasi-static approximation is accurate
when the magnetic Reynolds and Prandtl numbers are both small:

Rem="c1, pry=l-Rom o )
n n Re

Here U and d are the typical velocitP/ and length scales, v is the

kinematic viscosity, and 1 = (ap,)~ is the magnetic diffusivity,

o and py = 47 x 1077 H/m being the fluid’s electrical conductiv-

ity and the magnetic permeability of vacuum.

As we show in Sec. 5.2, liquid metals, molten salts, and electro-
lytes are characterized by very small values of Pr,,. Small values
of Re,, can be found and the quasi-static approximation can be
applied for flows with Reynolds numbers as high as Re ~ 10°.

It must be stressed that an increase of Re,, above 1 means that
the quasi-static approximation must not be used. As an example,
experiments with sodium flows in a closed channel show that the
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turbulent magnetic diffusivity (turbulent magnetic viscosity)
becomes essential if Re,,, defined through the velocity fluctua-
tions, reaches the order of unity [32]. At the same time, simplifica-
tions are still possible at moderate Re,,. Numerical analysis [33]
shows that the quasi-linear approximation based on the linearized
magnetic induction equation is applicable when Pr,, < 1 and
Rey, ~ 1 —10.

The third approximation is also routinely used in studies of lig-
uid metal flows. The heat sources corresponding to the Joule and
viscous dissipations are neglected in the energy equation. This is
justified by the typically very low (~1077) values of the Eckert
numbers Ec = U? (CPAT)71 and/or by high applied thermal load.
The thermoelectric Thomson, Peltier, and Seebeck effects can
also be neglected with exception of the applications characterized
by extreme temperature gradients (see, e.g., [18]).

With these three approximations, the nondimensional govern-
ing equations are:

9 1
A w-Vu=-Vp+—Vu+Fy+Fp )

ot Re
Vou=0 3)

oT 1
—+u-VT=—V’T 4
VT =5 VT g @

where u, p, and T are the fields of velocity, pressure, and perturba-
tion of temperature with respect to a reference value. There can be
internal heating of volumetric rate ¢. The nondimensional buoy-
ancy and Lorentz forces are:

F, = —GrRe *Te, )
F. =Ha’Re”'j x B (6)

where e, is the unit-length vector in the direction of gravity and B
is the nondimensional imposed magnetic field. The density of
induced electric currents j can be found via the nondimensional-
ized Ohm’s law

j=-Voé+uxB @)

The electric potential ¢ is a solution of the Poisson equation
expressing the electric neutrality of the liquid

Vi =V-(uxB) ®)

One can also use the quasi-static approximation model in the
form of the reduced MHD induction equation [29,34]. The electric
currents are determined as j = V x b, where b is the field of per-
turbations of magnetic field caused by the induced currents. b can
be found as a solution of an elliptic equation. The model is physi-
cally and mathematically equivalent to the potential-based model
introduced above but may lead to different computational
approaches [35].

The imposed magnetic field B is generally a three-dimensional
field, which may in many cases be accurately approximated as
two-dimensional. This has to be reflected by the numerical models
in which large flow domains (e.g., entire test sections of experi-
ments), are considered. Reasonably accurate analytical approxi-
mations of B (see, e.g., [36]) are available for this purpose. At the
same time, experimental and technological systems often have
long zones in which the magnetic field is well approximated by a
single uniform component. We will refer to it as the main compo-
nent of the magnetic field or simply as the magnetic field where it
is justified by the context.

The discussion in this review will assume the following typical
scales leading to the nondimensional system (2)—(8). For forced
convection, the typical velocity U and length d are the mean

010801-4 / Vol. 73, JANUARY 2021

streamwise velocity and channel width. The latter is determined
differently by different researchers, which calls for care in inter-
preting and comparing the results. In this review, we use the diam-
eter for pipes, the side for duct of square cross section, and the
shorter side for rectangular ducts. The nondimensional parameters
of other studies mentioned in the discussion are recalculated to
these units where necessary.

Different scales — the free-fall velocity U = (g/}ATd)l/2 and
the distance d between the hot and cold walls — are utilized for
natural convection flows.

A physically relevant definition of the typical temperature scale
AT in the case of mixed or forced convection is based on the heat-
ing rate. For example, when heating is applied to the wall with the
typical rate per unit area g, we use

AT === ©)

where « is the thermal conductivity of the fluid. In the case of vol-
umetric heating, qo is the typical rate per unit volume, and the
expression is

(10)

The symbol ¢ is used in the following discussion for the spatial
distribution of the nondimensional heat flux in both the wall-
heating and internal heating configurations.

The definition of AT as the temperature difference between the
hot and cold walls is applied for natural convection flows.

The maximum magnetic field strength By is used for the mag-
netic field. The derived values pU?, 6UBy, and dUB,, are used as
the typical scales of pressure, current density, and electric
potential.

The nondimensional parameters are:

ud
Re = — — Reynolds number (11)
v
v
Pr = — — Prandtl number (12)
X
o\ 1/2
Ha = Byd (p—) — Hartmann number (13)
v
ATd?
Gr=8PAT%_ Grashof number (14)
v
ud
Pe = RePr = — — Peclet number. (15)

Here, y and f are the thermal diffusivity and thermal expansion
coefficients. The Rayleigh number

Ra = GrPr (16)

can be used instead of Gr.

The strength of the magnetohydrodynamic effect is evaluated
by the Hartmann number. More specifically, Ha?, which is some-
times referred to as the Channdrasekhar number, estimates the
typical ratio between the Lorentz and viscous forces. Alterna-
tively, one can use the Stuart number (also called the magnetic
interaction parameter)

N

Ha® aBgd
—_—= 17
Re (17)

= —pU
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estimating the ratio between the Lorentz and inertial force.
Similarly, the ratio between the buoyancy and inertia force is
estimated by the Richardson number

pi= Of _ gBATd
T Re? U2

(18)

Finally, we mention the Reynolds number based on the thick-
ness of the Hartmann boundary layer as the typical length

19

This parameter is known to largely determine the hydrodynamic
laminar-turbulent transition in parallel shear flows with electri-
cally insulating walls and a strong magnetic field effect [22].

The Prandtl number is typically very low for liquid metals
(between 0.01 and 0.1). The values of the other parameters vary,
but the most interesting and technologically relevant effects are
observed at moderate 10° <Re < 10° and large 10® < Gr
< 10'%, 200 < Ha < 10%.

The standard boundary conditions at solid walls are those of no
slip for velocity (the effect of partial slip in MHD duct flows with
high Ha is explored in Ref. [37]).

For electric potential and temperature, the easiest approach is to
assume the idealized conditions of perfectly conducting (constant
¢ or T) or perfectly insulating (zero wall-normal derivatives of ¢
or T) walls. A conjugate transport problem for heat or electric
charges has to be solved when these asymptotic approximations
are invalid. The effect of wall conductance is further discussed in
Sec. 7.1.

For the electric potential, the commonly used control parameter
is the wall conductance ratio

GWdW
Cy =
aod

(20)

where ¢, and d,, are the electric conductivity and thickness of the
wall. C, =0 and C,, = oo correspond, respectively, to a perfectly
insulating and perfectly conducting wall. We note that the high
values of ¢ typical for liquid metals mean that C,, can be quite
small even when walls are made of electrically conducting materi-
als. In many cases, this justifies use of the insulating wall model
in numerical and theoretical analysis.

As an example, excellent quantitative agreement is found
between the majority of the experiments reviewed in Sec. 6 and
the results of computations conducted at C,, = 0. The experiments
are performed with mercury as a working fluid and stainless steel
walls, and have Cy, < 0.05. No accurate estimates are available
for the possible contribution of the contact resistance between the
liquid metal and the wall, but it is clear that it increases the cumu-
lative electric resistivity of the wall and, thus, further improves
the accuracy of the insulating wall approximation.

If dy, < d, the thin-wall model relying on the transport equa-
tions integrated across the wall is applicable [28,34].

Mixed convection flows in channels evolve downstream under
the action of heating and magnetic field. This means that in many
cases the entire domain of interest, for example, the entire test sec-
tion of an experiment or the entire straight portion of a duct of a
blanket, has to be considered in the analysis. The typically chosen
inlet and exit conditions are those of a prescribed u# and 7 and a
zero streamwise gradient of ¢ at the inlet and some soft (zero
streamwise gradient or convective) conditions at the exit. In blan-
ket design, complex and yet poorly understood 3D effects of entry
into the channel from a connecting manifold (see Figs. 1(b)-1(e))
may need to be considered. Further discussion of inlet and exit
conditions and their impact on the flow can be found in Sec. 7.3
of this review.

An alternative approach based on the modified version of the
governing Eqgs. (2)-(4) is helpful in numerical and theoretical
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analysis of mixed convection flows. In addition to being conven-
ient, it reflects fundamental features of flow physics, some of
which, as we will see later, are particularly pronounced in flows
strongly affected by magnetic fields. The modification is based on
the separation of the mean flow fields, which are functions of the
streamwise coordinate, from fluctuations that, in the case of a
fully developed flow, are statistically uniform along this coordi-
nate and therefore suitable for simulations in a channel’s segment
with cyclic inlet-exit conditions.

The first step of the modification is standard. We separate the
pressure field p(x), which is a linear function of x and whose gra-
dient drives the flow. The second step is commonly used in studies
of heat transfer in channels. Applying the energy balance to a seg-
ment, we find that unless there are perfectly conducting walls, the
energy flux supplied by the wall or internal heating must be bal-
anced by the streamwise convection heat transfer. The average
and mean-mixed temperatures defined as

[TdA
7N — JA

[ u, TdA
T(x) =" 1 A

T,,,(X) ==
J udA
A

where A is the channel’s cross section, grow downstream. The
standard decomposition is

21

T =Tn(x)+ 0(x,1), (22)
where 0 is the field of temperature fluctuations, which are statisti-
cally uniform in the streamwise direction.
There is a nontrivial consequence of (22) for flows in nonverti-
cal channels. The buoyancy force associated with T},
Fpm = —GrRe Ty (x)e, (23)
has a nonzero curl and thus modifies the velocity field. As dis-
cussed in Refs. [38—41], its action on the flow can be described by
introducing the pressure field p, such that its vertical component
of its gradient balances Fyy,. p is a two-dimensional function
increasing with the streamwise coordinate x and vertical coordi-
nate Z' (see Fig. 3). Its z-dependent gradient dp /Ox, which appears
in the respective momentum equation, generates a flow in the pos-
itive x-direction in the lower part of the channel and in the nega-
tive x-direction in the upper part. The result is a top-bottom
asymmetry of the streamwise velocity profile and of the associated
convection heat flux. Recent numerical studies [40—43] show that
this may have a remarkably profound effect on flows with strong
heating and strong magnetic fields. We should note that a similar
effect has been known for a long time for natural convection sys-
tems. A horizontal temperature gradient in horizontally extended
systems generates a near-bottom flow in the direction of the

Fig. 3 lllustration of the effect on flow in nonvertical channels
of the buoyancy force associated with the mean temperature. A
typical distribution of the mean-mixed temperature T, (see (21))
is also shown. See text for notation.
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gradient and a reversed flow above, providing a stable stratifica-
tion [44].
The pressure field is thus decomposed as
p=p+p +p,(x7t)7 (24)
where p’ is the fluctuation field, which is statistically uniform in
the streamwise direction. The fields p and p are determined by the
mean flow parameters.

As an example, we will write the modified equations for a fully
developed channel in a horizontal tube with a part of the wall
heated at a uniform constant rate and the rest of the wall perfectly
thermally insulated [40—43]. In nondimensional units

dry, dT P
— =—=—= t 25
dx _dv_Ape " @)
where P is the nondimensional perimeter of the heated portion.
The field p is expressed as

Gr dT,

e — 2
Re? dx . (26)

p(x.2) =

The governing equations become

0 1
51:+(u-V)u: ~Vp = Vp = Vp+ o Viu+Fy+ FL (27)

V-u=0, (28)
a0 1, dTy
with the forces
Fy, = —GrRe *0e, (30)
F. = Ha’Re™'j x B (31

and the electric currents computed as in (7)—(8). All the solution
variables (u, 0, p’, and ¢) can now be considered as statistically
uniform along the channel and modeled in a relatively short seg-
ment with cyclic inlet-exit conditions.

3 Convection at Low Prandtl Numbers

We will foreword the main discussion by a brief review of the
general effects of low values of Pr on convection flows. Some of
the effects are obvious. The temperature field has much weaker
gradients and thicker boundary layers than the velocity field. The
contribution of conduction to heat transfer is higher than in liquids
with larger Pr. Other effects are less evident and appear in specific
configurations.

3.1 Natural Convection at Low Pr. Our discussion will
focus on the classical and most thoroughly studied system,
namely, the Rayleigh-Bénard convection (RBC). For fully turbu-
lent regimes (v/Gr > 1), one of the key questions is that of the
dependence of the dimensionless heat flux, characterized by the
Nusselt number Nu, on the parameters of the convective flow (Ra
and Pr) and the geometry of the cavity. An analysis of experimen-
tal data shows that one can identify up to ten regions in the param-
eter plane (Ra, Pr) differing from each other by the character of
the heat and mass transfer in the boundary layers and in the core,
and, as a result, by different power laws in the form Nu ~ Ra’Pr*
[45]. As these pure regimes intermix, and the observational
regime is rather small in Ra and/or Pr, in practice only effective
scaling exponents are observed.

010801-6 / Vol. 73, JANUARY 2021

The peculiarity of liquid metal convection is primarily due to
the typically low values of the Prandtl number. This means that
the viscous length scale is much smaller than the heat conduction
length scale. This affects both the bulk turbulence (the Reynolds
number is much higher than the Peclet number) and boundary
layers, because the thermal boundary layer at low Pr is consider-
ably thicker than the kinetic boundary layer. The Grossmann-
Lohse theory [45] predicts a regime at moderate Rayleigh
numbers (Ra < 10° — 10'%) in which most of the kinetic energy is
dissipated in the turbulent core and the heat dissipation dominates
in the boundary layers. In this regime

Nu ~ Ra!/5pr!/? (32)
With further growth of Ra, most of the energy of the temperature
fluctuations is also dissipated in the turbulent core. The theory
predicts a regime with

Nu ~ Ra'/?Pr'/? (33)
Note that in both the low-Pr regimes o = 7.

Among the numerous experiments on turbulent RBC, there are
not many experiments with liquid metals. The RBC in sodium has
been investigated in a set of short vertical cylinders with 0.03 <
H/D <0.22 and Pr=0.006 [46], where a power law Nu ~
Ra%® was observed for 2 x 10* < Ra < 10°. There are some
liquid metal experiments with H = D. Turbulent convection
of mercury (Pr ~ 0.025) in a cylinder with H =D provided y =
0.26 £0.02 (for 7 x 10° < Ra < 5 x 108) [47,48] and 7y =
0.20 = 0.02 (for 5 x 10® < Ra < 2 x 10?) [48]. Experiments with
gallium (Pr = 0.025) gave y ~ 0.25 for 2- 10° < Ra < 10® [49]
and experiments with GalnSn (Pr~0.029) provide 7=
0.27 = 0.02 (for 4 x 10° < Ra < 6 x 107) [50]. Experiments with
mercury in cylinders with H=D and H = 2D revealed a power
law relation with y =2/7 ~ 0.286 over the range 10° <Ra <
10'" [51]. Recent experiments with liquid sodium (Pr = 0.0094)
in a cell of unit aspect ratio (H = D) showed a slightly lower value
of the scaling exponent: y ~ 0.22 for 4 x 10® < Ra < 2 x 10’
[52].

Direct numerical simulations of liquid metal RBC have been
limited to moderate Ra, with the exception of the recent study
[53] where Ra < 10° were considered. They demonstrate consist-
ent results with good agreement with experiments in terms of the
Nu versus Ra scaling [52,54,55]. At the same time, the experimen-
tally measured values of Nu tend to be lower than those obtained
in computations. This can be partially attributed to the difficulties
of convection experiments with liquid metals discussed in
Sec. 5.2. One should also mention the difficulties of numerical
simulations of turbulent convection flows in low-Pr fluids (see,
e.g., [56]) and flows with strong magnetic field effects (see the
discussion in Sec. 5.3).

The elongation of the convective cell changes the heat transport
and the dependence Nu(Ra). Confining ourselves to the case of
RBC in liquid sodium, we note that in a channel with L = 5D the
effective heat flux displays a law Nu ~ Ra%* [57], while in a
cylinder L = 20D the scaling exponent ) increased further, to
Nu ~ Ra®7" [58].

3.2 Mixed convection at Low Pr. If both forced and natural
convection exist in the flow, their relative importance is deter-
mined by the magnitude of the Richardson number Ri. The
extreme cases of Ri < 1 or Ri > 1 are characterized by the domi-
nance of, respectively, forced or natural convection, in which only
one of these effects needs to be considered. More interesting and
important for us is the case of a true mixed convection, in which
Ri is neither very large nor very small, so both effects play signifi-
cant roles. The impact of natural convection is highly case-
specific in that case. One example is the effect of natural
convection on turbulent heat transfer. In the majority of turbulent
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flows, the heat transfer is mainly provided by turbulent mixing.
Depending on the configuration, the buoyancy either enhances or
suppresses the turbulence and thus either increases or decreases
the heat transfer [S9-61]. The situation is different in liquids with
very low Pr (e.g., in liquid Na). The molecular conductivity
remains essential in such liquids, even when the flow is turbulent,
and the influence of buoyancy can be similar to that in laminar
flows [62].

The role of buoyancy in mixed convection typically increases
with decreasing Pr. While not universal, this statement is certainly
true for flows in channels because of the thicker thermal boundary
layers. Zones of significant gradient of mean temperature and thus
significant buoyancy force are not limited to near-wall regions but
penetrate into the bulk of the flow.

In vertical or inclined channels, the buoyancy force can act
downstream (an upward forced flow) or upstream (a downward
forced flow), transforming the velocity profile (see Fig. 4 for an
illustration). The transformation can include generation of inflec-
tion points, which in turn leads to instability and transition to tur-
bulence at lower Re. In upward flows, the velocity increases near
the heated walls and, at a given mean flowrate, decreases in the
central part of the duct (Figs. 4(c) and 4(d)), possibly with forma-
tion of an M-shaped profile (Fig. 4(d)). In downward flows, the
velocity is reduced or even reversed near the heated walls
(Figs. 4(a) and 4(b)). The peculiar physical effect of the so-called
“elevator modes” may appear in such configurations. The modes
have been observed in both natural and mixed convection
[63-65]. They are exact solutions of the Boussinesq equations in
vertically unbounded systems, where they have the form of expo-
nentially growing pairs of streamwise-uniform ascending/
descending jets with the possibility of nonlinear saturation at high
amplitudes. Albeit not as exact solutions, physically similar flow
regimes are possible in long finite ducts. The critical role of the
elevator modes in flows with strong magnetic fields will be dis-
cussed in Sec. 6.2.

The buoyancy forces also strongly affect flows in horizontal
channels. Stable stratification suppresses turbulence and can lami-
narize the flow [66,67]. Note that the stable stratification may
appear not only in channels heated from above. As discussed in
Sec. 2, the downstream growth of mean-mixed temperature, which
occurs, e.g., at constant-rate heating applied internally or to a
wall, results in a significant top-bottom asymmetry of streamwise
velocity. The forced streamwise heat flux is stronger in the bottom
than in the top part of the channel. At large Ri, this may result in
stable stratification, even when the imposed heat flux is not
directed downwards. Examples of such behavior are found, e.g.,
in a duct heated from the side [42] or volumetrically [68].

The general case of unstable stratification can be identified with
its best known representative — the Poiseuille-Bénard problem,
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Fig. 4 Schematic illustration of the effect of buoyancy forces
on mixed convection in vertical channels. Laminar velocity pro-
files in the cases of downward ((a) and (b)) and upward ((c¢) and
(d)) mean flow and with asymmetric ((a) and (c)) and symmetric
((b) and (d)) constant-rate heating of the walls are shown. See
text for discussion.
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Fig. 5 Schematic illustration of convection instability modes
in a horizontal pipe with unstable stratification. Longitudinal (a)
and transverse (b) modes are shown. See text for discussion.

i.e., a flow in a channel with a heated bottom. A laminar flow loses
its stability to longitudinal (oriented along the duct), transverse, or
oblique rolls (see Fig. 5) depending on the values of Ra and Re,
the shape of the transverse cross section, and the boundary condi-
tions (see, e.g., [69] and references therein). Instability to longitu-
dinal rolls is not affected by the streamwise velocity and usually
occurs at lower Ra than to transverse or oblique rolls (we will see
in Sec. 6.1 that the situation is drastically different in flows with
strong transverse magnetic fields). In ducts of moderate aspect
ratio and round pipes, longitudinal rolls with liquid rising along
sidewalls (see Fig. 5(a)) persist in turbulent states as elements of
the mean flow.

4 Effects of Magnetic Field

The principal physical mechanisms by which an imposed mag-
netic field transforms a flow of an electrically conducting fluid are
relatively well understood. We briefly survey them in this section,
while focusing on the aspects critical for the central subject of this
review. It has to be stressed that the discussion is limited to flows
satisfying the quasi-static (low Re, and Pry) approximation
described in Sec. 2.

4.1 Suppression of Turbulence and Development of
Anisotropy. These effects are directly related to the Joule dissipa-
tion of the electric currents that are induced when an electrically
conducting fluid flows in a magnetic field. The dissipation serves
as an additional (to the viscous dissipation) mechanism of conver-
sion of the flow’s kinetic energy into heat. As a result, MHD flows
are found in a laminar or transitional state at much higher control
parameters (, e.g., Re or Ra) than hydrodynamic flows of the same
type.

The Joule dissipation has an important property that is the key
source of the special nature of MHD flows. Unlike its viscous
counterpart, the Joule dissipation is anisotropic. Its rate is propor-
tional to the square of the velocity gradient in the direction of the
magnetic field [70,71]. Flow structures with largest such gradients
generate the strongest currents and experience the strongest sup-
pression due to the Joule dissipation. Structures that are uniform
along the field lines generate no electric currents and no Joule dis-
sipation and thus are not affected by the magnetic field. The flow
as a whole becomes anisotropic, with its structures elongated
along the magnetic field lines.

It must be stressed that the term anisotropy is used here with
the meaning of dependence of velocity gradients and typical
length scales of the flow on the spatial direction. The anisotropy
of magnitude of velocity components (and the Reynolds stresses)
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usually follows, but it is not caused directly by the magnetic field
and has a nonuniversal nature, strongly influenced by initial con-
ditions, boundaries, and other specific flow features [72-75].

The degree of the flow transformation is largely determined by
the value of the Stuart number N. At moderate N, (N ~ 1 if the
definition (17) is based on the rms velocity and integral length
scale), the flow remains turbulent, but acquires noticeable anisot-
ropy and modified statistical properties (e.g., a steeper inertial-
range slope of the energy spectrum) [72,73,76,77].

At large N, the flow’s transformation is more profound. It
includes (i) full suppression of turbulence and (ii) quasi-two-
dimensionality. The latter term describes the state of the flow in
which all its variables are uniform (or nearly uniform with very
weak gradients) along the magnetic field lines in the core of the
flow. The uniformity ceases within the boundary layers at the
walls crossing the field lines, where sharp gradients appear to sat-
isfy the boundary conditions. Pure two-dimensionality is possible
in systems without such walls [68,72,78,79].

4.2 Transformation of Flows in Channels. The geometry
and electric conductivity of walls affect the distribution of electric
currents and Lorentz forces in the flow domain. The resulting
modification of flow structure and properties can be very strong if
Ha and N are large. A detailed discussion can be found in books
[28,29,34] or in the recent review [22]. Only the facts critical for
our following discussion are stated here.

The classical configuration is that of a flow in a rectangular
duct with a uniform magnetic field parallel to one set of walls
[80-82]. The mean flow crossing the magnetic field lines gener-
ates spanwise (perpendicular to the flow and the magnetic field)
electric currents. If the duct’s walls are electrically conducting,
the currents close within the walls. The Lorentz force due to the
currents crossing the field lines opposes the mean flow. The result-
ing additional pressure drop is very large in flows at high Ha. For
example, a drop of several MPa is predicted for a typical blanket
of a fusion reactor cooled directly by PbLi flowing in ducts of a
~10cm side [5]. The resulting additional energy demand and
technical problems are so challenging that no such direct cooling
systems are currently considered [5].

If the walls are perfectly electrically insulating, the electric cur-
rents close within the fluid. The net Lorentz force is zero, but its
distribution transforms the mean velocity profile so that it acquires
a nearly flat core and MHD boundary layers: Hartmann layers of
thickness ~Ha~! at walls perpendicular to the magnetic field lines
and Shercliff layers of thickness ~Ha~'/? at walls parallel to these
lines. At high Ha (e.g., at Ha ~ 10" typical for fusion reactor blan-
kets), the layers are very thin and with extremely strong velocity
gradients, which implies strong wall friction and proneness to
shear-layer instabilities [22].

Flows in round pipes subject to a transverse magnetic field are
transformed in a physically similar but geometrically different
manner [22,83]. A more complex transformation is found in flows
with finite or strongly varied electric conductivity of walls or
when the imposed magnetic field is not uniform [28,29,34,84,85].

Finally, we note that configurations with a uniform magnetic
field not crossing any walls (e.g., fully developed flows in chan-
nels with a purely streamwise field or flow in an unbounded plane
channel with a spanwise field) have zero gradients of mean veloc-
ity along the field lines. The magnetic field does not interact with
the mean flow directly. It does, however, have an indirect effect
via suppression and anisotropization of velocity fluctuations [86].

4.3 Instabilities and Complex Dynamics of MHD Flows.
The additional anisotropic dissipation mechanism (the Joule dissi-
pation) changes the instabilities and dynamics of common flows.
In systems with a strong magnetic field effect, the modification is
strong to such a degree that the flow’s behavior changes in a pro-
found and often counterintuitive way. We will fully illustrate this
statement on the example of mixed convection flows in Sec. 6.
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Here, we briefly discuss the principal physical mechanism and
briefly present several examples.

Only the instability modes that have significant nonzero veloc-
ity gradients along the magnetic field lines are suppressed by the
Joule dissipation. Modes with zero or weak gradients (purely two-
dimensional or quasi-two-dimensional, hereafter referred to as 2D
or Q2D) are either not influenced at all or influenced only slightly.
This has serious implications for systems in which geometry and
physics permit the existence of such modes. The typical situation
is when a conventional hydrodynamic instability is suppressed,
but the flow does not retain its base form. Instead, it becomes
unstable to 2D or Q2D modes at higher control parameters.

Several examples of such a behavior were discovered recently.
We can mention the instability of a free shear layer [87], a bypass
transition to turbulence in a duct or a plane channel with insulat-
ing walls [88,89] (see [22] for a review) or a duct with conducting
walls [84,85], the instability of an elliptic vortex [78], etc. An in-
depth theoretical discussion can be found in Ref. [78].

When Ha and N are large, growth of 2D or Q2D modes and the
subsequent evolution of resulting flow structures occur on the
background of fully suppressed conventional 3D turbulence.
Moreover, secondary 3D instabilities of the 2D or Q2D structures
are either fully or partially suppressed by the magnetic field. The
result is flow regimes dominated by large-scale 2D or Q2D coher-
ent structures. The manifestations of their dynamics may appear
unusual, counterintuitive, or even paradoxical. For example, the
so-called large-scale intermittency, i.e., the state of the flow in
which long periods of laminar Q2D behavior are inter-rupted by
short 3D turbulent bursts, is found in periodic boxes with artificial
forcing [72] or channels with spanwise magnetic fields [90-92].
Localized turbulent zones are observed in wall-bounded shear
flows [91,93-95].

An important example for us is the still not fully understood
effect of an imposed magnetic field on the Rayleigh-Bénard con-
vection. The principal physical mechanisms described earlier in
this section remain valid. Their specific manifestation depends on
Ra, Ha, orientation of the magnetic field, and presence of side-
walls. The instability threshold Ra, increases with Ha. For exam-
ple, Ra, ~ Ha® in a horizontal layer with vertical field [96]. At
Ra > Ra,, flow is dominated by large-scale 2D or Q2D convec-
tion modes aligned with the field lines. For example, horizontal
rolls are found when the field is horizontal [97-99], and vertical
cells or columns are detected when the field is vertical [100]. Fur-
ther increase of Ra at a given Ha leads to complex and sometimes
spectacular dynamics of these modes [97,99] and then to turbu-
lence modified by the magnetic field [53,98]. The large-scale con-
vection modes are often a vehicle for an unusually strong heat
transfer. For example, in flows with a vertical magnetic field, this
leads to the Nusselt number Nu growing with Ra much faster than
in conventional turbulent Rayleigh-Bénard convection (as Nu ~
Ra or even faster) [53,101-103]. Another peculiar feature of flows
with a vertical magnetic field is the exceptional role of sidewalls.
Similarly to flows with strong rotation, a large portion of heat
transfer is provided by wall modes — vertical jets located near the
sidewalls [53,104—106]. Weaker but still noticeable wall modes
are found at Ra ~ Ra,, including the range Ra < Ra, [107,108].

5 Methods of Exploration

5.1 Asymptotic Models. When N > 1, one may formally
derive asymptotic approximations based on the assumption that
the Lorentz force is much stronger than the inertia force. In fact,
much of the MHD development in its early years (the 1960s to
1980s) was based on such models.

One popular model simply ignores inertia. This leads to linear-
ized momentum equations and to solutions in which the driving
force (e.g., the pressure gradient) is balanced by the Lorentz force
and, in boundary layers, by viscous friction [28,29,34,109—-111].
The solutions are inevitably laminar and, under stationary external
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Table 1

Physical properties of selected liquid metals, molten salts and electrolytes. Values corresponding to temperature T, are

shown. Liquid metals (the top part of the table) are listed in the order of decreasing melting point temperature. The properties
shown are the fluid’s density p, electric conductivity ¢, kinematic viscosity v, coefficient of thermal expansion g, thermal conductiv-
ity 4, temperature diffusivity ;, and specific heat C,. Values of the Prandtl number Pr and magnetic Prandtl number Pr,, are also

shown.

Tt Ty p-1073 ¢-107° v-107 p-10° ) 1 10° Cp Pr,,
Liquid °C °C kg/m? 1/(Q - m) m?/s 1/K W/mK m?/s J/kg-K Pr -108
Pb [129] 327 350 10.6 1.05 2.1 0.12 17 1.1 147 0.022 0.28
PbLi [129] 235 300 9.4 0.79 2.1 0.09 13.2 0.76 183 0.028 0.21
Sn [130,131] 232 300 6.9 2.0 2.4 0.11 31.6 1.8 255 0.014 0.6
Li [129] 181 220 0.51 3.8 10.6 0.20 442 2.0 4340 0.053 5.1
Na [132] 98 170 0.91 8.3 5.5 0.26 83 6.7 1360 0.0082 5.8
Ga [130] 29.8 60 6.04 3.5 3 0.12 30 12 390 0.025 13
GaZnSn [133] 15 25 6.15 2.6 2.9 0.11 20.1 0.88 300 0.035 0.95
NaK [129] -12.6 80 0.85 2.6 5.7 0.23 23.1 2.9 942 0.020 1.9
GalnSn [134] -19 20 6.44 3.5 3.7 0.12 16.5 0.87 296 0.043 1.6
Hg [129] -39 30 13.5 1.0 1.1 0.18 8.6 0.46 139 0.024 0.13
FLiNaK [135,136] 454 600 2.05 2.107* 23.5 0.32 0.86 0.022 1905 10.7 0.0006
FLiBe [137,138] 460 600 1.99 2.107* 438 0.25 1.1 0.023 2385 18.9 0.0011
KOH 30% [139-141] -62 40 1.26 1-107* 11.9 0.38 0.61 0.016 3000 5.9 0.0001

conditions, steady-state. The model can be criticized on two
accounts. Firstly, liquid metal flows often have large Re, so N > 1
but not > 1, even when the imposed magnetic field is strong.
Inertia is not negligible. Secondly, the logic of the model is invali-
dated by the development of Q2D structures, which have weak or
zero gradients along the field lines and for which, therefore, the
Lorentz force is greatly reduced. Recent experimental and compu-
tational work, including the studies reviewed below, show that
inertia is active in the majority of MHD flows and often leads to
instabilities and unsteady behavior. The inertialess model must be
considered as irrelevant in all such cases.

It should be mentioned that the results accumulated via the use
of the intertialess model during the early years of MHD influenced
the later work, in which inertia was taken into account. It is still
assumed sometimes that liquid-metal flows at high Ha are inevita-
bly steady-state and laminar even if the effective Reynolds num-
ber is large (see, e.g., [112-114]). As demonstrated in recent
works, such as, e.g., [115-117], and extensively illustrated below,
the approach often brings misleading results.

Another important asymptotic model is SM82, named so after
the 1982 Sommeria and Moreau paper [71]. The model explicitly
utilizes the Q2D character of flows in strong magnetic fields. The
approximation uses purely two-dimensional governing equations
to describe the flow variables, such as velocity or temperature
integrated wall-to-wall in the magnetic field direction and pro-
duces good results (see, e.g., [118—122]). The original model is

Table 2 Values of nondimensional parameters (the Hartmann,
Grashof, and Reynolds numbers) for a typical example of an
experimental flow (a duct with width d =20 mm, mean velocity
U=0.25 m/s, imposed heat flux g = 30 kW/m? and magnetic field
B =1T). Values of physical properties corresponding to temper-
ature T,, are used.

Liquid T,,,°C Ha Gr, - 1077 Re- 1073
Pb 350 410 1 21.7
PbLi 300 390 1 235
Sn 300 770 0.7 25
Li 220 1170 0.02 4.7
Na 170 2650 0.1 14.2
NaK 80 1430 0.2 8.1
Ga 60 830 0.3 19.2
Hg 30 540 9 49.1
FliNaK 600 2 1.7 3.1
FLiBe 600 1 0.4 1.7
KOH(30%) 40 4 3.4 42

Applied Mechanics Reviews

valid only for a limited class of problems, namely, for flows in
domains with perfectly electrically insulating walls, uniform mag-
netic fields perpendicular to one set of walls and parallel to the
other, and constant wall-to-wall distance along the field lines.
Similar limitations apply to the corrections of the model that
account for weak deviations from quasi-two-dimensionality
[123,124]. An extension of the model to the case of electrically
conducting walls was proposed in Ref. [125].

We conclude that the asymptotic models based on the assump-
tion of a very strong magnetic field effect must be applied only
with utmost care and after full validation. In many cases, their use
may lead to incorrect predictions even though N and Ha are large.

Yet another class of 2D models was introduced for MHD flows
in shallow layers [126,127]. These models are based on locally
exact solutions for nonisothermal rotating layers of conductive
fluids, which are substituted into the full 3D equations and inte-
grated across the layer. The models were shown not only to work
for strong magnetic fields, but also revealed reach and unexpected
dynamics of turbulent MHD flows under both perpendicular [127]
and parallel [126] magnetic fields.

5.2 Experimental Methods. We will start with a discussion
of liquids interesting in the context of this review either because
they are found in technological applications or because they are
used as working fluids in laboratory experiments. The focus will
be primarily on liquid metals, although processes in electrolytes
can also be affected by the magnetic field, as discussed below.
The key physical properties of the liquids are presented in Table 1
together with the two nondimensional material parameters: the
Prandtl number (12) and the magnetic Prandtl number (1).

The list includes two metals with very different properties used
as cooling liquids in advanced nuclear fission reactors: lead (Pb)
and sodium (Na). Two lead alloys have been widely studied and
tested in laboratories: Pb-Bi and Pb-Li, the latter being interesting
as a tritium breeding medium in nuclear fusion applications
[4-6,10,11,13,128]. Besides sodium, two other alkaline metals,
lithium (Li) and sodium-potassium alloy (NaK), are of interest for
the cooling systems of fission and fusion reactors and for labora-
tory experiments. Liquid metals with low melting points, such as
mercury (Hg), gallium (Ga), and eutectic gallium alloys (GalnSn
and GaZnSn) are widely used in laboratories and thus are indis-
pensable for studying MHD phenomena. Finally, our list includes
two molten salts, FLiNaK and FLiBe, which are considered as
possible working fluids in fission and fusion reactors, and the
water solution of potassium hydroxide (KOH), which is used in
the laboratory as a low-temperature imitator of such salts and
technological electrolytes.
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The main challenge of experimental research into liquid metal
flows and heat transfer in fusion reactors is that the extreme condi-
tions of very strong magnetic fields and very high heat loads can-
not be reproduced in existing laboratories. Reaching realistically
high values of Gr and Ha will only be possible in future experi-
mental reactors or specialized facilities [5,6,10,16]. Experiments
are currently performed for simplified models of the reactor com-
ponents and at values of Gr and Ha that are high but still orders of
magnitude lower than in the reactor. Various metals are used,
such as technologically similar Pb, Pb-Bi [142], Pb-Li [143-148],
Li [149], and Na [150,151] or model liquids, such as Ga and its
alloys [152,153], NaK [154-156], and Hg [157]. A recent review
of operating experimental facilities can be found in Ref. [158].

While obviously interesting and sometimes unavoidable,
experiments with technologically similar liquid metals are diffi-
cult and expensive to perform, since they require high tempera-
tures and handling of aggressive fluids. In particular, work at high
temperature implies complex maintenance, long periods between
experimental sessions, and limited available diagnostics. Model
liquid metals are easier and less expensive to work with due to
their lower working temperature and their compatibility with other
materials.

Therefore, it is interesting to compare the ranges of governing
parameters that can be reached using different liquids. High val-
ues of Ha and Gr can be achieved if o/u and B/(/ - 1?) are large.
Small values of C, are desirable, since this results in greater tem-
perature gradients and thus higher accuracy of temperature meas-
urements. There is no universal optimal solution of this problem,
but in order to demonstrate the opportunities, Table 2 shows esti-
mates of Ha, Gr, and Refor a typical duct flow in a laboratory
setting.

We see that the highest values of Ha are achieved with alkali
metals, in particular with Na, which makes them the best candi-
dates for studying MHD effects, which do not involve heat trans-
fer. Usage of mercury gives the highest value of Gr (one or two
orders of magnitude higher than with other metals) and Re. Mer-
cury, therefore, allows us to perform heat transfer experiments at
the lowest heat fluxes and liquid metal volumes. Molten salts
experience a barely noticeable MHD effect (Ha~1 — 10). It
should also be mentioned that direct experimental work with mol-
ten salts is extremely difficult [159], so studies are typically done
with model fluids (aqueous solutions of potassium hydroxide or
sulfuric acid of different concentrations) providing close values of
the MHD parameters and Pr [160].

Experiments with liquid metals are substantially more complex
than with conventional fluids such as water. Liquid metals are
opaque and in many cases chemically active, toxic, and hot media,
which limits the choice of measuring techniques. Further signifi-
cant complications are related to the use of high-field magnets and
high-intensity heaters and to maintenance of liquid metal loops
[28].

Different devices used to perform velocity measurements in lig-
uid metals are reviewed in the chapter by Eckert, Cramer, and
Gerbeth in Ref. [161] and in Refs. [162-164]. These comprehen-
sive reviews can be supplemented by such methods as fiber-optic
sensors [165,166], optomechanical sensors [167], and temperature
correlation velocimetery [168]. However, velocity measurements
under high magnetic fields and high heat fluxes are technically
difficult. Velocity sensors are bulkier and less accurate than the
ones used to measure temperature. The experimental data pre-
sented below in this review were gathered predominantly using
temperature measurements.

Methods of pressure measurements in liquid metals are basi-
cally the same as in other liquids. Complications arise in high
temperature systems, which require special organization of pres-
sure lines to sensors to make it possible to use standard equip-
ment. Furthermore, oxides may complicate the operation of small
pneumatic systems.

Temperature measurements, which are critically important for
the problems under discussion, face strong challenges but also
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Fig. 6 Intensity of temperature fluctuations in the downward
flow of mercury at Re=10% Gr=1.2-10" (a,b) [177] and
KOH(30%) water solution at Re =3 -10%, Gr=1.1-107 (c,d) [178]
in a vertical pipe with uniformly heated walls and transverse
magnetic field (see the diagram at the top). (a,c) Ha=0, (b)
Ha =350, (d) Ha=15.

have advantages in liquid metals. One serious challenge is that the
ideal boundary conditions of constant temperature at the walls
cannot be easily implemented in the experiments with liquid met-
als due to their high thermal conductivity and capacity. The sec-
ond common challenge is the formation of oxide layers [169]
causing additional thermal resistance and thus poor accuracy of
the methods based on the temperature measured on the outer side
of the domain’s walls. The effect can be significant for some lig-
uid and wall materials and flow conditions. For example, steady-
state oxide layers (both from the wall oxidation and liquid metal
oxidation) can be up to 100 um in lead [169,170] and 10 um in
sodium [171].

At the same time, temperature measurements in liquid metals
are a very powerful tool of flow diagnostics. This statement con-
tradicts the common and somewhat naive preconception that high
thermal conductivity makes such measurements ineffective due to
smoothing of temperature inhomogeneities. The fact is that in
flows of liquid metals the high mobility (low viscosity) of the
medium becomes an important factor. To illustrate this statement,
we show in Fig. 6 the distributions of temperature fluctuations in
the cross—sections of pipe flows of a liquid metal and an electro-
lyte at similar heating and flow rates. In the absence of a magnetic
field (left panels), the temperature fluctuations penetrate much de-
eper inside the pipe in liquid metal than in the electrolyte. With a
magnetic field (left panels), the difference becomes even stronger
because the Lorentz forces are much higher in liquid metal.

Some popular and powerful diagnostic tools cannot be used in
liquid metal flows. One example is the PIV technique. Another is
the hot-wire anemometry, for which problems are created by the
high thermal conductivity of metals. At the same time, high elec-
tric and thermal conductivity of liquid metals enables other mea-
surement tools (we note that not all of them can be used under
strong external magnetic fields). The presence of external mag-
netic fields opens the possibility of noninvasive methods based on
the measurement of electric potential or magnetic field perturba-
tions. The classical example of such methods uses the measure-
ments of the electric potential at the walls of the flow domain to
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evaluate the integrated velocity. We note that this method works
well in the conditions of high temperature and high temperature
gradients. Other more modern noninvasive methods are the Lor-
entz force velocimetery [172,173] and inductive tomography
[174]. The ultrasonic Doppler velocimetery (UDV) technique was
recently developed to be capable of measuring two-dimensional
velocity distributions in even unsteady flows [175].

In general, the noninvasive measurement techniques are prefer-
able as they affect the flow only slightly if at all. These methods
are, however, limited by such factors as high temperatures and
strong magnetic fields, which often leads to special shielding
requirements, as well as limited working space around the flow
domain. Furthermore, the information provided by the noninva-
sive techniques is typically limited to spatially integrated quanti-
ties. Therefore, immersion sensor techniques, which are more
reliable and provide more detailed information, are often a better
and sometimes the only meaningful approach. The probes can be
installed at certain points of the flow domain or on its surface, but
the most detailed information is provided by scanning techniques
producing 3D and 2D fields of the measured quantity. A recent
review of the scanning probe method can be found in Ref. [176].

5.3 Numerical Methods. It may appear that the numerical
solution of the governing equations of quasi-static MHD (2)—(8)
requires only a slight modification of conventional techniques,
namely, solution of the additional Poisson Eq. (8). This is cer-
tainly true for flows with a moderately strong magnetic field
effect, i.e., with moderate values of Ha and N. The task is substan-
tially more challenging in the more interesting for us case of
Ha > 1, N >> 1 (values as high as Ha ~ 10*, N ~ 10* are typical
for a fusion reactor blanket).

The main reason is the numerical stiffness of the problem. The
smallest typical time scale is the Joule damping time t; = p/oB2,
which characterizes the typical time of suppression of velocity
gradients by the Joule dissipation. It is related to other typical
time scales of the flow, namely, the turnover time T, = d/U and
the times of viscous dissipation and temperature diffusion 7, =
d*/vandt, =d*/y,as ;= T,N ! = ,Ha 2 = t,Ha Pr L.

In space, one has to deal with very thin boundary and internal
shear layers. For example, in a duct flow with electrically insulat-
ing walls and transverse magnetic field, one finds the Hartmann
boundary layers of thickness dy, = dHa~! forming at walls nor-
mal to the magnetic field and Shercliff boundary layers of thick-
ness dg, = dHa~'/? at walls parallel to it. Another example is the
Hunt flow in a duct with conducting walls, where thin and dynam-
ically active jets develop near the field-parallel walls [84]. Internal
shear layers of comparable thickness are often associated with
Q2D structures. Experience (see, e.g., [40]) and common sense
suggest that each such layer has to be resolved by at least 8-10
grid points. At high Ha, this implies the requirement of large and
extremely nonuniform grids.

Numerical analysis of mixed convection flows is associated
with other not always fully appreciated difficulties. One is the
requirement of an unusually large length of the time interval of
the simulations. As we will see in Sec. 6, such flows often demon-
strate slow dynamics with irregular fluctuations on the typical
time scale of tens of convective time units. Simulation of hun-
dreds or even thousands such units is necessary to fully under-
stand the flow’s behavior and to accumulate data for accurate
evaluation of the statistical properties.

Another difficulty is related to the fact that even when the mean
and fluctuating flow fields are separated from each other in the
analysis (see Sec. 2), some of the key physical mechanisms are
impossible to represent in the framework of a model, in which a
segment of the duct with periodic inlet/exit conditions is consid-
ered. A good example is the flow in vertical ducts discussed in
Sec. 6.2, for which evolution along the duct is essential. The only
accurate approach to numerical analysis of such cases is to simu-
late the entire test section of the experiment or the entire duct of a
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module of a reactor blanket. This typically requires an exception-
ally large number of grid points or cells in the streamwise
direction.

The numerical stiffness of the problem implies that many con-
ventional computational methods are not suitable for flows with
strong magnetic field effects. This includes spectral and spectral-
element methods, and finite difference schemes not adapted to the
MHD flow transformation. The finite-element method also has not
been shown to be effective, although this approach may need fur-
ther exploration [179,180]. Rather unfortunately for the efforts on
the design of fusion reactor components, serious problems arise
when one utilizes general-purpose CFD tools, such as Ansys Flu-
ent, COMSOL, ANES, or OpenFOAM. Attempts at such simula-
tions [112,113,115,181-192] have shown that convergence and
reasonable accuracy are possible only for steady-state regimes at
moderate values of Ha and Gr. Accurate simulations of unsteady
high-Ha flows are either impossible or inefficient, since the low
efficiency and slow convergence of such tools typical in the case
of stiff problems inevitably leads to excessive computational
costs.

An interesting contribution to the question of applicability of
general-purpose codes is the recent code-comparison study [193].
The mixed convection flow in a vertical duct with horizontal heat-
ing and magnetic field and the mean velocity directed downward
was solved using the finite volume code HIMAG [194], COMSOL
Multiphysics, ANSYS Fluent, ANSYS CFX, and OpenFOAM. As
we discuss in Sec. 6.2, the flow is characterized by strong
convection-induced deformation of the streamwise velocity pro-
file and, in a broad range of parameters, including the parameters
considered in Ref. [193], a secondary instability leading to high-
amplitude temperature fluctuations. It has been found that all five
codes represent the deformation of the velocity profile reasonably
well. The predictions of the time-dependent flow behavior, how-
ever, vary greatly between the codes. Two of them — ANSYS Flu-
ent and ANSYS CFX - fail to detect the fluctuations altogether,
apparently due to the excessive numerical dissipation of their
second-order upwind schemes.

Development of accurate and effective numerical models for
high-Ha flows has recently been an area of active research (see
[195] for a review). The focus has been primarily on finite volume
and finite difference schemes with good conservative properties
[196-202]. In addition to the mass, momentum, and energy balan-
ces, the conservation of electric charges (exact reproduction of the
zero divergence of electric currents (8)) has to be fulfilled by the
discretized solution.

As an example of this approach, we mention the family of finite
volume (with finite difference versions on structured grids)
schemes originating in Refs. [196,197]. In these two works, the
principles of conservative discretization based on interpolation of
velocity to staggered velocity fluxes [203] were extended to solu-
tion of the potential Eq. (8) and calculation of electric currents (7)
and Lorentz forces (6). Further developments of the method
included its extensions to various discretization approaches (e.g.,
simulations on staggered and unstructured grids) and adaptations
to various physical effects, such as heat transfer and thermal con-
vection or walls of finite electric conductivity [40,93,199,
200,202,204-206]. The method has been validated in comparison
with experimental data (see, e.g., [40,195]) and has shown accu-
racy and efficiency in simulations of high-Ha flows, including
flows with strong instabilities and unsteady behavior (see, e.g.,
[40,41,53,68,79,93,107,205,207,208]).

Another problem appears in numerical analysis of turbulent
MHD flows at moderately high Ha. The modification of velocity
field described in Sec. 4.1 (suppression of turbulence intensity and
development of anisotropy), if it is sufficiently strong, implies that
commonly used LES and RANS models become inaccurate. The
models have to be adjusted to account for the effect of the mag-
netic field.

The question of accurate LES modeling has been actively
researched and to a large degree answered in recent studies, such
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as [73,77,86,209-213]. It has been found that the key to accuracy
is the model’s ability to adjust to the local anisotropy-related sup-
pression of energy transfer to small length scales and to the drop
of subgrid-scale dissipation. The dynamic Smagorinsky and
coherent structure models have shown good results [73,77,
86,209-213]. An interesting and promising approach was taken in
Ref. [214], where it was shown that the proper value of the con-
stant of the Smagorinsky model strongly correlates with a measure
of local anisotropy.

Adjusting RANS models to the MHD flow transformation has
also been attempted with a good degree of success. We will men-
tion the models based on the local anisotropy coefficient
[215,216] and the more complex models [217-220].

6 Mixed Convection in Channels With Strong
Imposed Magnetic Field

This section presents the central topic of the review, namely,
that of mixed convection in channels under the simultaneous
action of strong heating and magnetic field (high values of Gr and
Ha). The topic is directly relevant to the design of liquid metal
blankets for nuclear fusion reactors introduced in Sec. 1. Interest-
ingly, the effect of thermal convection was largely ignored during
the long (about two decades) first period of work on blanket
design (see [161] for a review). It was assumed that velocity fluc-
tuations at such high Ha would be fully suppressed by the mag-
netic field and the flow would be laminar, steady-state, and with
passive heat transfer (see, e.g., [149]). Much effort was given to
finding a way to raise the heat transfer rate above its laminar flow
value by, e.g., reaching very high values of Re (~10°) or using
turbulence promoters. The first experimental indications that noni-
sothermal flows may avoid full laminarization even in very strong
magnetic fields [166,221,222] were argued to be results of experi-
mental imperfections, flow structures developing at the entrance
into the magnetic field, or other such secondary effects, rather
than the thermal convection.

It is now clear that thermal convection plays an important, often
even critical role by completely changing the flow’s internal
structure and causing high-amplitude fluctuations of velocity and
temperature in systems with strong magnetic field effects. Experi-
mental and computational results proving this statement are pre-
sented below in this section.

The mechanisms and outcomes of the interaction between the
liquid metal flow, convection, and magnetic field strongly depend
on the orientation of the channel with respect to gravity, the direc-
tion of the mean flow, the orientation of the magnetic field, and
the arrangement of applied heating. Accordingly, the discussion is
structured by principal configurations: horizontal, vertical, and
inclined channels with a transverse magnetic field presented in,
respectively, Secs. 6.1, 6.2, and 6.4, and flows with a longitudinal
magnetic field presented in Sec. 6.3. Various versions of the cross-
sectional geometry, such as rectangular ducts and round pipes, are
discussed in parallel, since the differences between them are typi-
cally limited to quantitative albeit significant aspects. The key
physical mechanisms are usually the same in all such channels.

The flow behavior is expected to be also affected by the electric
and thermal conductivities of the walls. The majority of available
data are for systems, in which the walls are either assumed to be
perfectly insulating (in computational studies) or can be approxi-
mately considered as such (in experiments). The results reviewed
in this section are for such systems, with a few exceptions clearly
indicated in the text. A more detailed discussion of the effects of
wall conductivity is provided in Sec. 7.1.

Following the terminology recently proposed in Ref. [223], the
high-amplitude low-frequency fluctuations of velocity and tem-
perature that appear in flows with strong convection and magnetic
field effects (high values of Gr and Ha) are called magnetoconvec-
tive fluctuations (MCFs) in the following discussion.

The presentation of the results largely follows the conventional
ways established in the reviewed literature on the subject. In
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particular, experimental temperature measurement data are shown
in dimensional units. The results of numerical simulations are pre-
sented in the nondimensional form, except where direct compari-
son between simulations and experiments is made. In every case,
the information necessary for conversion between dimensional
and nondimensional units can be found in the cited literature.

6.1 Horizontal Channels. Horizontal or nearly horizontal
channels are elements of many concepts of the cooling systems of
a fusion reactor including both blanket (see Figs. 1(b), 1(e), and
1(f)) and divertor. Also they appear in blanket modules located in
the top and bottom portions of the blanket (see Fig. 1(a)). Among
the possible configurations, we will focus on the one with imposed
heat flux from the bottom (see Fig. 1(g)-6 for the round pipe ver-
sion) and the main component of the magnetic field in the trans-
verse horizontal direction. This configuration is directly relevant
to the design of upper divertor [224] and top blanket modules. It
is also the most thoroughly studied and interesting from the histor-
ical perspective as the first configuration in which the effect of
MCFs was described and explained. To demonstrate the diversity
of possible flow regimes, we will also present examples of flows
with other heating schemes at the end of this section.

Mixed convection in pipes and ducts with heating from below
and transverse magnetic field was studied in experiments
[225-228] and numerical simulations and linear stability analyses
[40,41,228-230]. We will illustrate the typical behavior observed
at moderately large Re-and large Gr by the results obtained for a
pipe flow. Experiments such as [227,228] and numerical analysis
[41,228,230] demonstrate that the behavior and the physical
mechanisms presented below are also found in horizontal ducts of
square and rectangular cross section.

The effect of a magnetic field on the flow’s behavior is illus-
trated by the single-point temperature signals in Fig. 7 and the vis-
ualizations of the same flow regimes in Fig. 8. A turbulent flow
with a clearly visible mean-field structure in the form of two axial
rolls (see the scheme in Fig. 5(a)) is found at Ha =0 (see
Figs. 7(a) and 8(a)). The same flow structure with reduced
turbulent fluctuations remains under a weak magnetic field (see
Figs. 7(b) and 8(b) for Ha = 50). A moderate magnetic field sup-
presses the turbulence (see Figs. 7(c) and 8(c¢) for Ha = 100). The
flow becomes laminar and steady soon after entering the magnetic
field zone and remains such until its exit from this zone. Axial
convective rolls still exist in the heated segment.

The flow’s behavior changes spectacularly at higher Ha (see
Figs. 7(d), 7(e) and 8(d), 8(e)). Temperature fluctuations reappear,
but in a form clearly different from that in a turbulent flow. They
have an order-of-magnitude larger amplitude and a quasi-regular
pattern with dominating low frequencies. The flow structure in
Figs. 8(d) and 8(e) shows that the streamwise convection rolls are
replaced by transverse rolls, illustrated schematically in Fig. 5(b).

Temperature signals similar to those in Figs. 7(d) and 7(e)
observed in the experiments [225,226] were the first examples of
high-amplitude low-frequency fluctuations appearing in magneto-
convection at high Ha. Named “anomalous fluctuations” at that
time, they are now viewed as one of many manifestations of the
phenomenon of MCFs.

The physical mechanism causing MCFs in horizontal unstably
stratified channels was hypothesized in Refs. [225,226] and later
revealed in the linear stability analysis [40,41,230] and direct
numerical simulations [40,41,228,229]. Remarkably good quanti-
tative agreement between the predictions of the typical amplitude,
frequency, and pattern of the temperature signal and the experi-
mental data was found (a similar agreement can be seen if we
compare the red and black curves in Fig. 7).

The mechanism can be explained by the effect of magnetic
damping caused by the Joule dissipation of the electric currents
induced by the flow moving in a magnetic field (see Sec. 4.1). At
a sufficiently strong magnetic field the dissipation suppresses the
turbulence, so the flow becomes laminar. At an even stronger
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field, the dissipation changes the balance between the two types of
convection modes shown in Fig. 5. The streamwise rolls of Fig.
5(a), which dominate a nonmagnetic flow or a flow with moderate
magnetic field (see Figs. 8(a)—8(c)), experience strong damping
because the velocity field of such rolls has significant gradients
along the magnetic field lines. The growth of this mode is sup-
pressed, and the instability threshold is shifted to a higher Gr. At a
sufficiently large Ha, the effect becomes so strong that the first
instability occurs in the form of growth of the transverse rolls
shown in Fig. 5(b), which have much weaker gradients along the
magnetic field lines and thus are much less susceptible to suppres-
sion by the Joule dissipation. The growth of this instability mode

leads to nonlinear saturation in the form of Q2D rolls (see Figs.
8(d) and 8(e)), which implies alternating zones of upward and
downward flows and, respectively, higher and lower temperature.
Transport of the rolls by the streamwise flow generates the anoma-
lous (magnetoconvective) fluctuations of temperature at a given
location detected in experiments and simulations (see Figs. 7(d)
and 7(e)).

Linear stability studies and direct numerical simulations of the
flow have shown that in addition to this universally valid general
scenario, there are other features of MCFs related to specific con-
figurations and parameter values. In particular, simulations [41]
show that in a broad range of parameters the convection instability
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Fig. 7 Time signals and power spectra of temperature fluctuations in a horizontal pipe heated from the bottom
and affected by a transverse horizontal magnetic field (see the diagram at the top) at Re = 10*, Gr=8.5 - 107, and
Ha = 0, 50, 100, 300, 700, and 1000. Measured and simulated centered signals of temperature at the point indi-
cated by a cross in the diagram and located at the axial distance of 37 pipe diameters from the beginning of the
heated portion are shown. The same scales and axis limits are used in all cases for better comparison.
The spectrum values smaller than 10~ are below the measurement sensitivity level and, therefore, not shown.
The numerical data are recalculated into the dimensional units of the experiment and shifted by 5 degrees for
better visibility. Unpublished experiments and three-dimensional simulations of the entire experimental test
sections performed by the authors of this review using the techniques described, respectively, in Refs. [227]
and [40] are shown. See Figure 8 for visualizations of the simulated flow fields.
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Fig. 8 Liquid metal flow in a horizontal pipe (numerical simulations performed by the authors of this review using the tech-
nique are described in Ref. [40]). The entire test section of the experiment with true distributions of the main component of
the magnetic field and bottom heating as shown at the top of the left-hand side panel is modeled. The flow arrangements and
parameters are as in Fig. 7. Left-hand side panel: instantaneous distributions of nondimensional vertical velocity in the hori-
zontal cross section along the pipe’s axis. Note that the axial and radial coordinates, which are nondimensionalized using the
pipe’s diameter, are plotted with strongly different scales. Right-hand side panel: Isosurfaces of vertical velocity and tempera-

ture in the segment between 27 and 37 pipe’s diameters measured from the beginning of the heated portion.

results in a combination of streamwise and transverse rolls. The
domain of existence of this regime (the high-Gr regime in the ter-
minology of [41]) at a given Re has been determined as the range
of the parameter Gr/Ha’ exceeding a threshold value by about
several hundreds.

Another effect anticipated in flows with large Gr is that of
reduced or even reversed streamwise velocity in the upper part of
the channel caused by the buoyancy forces associated with the
growth of the mean-mixed temperature. As we discuss in Sec. 3.2,
this may lead to stable stratification in the upper part of the chan-
nel. The effect is poorly understood due to the difficulties in
reaching sufficiently high (10° and higher) values of Gr in experi-
ments and simulations, but it is plausible that the MCF instability
still occurs but the rolls are limited to the lower part of the chan-
nel, have shorter wavelength, and manifest themselves as temper-
ature oscillations of higher typical frequencies.

The instability is influenced by inlet conditions: the amplitude
and type of perturbations and the formation of an M-shaped pro-
file of streamwise velocity at the entrance into the magnetic field
[228,229]. It must be stressed that the inlet conditions affect only
the inception stage of the instability. The Q2D rolls and MCFs are
features of a fully developed flow. This is confirmed by the linear
stability analysis of streamwise-homogeneous flow [40,41,230],
where the parametric range of the instability as well as the shape
and typical wavelength of the unstable perturbations are found to
be in quantitative agreement with the experimental data. Further-
more, numerical simulations [40,41,228,229] and experiments
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[227,228] show that once formed, Q2D rolls occupy, without
much change of their properties, the entire remaining length of the
segment of the channel, where heating and magnetic field are
applied.
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Fig. 9 Maximum standard deviation of nondimensional tem-
perature fluctuations measured in the pipe cross section at the
distance x/d =37 from the beginning of the heated section at
Re =10000. The flow configuration is as in Figs. 7 and 8.
Unpublished results of experiments performed by authors of
this review using the technique are described in Ref. [227].
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The parametric range of existence of the MCF regime is poorly
known. The experiments and numerical simulations show that the
range is substantial but do not provide sufficient information on
its boundaries.

The critical question is if MCFs exist at high values of Gr and
Ha, namely, at Gr ~ 10° — 10'2, Ha ~ 10* typical for compo-
nents of a fusion reactor. The question cannot be answered
directly since neither experiments nor 3D simulations are cur-
rently possible at such parameters. We see in Figs. 7(e) and 8(f)
that at Re = 10*, Gr = 8.5 x 107, and Ha = 1000, MCFs are sub-
stantially suppressed in the experiment and fully in DNS (we
attribute the difference to the difficulty of accurate simulations at
such high Ha). Further information is provided in Fig. 9, which
shows the nondimensionalized standard deviation ot of the tem-
perature fluctuation measured as in Fig. 7. We see that the inter-
vals of Ha in which MCFs are observed (the intervals of large ot
at Ha > 100) become broader at larger Gr. This indicates the pos-
sibility that MCFs exist at very high Gr and Ha. One can also
hypothesize that the region of existence is likely to be larger in
ducts than in the pipes primarily studied so far, since ducts are
less restrictive for the Q2D flow states expected at high Ha.

The boundaries at low Gr and Ha are accessible in experiments
and simulations but are still largely unexplored. Preliminary con-
clusions can be drawn from the numerical simulations of pipe
flows [229]. In agreement with experiments and general physical
arguments, the simulations show that MCFs appear only when the
effect of natural convection is significant and the magnetic field is
strong enough to suppress turbulence. For the pipe, the conditions
are approximately quantified as the requirements that, respec-
tively, Ri > 0.1 and N > 1.

We will now briefly review the results obtained for other heat-
ing arrangements. Only few studies are known to the authors: the
experiments [231,232] in pipes with variously heated walls and
numerical simulations [42] of a flow in a duct with one sidewall
heated. A horizontal transverse magnetic field was imposed in all
these studies. No MCFs were found. This can be viewed as an
indication of a rather evident statement that the physical mecha-
nism described above becomes less powerful in the absence of
strong unstable stratification produced by bottom heating. One
should not, however, consider this as a proof due to the scarcity of
data and because the possibility of an MCFs-producing instability
in other heating configurations cannot be excluded on the basis of
physical arguments.

An example of a typical flow transformation in a homogene-
ously heated pipe under a transverse magnetic field is presented in
Fig. 10. In the absence of a magnetic field (Ha = 0), a pair of con-
vection rolls create the downward flow in the vertical central
plane, distorting the mean temperature field and shifting the zone
of lower temperature downward. The applied transverse magnetic

Fig. 10 Results of experiments [231] for the flow in a pipe with
uniform heating of the walls (the configuration of Fig. 1(g)-1)
and transverse horizontal magnetic field. Time-averaged tem-
perature fields in a cross section located at the downstream
portion of the test section are shown for Re=10%
Gr=7.6-10", Ha=0, 100, 300 (left to right). Image copyright of
the Begell House Inc. Reproduced with permission.
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field suppresses both turbulent fluctuations and axial rolls. At
Ha = 300, the mean temperature distribution approaches that of a
laminar flow. No fluctuations are registered in the temperature sig-
nals at Ha = 200 (not shown) and Ha = 300.

Interesting results were obtained in numerical simulations of
fully developed flows in a square duct with one sidewall heated so
that the imposed heat flux was parallel to the imposed magnetic
field [42]. Flows with Re = 10,000, Gr < 1.6 x 10'°, and Ha <
1600 were considered. It has been found that with exception of
the cases with Gr = 1.6 x 10'® and low Ha, the flow is two-
dimensional.? Suppression of turbulence and absence of the MCF
instability result in a state of the flow that is not just laminar and
steady-state, but also uniform in the streamwise direction. At high
Gr and Ha, the flow demonstrates prominent features: strong jets
near the heated and both horizontal walls and deformation of the
streamwise velocity profile u,(z).

The first of these features is typical for natural convection flows
subjected to strong horizontal magnetic fields (see, e.g., [201]).
The suppression of velocity gradients along the magnetic field
lines leads to convection circulations dominated by strong near-
wall jets. The second feature is, as we discussed in Sec. 2, the
result of the buoyancy force associated with the mean-mixed tem-
perature growing in the streamwise direction. Due to the strong
magnetic field, u, is nearly uniform in the y-direction (see
Fig. 11(d)), with very thin Hartmann boundary layers (invisible to
the eye) forming at the vertical walls. In summary, the buoyancy
together with the magnetic field provides a stably stratified, uni-
form in x and nearly-uniform in y-directions flow with an acceler-
ated cold near-bottom stream.

6.2 Vertical channels. Vertical channels, typically ducts, are
a common feature of many concepts of liquid metal blankets of
fusion reactors [5,21,233]. Such channels are of special interest,
since they appear in the modules located in the blanket’s equato-
rial area (see Fig. 1(a)), i.e., exactly where liquid metal blanket
concepts will be tested in the ITER experiment [6].

In such modules, a liquid metal will circulate through a network
of vertical ducts with upward and downward flows. Due to the
geometry of a tokamak reactor, the ducts are inevitably arranged
so that the horizontal heat flux created by volumetric and wall
heating is perpendicular to the main (horizontal, toroidal) compo-
nent of the magnetic field (see Fig. 1(a)). Various models repre-
senting this configuration (see Fig. 1(h)) have been at the focus of
thermo- and hydrodynamic research and, therefore, are primarily
discussed in this section.

Two interrelated effects of thermal convection already intro-
duced in Sec. 3.2 are essential for understanding the physics of
flows in vertical channels. One is the temperature stratification
caused by the growth of mean-mixed temperature 7, in the
streamwise direction: stable in upward flows and unstable in
downward flows. Another is the deformation of the streamwise
velocity profile, often leading to the formation of inflection points
and zones of reversed flow (see Fig. 4). We will see shortly that
the role of these effects increases dramatically when turbulence is
suppressed by the magnetic field.

We will start with the configuration of downward mean flow
with asymmetric heating (see Figs. 1(a)-1, 1(h)-3), in which the
most spectacular phenomena have been observed. This configura-
tion is also most thoroughly studied, with a large body of data
being provided by the experiments [177,223,234-238] performed
at strong magnetic fields (Ha up to 1500). MCFs are detected in a
wide range of Re, Gr, and Ha. Their properties and range of exis-
tence vary with the channel’s geometry and heating arrangements,
but the phenomenon itself is quite robust. In particular, MCFs are
observed in pipes [177,234] and rectangular ducts [235,237]. The
amplitude of temperature fluctuations can be remarkably high,

>We emphasize that two-dimensionality is understood here and throughout the
review as the independence of all three velocity components from one coordinate, in
this case, from x.
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Fig. 11 Results of numerical simulations [421 for the flow in a square duct with horizontal magnetic field and heating applied

to the right sidewall at Re=10* Gr=1.6-10

% Ha = 1600 (parameters are recalculated according to the definitions used in

this review). The flow is laminar, steady-state, and streamwise-uniform at these parameters (see text). From left to right:
streamlines of transverse circulation, and distributions of the amplitude of transverse velocity u;, temperature ¢ in excess of
the mean-mixed value, and streamwise velocity u,. Image copyright of the American Institute of Physics (2014). Reproduced

with permission.

much higher than in other configurations. As an example, ampli-
tudes as high as 50'C are found at a moderate applied heating
load (~50kW/m?) in the experiments [223,234,235,237].

As an illustration, Fig. 12

the fluctuations of temperature in a downward flow in a pipe with

half of the wall heated [234]. The Reynolds and Grashof numbers
are fixed (Re =2 x 10* and Gr = 6 x 107), while the Hartmann
number varies to illustrate the effect of the magnetic field. At

shows signals and power spectra of Ha = 0 and Ha = 150, the fluctuations are typical for turbulent

flows — the spectra are smooth without a dominating frequency.
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Fig. 12 Signals and power spectra of temperature fluctuations in the downward flow in a vertical pipe with half
of the wall heated (see the diagram at the top) [234]. The centered signals recorded at the point of the cross sec-
tion indicated by the cross in the diagram and at the axial location 37 pipe diameters downstream from the
beginning of the heated section are shown for Re =2 - 10% and Gr = 6 - 107 and various values of Ha.
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MCFs characterized by dominance of low frequencies are found
at higher Ha. The signal at Ha = 200 in Fig. 12(c) is a typical
“sawtooth,” also called a “tear-off/peak” signal, characterized by
very large amplitude and quasi-cyclic evolution consisting of long
periods of gradual increase of temperature inter-rupted by abrupt
drops. Smooth quasi-harmonic oscillations are found at Ha = 575
(see Fig. 12(e)). An example of a mixed-type signal combining
quasi-harmonic and sawtooth features is shown for Ha = 500 (see
Fig. 12(d)).

The physical mechanism causing MCFs has been demonstrated
in recent computational and theoretical studies [122,207,239].
Briefly, we observe an inflection point instability generating Q2D
vortices. In this sense, the phenomenon is analogous to the insta-
bilities found earlier in isothermal MHD flows with M-shaped
velocity profiles, which appear, e.g., in ducts with nonuniform
electrical conductivity of walls or nonuniform magnetic fields
[84,85,120,240-242]. The formation of the inflection points in our
case is, however, caused by a completely different effect — ther-
mal convection.

The validity of this explanation is confirmed by the general
consistency between numerical and experimental results and by
good qualitative agreement in one case for which direct compari-
son was accomplished (see Fig. 13).

The mechanism has two main components. One is that the
unstable stratification and horizontal heat flux lead to growth of
long and strong ascending (near the heated wall) and descending
jets. In the asymptotic limit of an infinitely long channel, the jets
are not just long and strong, but exponentially growing
streamwise-uniform exact solutions of the Boussinesq equations —
the elevator modes [63-65], which we already mentioned in
Sec. 3.2.

The second component is the stabilizing effect of the magnetic
field. In systems with zero or weak effect of the magnetic field,
the jets, with their thin shear layers and inflection points, are prone
to secondary instabilities and typically disintegrate into turbulence
before growing to significant amplitudes. The situation is changed
by a strong magnetic field. Firstly, the transverse field modifies
the jets by flattening their profiles and forming MHD boundary
layers. Secondly and more importantly, the magnetic field sup-
presses three-dimensional fluctuations and stabilizes the jets, so
that they maintain their undisturbed structure and continue to
grow to very large velocity amplitudes while retaining the inflec-
tions points and zones of strong shear [65]. Eventually, the jets
become unstable to Q2D perturbations, which can grow in a
strong magnetic field since their velocity fields are nearly uniform
along the field lines in the bulk of the channel (see Sec. 4).

The transient nature of the jets is a critical element of the insta-
bility at high Gr. This is illustrated by the linear stability analysis
of flows in infinitely long channels. The steady-state streamwise-
uniform solutions always exist but become unphysical (consisting
of multiple ascending/descending pairs) at Gr higher than approxi-
mately 108 [65,239]. On the contrary, transient solutions retain
physically plausible form and lead to the secondary instability,
consistent with experimental data at all the values of Gr tested so
far.

The entire instability scenario described above has been demon-
strated computationally for three configurations: a flow in a pipe
segment reproducing the test section of the experiment [207,234],
a duct flow simulated in the 2D asymptotic limit corresponding to
Ha > 1, N> 1 [239], and another 2D duct flow at much higher
values of Ha and Gr [122].

As an example, Fig. 14 shows the results of the 3D DNS of the
pipe flow [207]. Three consecutive snapshots illustrate the typical
evolution of the pattern developing as a result of the instability.
We see segments of ascending and descending jets growing for a
long time and thus extending for a long distance along the pipe.
Once their amplitude and thus the strength of the inflection points
become high, the stability is lost and a local Q2D vortex is gener-
ated. Strong mixing in the vortex area destroys the jets and ini-
tiates the new process of their growth. The downward transport of
the entire pattern by the mean flow produces the saw-tooth signal
of temperature shown in Figs. 12 and 13. In this signal, periods of
gradual increase of temperature correspond to the stages of grow-
ing jets, while abrupt drops manifest arrivals of well-mixed vortex
zones.

The spatio-temporal flow behavior presented in Figs. 13 and 14
is not the only possible realization of the MCF instability. Flow
regimes characterized by different patterns and typical frequencies
and amplitudes of the temperature signal are possible. As exam-
ples, we mention the quasi-harmonic temperature fluctuations of
higher frequency and lower amplitude detected in experiments
and computations (such as shown in Fig. 12 for Ha = 550)
[122,177,207,223,234-238]. Numerical simulations, in particular
[122], demonstrate that different types of signals correspond to
different spatial forms and characteristics of unstable
perturbations.

The map of possible instabilities and underlying physical mech-
anisms remains poorly known. The available data show that the
specific scenario of flow evolution and the spatio-temporal struc-
ture of MCFs are determined by the channel’s geometry, configu-
ration of heating, and values of all three independent governing
parameters, Gr, Re, and Ha. It is, however, plausible to assume
that the principal mechanism of the instability outlined above is
universally valid.

The boundaries of existence of MCFs in the parameter space is
an important and not yet fully answered question. Before present-
ing the data, we will discuss the anticipated impact of each inde-
pendent parameter on the instability mechanism.

Gr is the key parameter determining the buoyancy forces and
thus the strength of the instability. Increase of Gr causes faster
growth of the ascending/descending jets and development of the
inflection points. This results in shorter distances between the sec-
ondary vortices and provides fluctuations of higher typical fre-
quency and amplitude.

The influence of Re-and Pe has two main aspects. Evidently,
this parameter determines the suppression of instability by viscous
friction and conduction. Since values of Re-are typically large,
this effect is expected to be weak. The other more important effect
is that larger Re means weaker unstable stratification along the
channel. The growth of jets is slower, and the instability either
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Fig. 13 Comparison between experimental [234] and numerical [207] results for a downward flow in a vertical
pipe (see the diagram on the left). Signals and power spectra of temperature fluctuations measured at the center
of the pipe 37 diameters downstream from the beginning of the heated section are shown for

Re =10* Gr=6x10", Ha = 300.
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does not occur at all or leads to weaker fluctuations with lower
frequency. This effect is usually taken into account by describing
the results in terms of the Richardson number Ri = GrRe™? in
lieu of Gr.

The role of Ha is also complex. On the one hand, a certain
strength of magnetic damping is required to suppress turbulence,
which is a necessary condition of MCFs. This is usually identified
as a critical value of the Stuart number N = Ha®/Re or the
Hartmann-length based Reynolds number Rh = Re/Ha, although
in our case the role of Re as a measure of the strength of inertia is
debatable. On the other hand, when turbulence is suppressed and
Q2D MCFs appear, higher Ha implies stronger damping of these
structures by friction in the Hartmann boundary layers.

Some information on the domain of existence of MCFs is
provided by experiments and simulations [122,177,207,223,
234-239]. A more detailed picture available for the pipe flow
from the experiments [223] and for a flow in a square duct from
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the 2D simulations [122] is summarized in Fig. 15. It allows us to
identify the following limits of the MCFs’ existence domain.

There is the limit Ri ~ 0.08, below which no MCFs can appear
in the pipe flow. The reason for that was revealed in the simula-
tions [207] conducted at Ri = 0.049 (see the left plot of Fig. 16).
The buoyancy forces are weak, so the jets never become suffi-
ciently strong to trigger the instability. It must be mentioned that
the specific value of this threshold depends on the length of the
channel’s segment with active heating and magnetic field. The
data in Fig. 15 are for a fairly long segment (more than 40 pipe
diameters). A longer segment would allow the jets to grow over a
larger distance and possibly cause instability at lower Ri. An
opposite effect is anticipated in a shorter segment.

There is also the limit of a weak magnetic field. The right plot
in Fig. 16 illustrates the state of the flow when the magnetic field
is not strong enough to suppress turbulence. Coherent ascending/
descending jets do not form, so the inflection point instability
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Fig. 14 Results of simulations [207] of downward flow in a pipe with a half of the wall heated
(see the diagram at the top) at Re = 10*, Gr = 6x107, and Ha = 300. (a)—(c) Snapshots of distribu-
tions of streamwise velocity u, and temperature 0 in the vertical plane indicated by the dashed
line in the diagram are shown for three consecutive time moments taken with the step of 7.5
nondimensional time units. Note, that positive u, correspond to the downward direction and
that the coordinates x and z are plotted with different scales. Distributions of the main compo-
nent of the magnetic field and wall heating rate used in the simulations are shown on the left.
(d) A part of the fields in (b) plotted with equal x and z scales. (€) A schematic illustration of the
instability mechanism. Plots (a)—(d)—Image copyright of the Elsevier (2016). Reproduced with

permission. Plot (e)—courtesy of Yu. Kolesnikov.
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Fig. 15 Domain of existence of MCFs in downward flows in vertical channels with asymmetric heat-
ing. (a) Experimental data of [223] for the flow in a pipe with a half of the wall heated and the magnetic
field perpendicular to the imposed heat flux. The maximum value of the standard deviation of tempera-

ture in a pipe’s cross section is shown in the (Rh™,

Ri) plane. Approximate boundaries of the domain

of existence of MCFs are indicated. (b) Data of 2D (in the asymptotic model valid at Ha > 1, N > 1)
simulations of [122]. Computed flow states with (unstable) and without (stable) MCFs are shown.
Parameters are recalculated according to the definitions used in this review.

does not occur. The data of [223] suggest two possible definitions
of this limit, both consistent with the understanding of how turbu-
lence is suppressed by the magnetic field. One is that N must be
larger than approximately 1.5. Another is that Ha is larger than
0.005Re + 50 (see Fig. 15(a)). Apart from the additive term, the
latter expression is consistent with the well-established range of
laminar-turbulent transition 200 < RiZ < 400 in isothermal duct
and pipe flows with strong transverse magnetic fields [22]. The
lower boundary of this range Rh ~ 200 is recovered in Ref. [223]
because of the deformation of the velocity profile and strong per-
turbations introduced by thermal convection effects.

We note that the low-end limits were not detected in the simula-
tions of the duct flow shown in Fig. 15(b). The limit of a weak
magnetic field could not appear because the asymptotic 2D model

-20)
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presumes a very strong magnetic field effect. The limit at low Ri
was not identified because no simulations were made in the range
of small Rh (Rh < 0.01) where this limit could be found.

There is also a boundary of the MCF existence domain at strong
magnetic fields, although the situation is less clear. The pipe flow
experiments [223] show that at moderate Ri the limit is defined as
Gr = 6HaRe or Ri = 6/Rh (see Fig. 15(a)). This is consistent
with the results of the duct flow simulations [122], which show a
similar limit at Gr = 16HaRe (see Fig. 15(b)). The difference
between the slopes can be plausibly attributed to different geome-
tries of the two systems. There is another significant difference in
the behavior at large Ri. The pipe flow shows a cutoff at
Rh ~ 12.5. No such cutoff is found for the duct flow. The differ-
ence can be attributed to the difference between the two
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Fig. 16 Results of simulations [207] of downward flow in a pipe with half of the wall heated
plotted as in Fig. 14. Snapshots of distributions of axial velocity u, and temperature 0 are shown
for two combinations of parameters at which MCFs do not appear. (a) Re=35,000,

Gr=6-10", Ha=300. MCFs do not

appear

because Ri=0.049 is too small.

(b)

Re =12,000, Gr =6 - 107, Ha = 80. MCFs do not appear because Ha is too small. Image copyright
of the Elsevier (2016). Reproduced with permission.
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geometries. No truly Q2D structures can form in a pipe. There are
3D features of the velocity field that are susceptible to strong mag-
netic damping even at very high Ha [28,34].

A major remaining question is whether MCFs exist at the val-
ues of Gr and Ha typical for a fusion reactor blanket, i.e., the val-
ues much larger than those achieved in experiments and shown in
Fig. 15. No definitive answer can be given at this moment, but the
absence of the constant-Rh cutoff in the 2D simulations of the
duct flow performed in the asymptotic limit Ha > 1, N > 1
model indicates a positive answer. We note that the parametric
range Rh < 1 and Ri < 100 explored in Ref. [122] is much larger
than in other studies of the downward flow. While still below the
range typical for a blanket, it gives us a basis for a more reliable
extrapolation.

Recent experiments [243] indicate an intriguing possibility of
intermittent behavior in the vicinity of both upper (less common)
and lower (more common) limits of existence of MCFs. Abrupt
fluctuations of extremely large amplitude occur every few tens of
minutes in an otherwise steady-state flow regime. Such a behavior
is difficult to detect and study experimentally or numerically. At
the same time, it can create significant risks in fusion reactor
applications.

The upward mean flow was studied in experiments
[238,244,245] and computations [118,246-249]. It has been con-
firmed that the principal instability mechanism is similar to that in
the downward flows. Transformation of the streamwise velocity
profile by buoyancy forces generates inflection points (see Figs.
4(c) and 4(d) for a schematic illustration). This leads to instability
in the form of Q2D vortical structures and high-amplitude low-
frequency MCFs (see Fig. 17). At the same time, there are evident
differences. Since the stratification by the mean-mixed tempera-
ture is stable, no elevator modes and no reversed flow zones may
appear in the upward flow. The shear is weaker and inflection
points form in a smaller range of parameters. This implies a
smaller range of existence and a smaller amplitude of MCFs.

Fig. 17 Snapshots of vorticity distributions in the upward flow
in a vertical square duct with asymmetric internal heating [118].
Flows at Re=10* Gr=1.6-10° and Ha=50 (a), Ha=120 (b),
Ha =200 (¢), and Ha = 240 (d) are shown (Parameters are recal-
culated according to the definitions used in this review). Image
copyright of the American Institute of Physics (2013). Repro-
duced with permission.
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There are other, subtler differences. For example, 2D simulations
[118] show a second instability mode in flows with high Re — the
boundary-layer instability near the hotter wall.

An important consequence of this MCF instability is that the
secondary flow structures cause additional mixing and strong heat
transfer. This occurs at high Ha, at which mixing and heat transfer
would be reduced to nearly laminar levels in flows without con-
vection. As an illustration of this effect, Fig. 18 shows the depend-
ence of Nu and the nondimensional standard deviation of
temperature fluctuations on Ha at fixed Gr and different values of
Re. Experimental data for downward [237] and upward [238]
flows in a duct with one wall heated are shown. The Nusselt num-
ber is normalized by its value obtained without the magnetic field
and shows two different types of behavior in the downward flow.
At high Ri and low Re (approximately Ri> 0.25,
Re < 15 x 103), the heat transfer rate at Ha > 100 tends to its
turbulent value (solid lines), while the laminar value is
approached at low Ri and high Re (dashed lines). Thus, the joint
action of magnetic and buoyancy forces leads to a counterintuitive
result — quasi-laminar heat transfer at higher Reynolds numbers
and quasi-turbulent at lower ones. The conclusion is supported by
the curves of the standard deviation of the fluctuations.

In the upward flow (lower panels of Fig. 18), the dependence of
the heat transfer on the magnetic field is weak at any flow rate,
while the temperature fluctuations indicate the suppression of the
turbulence.

An interesting question is that of the effect of the symmetry of
applied heating on MCFs. In addition to the strongly asymmetric
heating considered so far, symmetric or mildly asymmetric heat-
ing can be realized in experiments by positioning heating ele-
ments on the opposite sides of a duct or even on the entire wall of
a pipe or a duct, uniformly or nonuniformly. The experimental
studies, such as [177,223,234,235,237], show that MCFs appear in
such configurations, although their amplitude and the range of
existence in the parameter space become smaller as the heating
becomes more symmetric. The pattern of MCF signals also
changes. For example, a nearly harmonic temperature signal quite
unlike the signals in Fig. 13 is found in the downward flow in a
duct with symmetric wall heating [237,250].

As another example of an interesting result, Fig. 19 shows the
data of the experimental study of the downward flow in a pipe
with uniform heating of the walls [177]. Areas of two distinct
types of MCF characterized by different distributions of a time-
averaged amplitude of temperature fluctuations are clearly visible.

We complete this section by a few summarizing remarks.
MCFs appear in a broad range of parameters in all configurations
of vertical channels studied so far. It is not proven but is plausible
and even likely that they exist at the parameters typical for a
fusion reactor blanket. A particularly dangerous situation is antici-
pated in channels with downward mean flow, in which the ampli-
tude of temperature fluctuations can be spectacularly high.

6.3 Longitudinal magnetic field. A channel with longitudi-
nal (directed along the axis) magnetic field is a key element of the
concept of a fusion reactor blanket with toroidal ducts (see
Fig. 1(b)). It is also a fascinating system, in which common hydro-
dynamic mechanisms are profoundly changed, thermal convection
may play an exceptionally strong role, and 2D turbulence is a real-
istic possibility rather than an abstraction.

The first experimental studies of such flows date back to the
1950s and 1960s. The main focus was on the instability of laminar
states and the transition to turbulence [251-254] and the effect of
a magnetic field on properties of turbulence (flow resistance,
mean velocity profile, statistical moments of fluctuations) and
heat transfer [255-262]. The main aspects of the magnetic field
effect were identified at that time. In particular, it was understood
that the magnetic field does not interact with the streamwise mean
flow, so there is no MHD pressure drop. The field interacts with
velocity fluctuations, directly suppressing longitudinal velocity
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Fig. 18 The normalized local (in the mid-dle of heated side) Nusselt number (a,c) and r.m.s. of tem-
perature fluctuations (b,d) versus Ha for flows in a vertical duct with one side heated and a trans-
verse magnetic field at a distance x/d = 40. Experimental results on downward flow (a,b) [237] and
upward flow (c,d) [238] are shown for: (1) Re=10-10% Ri=0.5; (2) Re=15-10% Ri=0.25; (3)
Re =20 -10%, Ri=0.12; (4) Re = 25 - 10%, Ri = 0.7. (Parameters are recalculated according to the def-
initions used in this review). Image copyright by Elsevier (2019, 2020). Reproduced with

permission.

gradients and indirectly affecting all the other turbulence proper-
ties. Turbulent fluctuations become more anisotropic than in
hydrodynamic channel flows. The ratios between typical longitu-
dinal and transverse length scales and between amplitudes of lon-
gitudinal and transverse velocity components increases with the
growing strength of the magnetic field effect (best expressed by
the value of N). It is predicted on the basis of theoretical argu-
ments and illustrated in numerical simulations [263-265] that
these changes are manifestations of the transformation of coherent
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Fig. 19 Domains of existence of two different types of MCFs in
the downward flow in a pipe with uniform wall heating [177].
Typical distributions of r.m.s. fluctuation amplitide (in "C) in the
pipe cross section are shown.
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structures, such as streaks and vortices, which become stabilized
and elongated along the magnetic field lines.

An interesting and practically consequential aspect of the effect
of a longitudinal magnetic field is the possibility of a purely 2D
state of the flow. In theory, such a state is possible when the mag-
netic field is strong enough to fully suppress velocity gradients
along its lines (which requires Ha > 1 and N > 1). If the flow-
driving parameter, e.g., Re, is large, 2D turbulence may appear.
Practically, pure two-dimensionality requires that there are no
walls crossing the field lines. This is possible in theoretical mod-
els, such as periodic boxes [72] or channels with spanwise or
streamwise periodic conditions [86,265], but not in laboratory or
technological realizations of straight channel flows. The only
practically feasible configuration permitting such purely 2D states
is a toroidal duct with a perfectly toroidal magnetic field created
by an axial current. This configuration was recently used to study
the transition between 3D and 2D flows in a Taylor-Couette
arrangement [79]. It was confirmed that purely 2D turbulence is
possible in this system, although its realization in laboratory con-
ditions would require very large axial currents so it would inevita-
bly involve effects of nonuniform temperature and imperfect
magnetic field.

The configuration of a channel with a longitudinal magnetic
field is a central element of the concept of a liquid metal blanket
with toroidal ducts [266,267]. The concept was born as an early
attempt to solve the problem of the huge MHD pressure drop that
appears when a liquid metal is pumped trough a channel with a
strong transverse magnetic field and electrically conducting walls
[5,34]. Orienting the ducts along the main (toroidal) component of
the magnetic field seems to be a good solution to avoid this prob-
lem. One can use steel alloys for internal walls and pump the lig-
uid metal with very large flow rates (Re ~ 10°), so the desired
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rate of heat transfer can be achieved even in the conditions of tur-
bulence suppressed by the magnetic field.

This logic led to the large-scale effort to develop a blanket with
toroidal ducts in the 1980s and 1990s (see the chapter by Buhler
in Ref. [161] for a historical review). The concept was abandoned
after it was realized that the MHD pressure drop would, in fact,
still be large due to the 3D effects in the corners, U-turns, and
other nontoroidal elements of the blanket (see, e.g., [268,269])
and that the design would present other complications, such as
strong electromagnetic coupling between elements of a blanket
module [270]. We now realize that the design was also based on
an utterly incorrect assumption — that the effect of natural convec-
tion can be ignored so the heat transfer is purely passive.

The more recent experimental research was primarily focused
on the effect of a longitudinal magnetic field on heat transfer
[166,221,232,271-273]. Flows of mercury in long pipes of differ-
ent orientations with respect to gravity and with different heating
schemes were analyzed. It has been found that the magnetic field
changes the behavior at the entrance into the zone of applied heat-
ing and the zone of magnetic field. In both cases, the entry length
(the distance at which heat transfer coefficients and other statisti-
cal properties reach the values of a fully developed flow) grows
with the strength of the magnetic field [271,272]. The effect is
attributed to stabilization and lengthening of longitudinal velocity
structures by the magnetic field. This has serious practical impli-
cations for the blanket design, indicating that an analysis based on
the characteristics of a fully developed flow can be misleading.

Some of the experiments have been performed with the under-
standing of potentially significant effects of thermal convection.
In particular, it has been found that in the downward flow in a ver-
tical pipe, a longitudinal magnetic field does not suppress thermal
convection but leads to stronger convection-induced near-wall
jets. Interestingly, indications of what we would now identify as
MCFs (high-amplitude, low-frequency temperature fluctuations
appearing at strong magnetic fields) were found [232] (see
Fig. 20) and confirmed by measurements of velocity fluctuations
using fiber-optic sensors [166] (Fig. 21). No serious attention was,
however, given to the phenomenon at that time, since it was pre-
sumed that the fluctuations would be inevitably suppressed by the
much stronger magnetic field in a reactor blanket.

Experiments were also performed to study how longitudinal
magnetic fields influence flows in horizontal pipes [273,274]. The
main effect consistently found under various heating configura-
tions was the increased asymmetry of the distributions of mean
temperature. Some of the experimental data were reproduced with
good agreement in the recent numerical simulations [275] (see
Fig. 22). The simulations have shown that suppression of turbu-
lent fluctuations and 3D instabilities by the magnetic field leads to
stabilization of the convective structures in the form of longitudi-
nal rolls (see Fig. 5). With a sufficiently strong field, the flow
becomes steady-state and independent of the longitudinal coordi-
nate and thus not interacting with the magnetic field. No MCFs
have been found in the experiments and simulations.

In the remaining part of this subsection, we will review the
numerical studies [43,68,276,277] in which the effect of thermal
convection was analyzed for several types of 2D and nearly 2D
flows forming in a horizontal duct with very strong
(Ha>> 1, N > 1) longitudinal magnetic field. A fully developed
(far from inlet and exit) flow was considered. Internal heating
with the volumetric rate decreasing exponentially with the dis-
tance from one vertical wall was applied. This heating scheme
and the studied configurations were selected to model various
effects anticipated in the toroidal ducts of a reactor blanket. The
values of Ha and N in such ducts will certainly be large enough to
enable transition into a 2D state. The two-dimensionality would
be imperfect, since the magnetic field will, in addition to the main
toroidal component, have a much weaker but still significant
(~5%) poloidal one. Another reason for imperfection is the finite
length of the ducts. There would inevitably be 3D effects near the
inlet and exit of each duct (see Fig. 1(b)). At the same time, the
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Fig. 20 Signals (a)—(c) and standard deviation (d) of dimen-
sionless temperature fluctuations in a downward flow in a verti-
cal pipe with uniform heated wall and longitudinal magnetic
field (see the diagram at the top) [232]. The centered signals
recorded at the point indicated by the cross in the diagram and
at the axial location 35 pipe diameters downstream from the
be§inning of the heated section are shown in (a-c) for Re=7.5-
10° and various values of Ha. The standard deviation obtained
for Re=10* Gr=10" (curve 1), 2-10” (curve 2), and 4-10"
(curve 3) is shown as a function of Ha in (d).

ratio between the length and width of the ducts is typically suffi-
ciently large, so we can assume existence of a nearly 2D state in
the core. Furthermore, curvature of the duct is typically small and
can be neglected.

The configuration with zero mean streamwise flow and walls
maintained at a constant temperature (an idealized model of a sep-
arately cooled blanket, in which the cooling is mostly done by
auxiliary heat exchange systems) was analyzed in Ref. [68]. 2D
turbulence was found at large Gr (see the top row of Fig. 23).
Apart from the evident theoretical interest, this has practical
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Fig. 21 Signals of streamwise velocity fluctuations (a)—(d) and
their standard deviation (e) in a downward flow in a vertical pipe
with uniform heated wall (see the diagram at the top). Measure-
ments are performed using the fiber-optic sensors [166]. The
signals are recorded at the center point of the pipe and at the
axial location 35 pipe diameters downstream from the begin-
ning of the heated section. Results for Re =7 - 10° are shown in
all plots. The other parameters are Gr = 0 (isothermal flow - a,b),
Gr=25-107 (c,d), Ha =0 (a,c) and Ha = 300 (b,d). The curves in
(e)arefor:1-Gr=25-10",2-Gr=12-10",3-Gr=5-10° and
4-Gr=0.

implications for fusion reactor blankets. The turbulent mixing and
the associated strong heat transfer toward the walls are anticipated
to prevent the structurally dangerous strong temperature gradients
and MCFs.

The stability of 2D states to 3D perturbations decreases with
the longitudinal size of the domain, since the magnetic damping
of unstable modes is weaker for modes of larger wavelength along
the field lines. The results of [68] indicate that 2D states are likely
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Fig. 22 Standard deviation of temperature fluctuations, in "C,
in the cross section of a horizontal pipe with uniform wall heat-
ing and longitudinal magnetic field (see the diagram at the top).
The cross section is 37 pipe diameters downstream of the
beginning of the heated zone. Results of experiments [273,274]
(a), (¢) and simulations [275] (b), (d) are shown for
Re=10* Gr=8-10’, Ha =0 (a) and (b) and Ha = 300 (c) and (d).
Image copyright is by the Magnetohydrodynamics Journal pub-
lished by the Institute of Physics, University of Latvia (2019).
Reproduced with permission.

to be stable at Gr and Ha and length-to-width ratio typical for
ducts in a module of a fusion reactor blanket. It has also been
shown in Ref. [68] that even when the 2D states are unstable, 3D
perturbations saturate at a low energy level, not more than a few
percent of the energy of the 2D flow. The resulting change of the
Nusselt number does not exceed 10%.

The analysis was continued in Ref. [276], where the influence
of the additional poloidal (vertical in the geometry of [68,276])
component of the magnetic field on 2D states was studied. The
effect was found to be strong at the high values of Ha typical for a
fusion reactor (see the middle row in Fig. 23 for an illustration).
2D turbulence was suppressed. The flow becomes laminar and
steady-state, with its structure dominated by large-scale convec-
tion structures. Interestingly, the mixing by these structures is suf-
ficient to achieve the same practical benefits as in the case of a
turbulent flow: avoidance of strong temperature gradients and
MCFs.

A further continuation was the analysis of the effect of strong
streamwise flow (Re < 2 x 10°) in the presence of thermally insu-
lated walls [43]. This configuration modeled a toroidal duct of the
classical blanket concept shown in Fig. 1(h). The main conclusion
of [43] was that the approach adopted in the earlier studies of this
concept of ignoring the effect of thermal convection was indeed
incorrect. The structure and properties of the flow are practically
always dominated by convection. This may happen in two ways.
At Gr less than approximately 1.6 x 10'°, convection produces
large circulation rolls, which can be steady-state, unsteady, or tur-
bulent depending on the values of Gr and Re. Flows of a com-
pletely different type appear at Gr = 1.6 x 10'" and 1.6 x 10'2.
The main effect in this case is the buoyancy forces associated
with the streamwise growth of mean-mixed temperature, which
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causes top-bottom asymmetry of the streamwise velocity profile
and stable stratification (see Sec. 3.2). As illustrated in the bottom
row of Fig. 23, the stratification suppresses the convection rolls,
severely reduces mixing, and leads to extreme temperature varia-
tions across the duct. As an example, an estimate made in Ref.
[43] predicted that the difference between the average tempera-
tures of the top and bottom walls in a flow of PbLi in a square
duct of width 10cm at Gr = 1.6 x 10'? and Re = 10° would be as
high at 322 K. This evidently unrealistic number must be viewed
as a warning sign of problems in the blanket development and the
analysis of blanket phenomena based on classical hydrodynamic
models.

6.4 Inclined channels. The configuration of an inclined chan-
nel is of direct significant interest for the design of the liquid
metal blankets of fusion reactors. Such channels will be found in
the blanket modules located around the torus of the reaction
chamber in all but the equatorial and top and bottom areas (see
the dashed module positions in Fig. 1(a)). Flows in channels of
such modules will be influenced by transverse magnetic fields.

05 '
NO
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-1 -0.5

Some concepts of future reactors foresee a blanket in which
cooling, shielding, and breeding are done by a liquid metal circu-
lating in long channels surrounding the entire reaction chamber.
To minimize the MHD pressure drop, such channels will be coiled
so that their axes follow the magnetic field lines. In the context of
physical effects considered in this review, this configuration is
represented by an inclined channel with a longitudinal magnetic
field and strongly asymmetric transverse heat flux. The inclination
angle will vary depending on the strength of the poloidal compo-
nent of the reactor’s magnetic field, between 5 and 10deg in
large-scale facilities, such as ITER or DEMO, and up to 40deg
for more compact devices, such as spherical tokamaks.

The available experimental and computational data, which we
present below, and general physical reasoning do not give us any
reason to doubt that the flow modification by buoyancy and mag-
netic field is as profound in inclined channels as it is in the vertical
and horizontal channels reviewed in Secs. 6.1-6.3. We anticipate
modification of streamwise velocity profile (see Sec. 3.2), stable
or unstable stratification, formation of inflection points, suppres-
sion of turbulent fluctuations, and development of MCFs. New
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Fig. 23 Computed instantaneous distributions of flow fields in 2D flows in a horizontal duct with strong longi-
tudinal magnetic field at Gr=1.6 - 10'2. Internal heating with nondimensional volumetric rate g = —exp(—y+1)
is applied in all cases. Left column: streamfunction (solid and dashed lines indicate, respectively, counterclock-
wise and clockwise motion); mid-dle column: temperature in excess of the mean-mixed value; right column:
velocity magnitude of a component as indicated in the plots. Top row: the case of zero streamwise flow and
walls maintained at a constant temperature [68]. Mid-dle row: the same as at the top, but with an additional verti-
cal magnetic field (B,) of the strength corresponding to the respective Hartmann number Ha, = 1000 [276]. Bot-
tom row: the case with the streamwise flow corresponding to Re =10° and thermally insulating walls [43].
Parameters are recalculated according to the definitions used in this review. Images (d)—(i) copyright of the

Elsevier (2017). Reproduced with permission.
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Fig. 24 Normalized Nusselt number versus the tilt angle for
natural convection in sodium in cylinders with different aspect
ratios: L= D (1 — experiments [279]), L=5D (2 — LES [280]),
L=20D (3 — experiments [281]). Note that Nu/Nug is shown in
logarithmic scale.

effects not seen in vertical or horizontal channels are also possi-
ble. The tilt angle becomes one more (in addition to Re, Gr, and
Ha) independent control parameter, which adds complexity to the
problem.

As a first illustration of the nonlinear and complex effect of the
tilt angle, we will briefly review the recent results obtained for
natural convection in inclined cells [52,55,278-281]. It has been
found that the cell inclination enhances large-scale circulation and
modifies small-scale turbulence, affecting the global convective
heat and mass transfer. An extended numerical study [278] of a
convection cell of a unit aspect ratio in the range 10° < Ra <
108, 0.1 < Pr < 100 showed that the dependence of Nu on the tilt
angle y is not universal and is strongly influenced by Ra and Pr.
At small p, Nu(y)/Nu(0) increases or decreases with 7y at, respec-
tively, small or large values of Pr.

Experimental and numerical studies of natural convection in
cylindrical ~ cells  filled with  sodium  (Pr = 0.0094)
[52,55,279-281] reveal the critical role of the cell’s aspect ratio L/
D. We see in Fig. 24 that Nu(y) increases at small 7y and reaches
the maximum at y between approximately 60 and 70deg. The
effect is greatly enhanced in taller cells. The largest increase of
Nu(y) is about 20% at L =D, about 50% at L = 5D, and more
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Fig. 25 Experimental data for the downward flow of mercury in
an inclined pipe with uniform wall heating and the tilt angle
varying between 0" (vertical) and 90° (horizontal). (a) The maxi-
mum difference of the dimensionless wall temperature in the
pipe’s cross section versus the tilt angle and (b) nondimen-
sional standard deviation of temperature fluctuations are
shown for Re=10% and 1—zero magnetic field [283]; 2—
transverse magnetic field with Ha =300 [284]; 3—longitudinal
magnetic field with Ha = 350 [285]; (c) flow with transverse mag-
netic field; (d)—flow with longitudinal magnetic field.
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than an order of magnitude at L = 20D. These data suggest a
strong effect of the tilt angle on mixed convection in typically
even longer pipes and ducts.

The available data on mixed convection with magnetic field
and tilt are, to the best knowledge of the authors, limited to those
obtained in the experimental studies of the downward flow of mer-
cury in an inclined pipe [282-285]. Configurations with uniform
heating of the entire perimeter of the wall and an either transverse
or longitudinal magnetic field were considered. The results are
illustrated in Fig. 25(a) by the difference between the maximum
and minimum values of the dimensionless temperature at the pipe
perimeter A0 = 03 — 00" In addition to being of fundamental
interest, this characteristic is of practical importance, since it
allows us to estimate the thermal stresses anticipated in the walls
of the reactor blanket (usually desired to be as small as possible).

Without the magnetic field, A0 increases with the tilt angle y
but tends to an asymptotic constant at y > 45 [283].

We see in Fig. 25(a) that the effect of y becomes remarkably
strong in the flow with a longitudinal magnetic field. Such a field
does not by itself create variations of flow velocity or temperature
in the pipe’s cross section. Its main role is to stabilize the
streamwise-uniform flow patterns induced by the buoyancy
forces, such as the symmetric near-wall streamwise jets in a verti-
cal channel (see Fig. 4(b)) or a pair of longitudinal convection
rolls (see Fig. 5(a)) in a horizontal channel. In accordance with
this statement, Fig. 25(a) shows a virtually zero value of Af at
y=0 and a large value close to that in a nonmagnetic flow at
7 = 90deg. The nature of the peak around y = 45deg is unclear.
We hypothesize that the peak is the result of competition between
two effects, both becoming stronger with increasing 7. One is the
already mentioned growth of longitudinal convection rolls, which
leads to a larger temperature difference between the hot top and
cold bottom portions of the pipe. Another is the buoyancy force
associated with the growth of the mean-mixed temperature along
the channel (see Fig. 3) As we have discussed in Sec. 6.1, the
force modifies the streamwise convective heat transfer so that the
liquid becomes colder at the top and hotter at the bottom, and the
convection rolls are suppressed by stable stratification. The
experiments [285] support this explanation and indicate an even
more spectacular behavior, which involves a reversed flow in the
top portion of the pipe at larger Ri. At the same time, the explana-
tion remains a hypothesis, which needs further analysis, prefera-
bly in the form of numerical simulations.

The transverse magnetic field leads to a significant temperature
difference, which decreases slowly with y in the range 0 < y <
45deg [284] (see Fig. 25(a)). This is similar to other flows with
transverse magnetic fields and can be attributed to different rates
of heat transfer across the Hartmann and Roberts layers forming
at the wall portions perpendicular and parallel to the magnetic
field [28,29,34].

MCFs were detected in the inclined pipe flow with the trans-
verse magnetic field [284]. As an illustration, Fig. 25(b) shows the
nondimensional standard deviation of temperature fluctuations at
Re = 10*, Ri = 0.8, and Ha = 300. The fluctuation amplitude is
about three times larger than in the flows at Ha = 0 and the same
Re-and Ri, but only when 7y is less than about 60 deg. MCFs disap-
pear at larger y.

We conclude that inclined channels remain a poorly studied
configuration of liquid-metal mixed convection. Further research
is necessary to understand the undoubtedly interesting and practi-
cally relevant behavior of these flows.

7 Other Effects

In this section, we briefly review the current understanding of
the most significant phenomena that affect magnetoconvection in
channels but have been omitted so far in our discussion. It must
be stressed that understanding the real-life effects, such as those
presented below, is far from complete. Further studies are needed,
including studies of systems in which these effects are combined
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in a realistic manner. While technically challenging, such studies
are likely to become possible in the near future, as indicated by
the recent attempts [202,248,286].

7.1 Effects of Wall Conductivity. No systematic study of the
effects of thermal and electrical conductivity of walls on MHD
mixed convection is known to the authors. For the thermal con-
ductivity, one can rely on the data accumulated for nonmagnetic
flows, especially in their laminar state (see, e.g., [287] for a
review). For flows of liquid metals, the effect is usually mild due
to the high thermal conductivity and heat capacity of the liquid. It
seems plausible that heat conduction within the walls would
somewhat reduce temperature nonuniformity, thus damping the
buoyancy effects and MCFs.

The effect of finite electric conductivity is more complex and
harder to predict. It is known to lead to drastic modification of
MHD channels flows, with the results strongly depending on the
wall conductance ratio (20) and the distribution of conductivity
among walls [27-29,34].

One definitive result on the effect of electric conductivity on
mixed convection was obtained in the recent simulations
[248,249]. It was shown that the presence of thin conducting walls
suppresses the deformation of the streamwise velocity profile and
the instability in both upward and downward flows in vertical
channels. At the same time, we cannot exclude the possibility that
in some configurations and areas of the parameter space, finite
thermal and electric conductivity of walls may lead to unantici-
pated effects, including new instability mechanisms.

It must be noted that this review largely ignores the substantial
body of research dealing with natural and low-Re mixed convec-
tion in domains with strongly conducting walls. Such studies have
been conducted in conjunction with development of the HCLL
(helium-cooled lithium-lead) blanket module concept [12] (see
Fig. 1(f)). In such a module, circulation of a liquid metal is very
slow, and the state of the flow is predominantly determined by the
effects of natural convection and magnetic field. The reason for
our choice not to discuss such flows is the apparent principal dif-
ference between their physics and the phenomena, on which this
review is focused. Most importantly, no anomalously strong fluc-
tuations, such as MCFs, have been so far found in systems with
strongly conducting walls and a strong imposed magnetic field.
There are, however, other interesting features, such as near-wall
jets [115,125,288,289] or thermal and electromagnetic coupling
through the walls [117,290]. An interested reader can find further
information in the just mentioned papers and other works, such as
[291-294].

7.2 Internal heating Sources. Another effect is that of inter-
nal (volumetric) heating. In the blanket of a fusion reactor, the
heating is only partially applied to the wall of a fluid domain.
Another, typically larger part is the heating by absorbed neutrons,
which is a strongly asymmetric (decreasing rapidly with the dis-
tance to the first wall), but still an internal source. This means that
the systems with purely wall heating analyzed in many experi-
ments and simulations reviewed above (e.g., [122,177,207,
223,234,235,237,238]), must be considered as approximations,
albeit good ones, of the actual blanket systems.

Internal heating cannot be reproduced in MHD experiments but
can be modeled in numerical simulations, where one can apply a
volumetric heat source of a given distribution (e.g., an exponential
decay function, as explained in Ref. [295]). This approach was
utilized in studies of both upward and downward flows
[118,239,246,248,249]. A particularly interesting recent work in
this direction is Ref. [249], where direct comparison between con-
figurations with wall and internal heating is made. While there is
no full clarity, we can reliably accept the general conclusion that
very similar physical phenomena, including the formation of
inflection points and MCFs, are found in flows with wall and
strongly asymmetric internal heating.
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The differences are more substantial if the internal heating is
not strongly asymmetric and thus does not result in a strong uni-
directional horizontal heat flux. For example, a uniform internal
heating may create inflection points and lead to instability even at
zero mean streamwise flow in the channel [296].

7.3 Entry, Exit, and Length Effects. Entry effects, such as
those of the flow’s entry into a channel, a heated portion of a
channel, a sudden expansion or contraction, or a zone of an
imposed magnetic field, are inevitable in any practical realization
of the flow, be it an experiment or a fusion reactor blanket. The
configuration can be very different depending on the type of flow.
For example, in a blanket module, a liquid metal flow may enter a
duct from a manifold via a 90deg corner or an expansion in the
presence of a constant magnetic field and constant heat flux (see
Figs. 1(b)-1(f)). In an experiment, unless it is designed with the
specific goal of exactly reproducing a part of a blanket module,
the entry is typically a straight segment of a channel, at which
heating and the magnetic field start to apply.

Early studies summarized in classical MHD books [28,29,34]
convincingly demonstrate that a strong imposed magnetic field
changes the nature and increases the significance of the entry
effects in comparison with the hydrodynamic case. Common
aspects of the change are the suppression of turbulence and forma-
tion of special MHD flow patterns often characterized by bound-
ary and internal layers of strong shear.

Unique flow transformations are observed when the channel’s
geometry and wall properties change abruptly in a strong mag-
netic field. One example is the flow in a 90 deg corner or a U-turn,
where complex 3D laminar flow patterns with thin internal shear
layers and Lorentz forces causing a sharp pressure drop have been
found (see, e.g., [268-270,297]). Inner shear layers and a complex
3D pattern are also found in sudden expansions of ducts (see the
discussions of the classical works in Ref. [28] and more recent
works [183,298,299]) or at abrupt changes of the electric conduc-
tivity of the channel’s walls [116].

Another important entry effect is the transformation of a chan-
nel flow entering a zone of imposed transverse magnetic field. A
discussion and illustrations can be found in the MHD books, such
as [28,29,34], and the classical experimental and theoretical works
cited in these books. In the case of electrically insulating walls,
the electric current loops forming in the fringe zone of the mag-
netic field cause Lorentz forces, decelerating the flow in the cen-
tral part of the channel and accelerating it near the walls parallel
to the magnetic field (the sidewalls). More recent computational
and experimental studies, such as [300-303], confirm the theory
and illustrate the fact that the resulting flow transformation can be
quite drastic if the imposed magnetic field is strong. The distribu-
tion of streamwise velocity in the channel’s cross section acquires
the form of a so-called M-shaped velocity profile, with a nearly
flat core and sidewall over-speed jets. In the conditions of sup-
pressed turbulent mixing and the stabilizing effect of the magnetic
field, the jets survive for a long distance, well into the zone of uni-
form magnetic field, before they are dissipated by viscosity.

We should also mention the evident effect of the entry flow
structures, e.g., of the streamwise velocity profile, on the onset of
magnetoconvective instabilities in the main part of the channel.
There is also a yet-largely unexplored possibility that the thin
shear layers and inflection points associated with the entry flow
structures may cause instabilities and high-amplitude velocity and
temperature fluctuations on their own.

A related physical effect is that of the length of the channel. It
is evident that the realization of the magnetoconvective instabil-
ities presented in Sec. 6 is critically influenced by the length of
the segment on which the strong magnetic field and heating are
applied. One aspect is that the length must be sufficient for the
flow to pass the entry region and attain a fully developed state.
Another aspect is that even in this state a certain length is needed
for the instability to evolve. In some cases, e.g., in horizontal
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channels with bottom heating and a transverse magnetic field (see
Sec. 6.1), the distance is required simply to allow the velocity and
temperature perturbations to grow to a noticeable level. Suffi-
ciently large lengths are, therefore, critical in experiments and
practical implementations [224-228]. In numerical models, seg-
ments of fully developed flows as short as one (in linear stability
analysis) or several (in nonlinear simulations) typical longitudinal
wavelengths are sufficient [40,41]. In other cases, in particular in
vertical channels, a large channel length is essential, since only in
a long channel is the principal mechanism of the instability
(growth of long ascending and descending jets and development
of inflection points in the streamwise velocity profile) possible
(see Sec. 6.2).

The effect of exit from a channel or a heating zone is usually
ignored in the hydrodynamics of incompressible flows. The situa-
tion is more complex and less evident in the MHD case. For
example, a strong longitudinal magnetic field leads to flow struc-
tures that are uniform or nearly uniform along the field lines (see
Sec. 6.3), so one should expect strong correlation between the
states of the flow at the exit and in the bulk of the channel.
Another example is the exit from a zone of strong transverse mag-
netic field. Similarly to the effects observed near the inlet, this
fringing field creates electric current loops and 3D Lorentz forces
affecting the flow on both sides of this zone [300,304].

We conclude this section by a rather evident statement that the
entry, exit, and length effects have profound influence on the
inception and development of the magnetoconvective instabilities.
This has to be always taken into account in designing a magneto-
convection experiment or analyzing a blanket module.

7.4 Molten salts. Molten salts, such as FLiNaK or FLiBe
(see Table 1 for properties), are considered as possible working
fluids for heat transfer applications involving very high heat loads
(e.g., in concentrated solar energy) and next-generation nuclear
fission technology. They are also considered as potential alterna-
tives to liquid metals as working fluids for blankets of future
fusion reactors [5].

In comparison to liquid metals, molten salts have serious disad-
vantages for use in a reactor blanket. The most important of them
are the need to operate at very high temperatures (substantially
above the meting point ~450 C) and their chemical aggressive-
ness. They also have advantages, primarily related to their low
electric conductivity. The molten salt flows are characterized by
moderate values of Ha (about 100), even in the conditions of the
very strong magnetic field present in the blanket (see Fig. 2). This
minimizes the MHD pressure drop, thus removing the major prob-
lem faced by many liquid-metal concepts. The working fluid can
be pumped at a high flowrate. Furthermore, the typical values of
Re-and Ha are such that the flow remains turbulent, thus retaining
the advantages of turbulent mixing and heat transfer.

Direct MHD experiments with molten salts are very difficult to
conduct and, to the best knowledge of the authors, have never
been done. Model liquids, such as KOH solutions, are used
[178,305,306]. Since the magnetic field in an experiment is inevi-
tably much smaller than in a future reactor blanket, experiments
are typically performed at the highest accessible Ha ~ 30 and Re
reduced so as to achieve the same value of N as in the blanket
flows. This increases the uncertainty already caused by the uncer-
tain and highly variable values of the thermophysical properties of
the liquids (both the model and the salt) and other factors, consid-
eration of which is beyond the scope of this review.

Our understanding of molten salt flows in the presence of mag-
netic fields is helped by earlier studies of isothermal MHD flows,
such as [33,72,74-77,210,211,307-309] (see the discussion in
Sec. 4). The studies were primarily focused on the fundamentals
of turbulence transformation. Their main conclusion relevant to
the subject of this review is that turbulence in molten salt flows in
the typical conditions of a fusion reactor blanket is significantly
modified by the magnetic field. It is anisotropic and has lower
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intensity and steeper energy spectra than its nonmagnetic counter-
parts at the same Re-and Gr. The transformation of turbulence
modifies the properties of the transport of a scalar field, such as
temperature [92,149,219,310-312].

While enlightening, the earlier studies of MHD turbulence did
not address the key effects considered in this review: the effect of
natural convection on channel flows and the possibility of the
existence of MCFs or hot and cold spots. A plausible assumption
can be made that the presence of turbulence and a higher value of
Pr make the effect of natural convection in flows of molten salts
less significant than in liquid metals at the same Ri. Further exper-
imental and computational work is needed for more specific and
reliable conclusions.

The anticipated turbulent high-Re nature of molten salt flows
opens the possibility of using LES and RANS models in numeri-
cal analysis. The transformation of turbulence implies that accu-
rate results cannot be obtained with the standard models
commonly utilized in engineering CFD (e.g., the classical Sma-
gorinsky or k —e€). Modified models taking into account the
reduced intensity and anisotropy of turbulent fluctuations must be
used [73,77,209-220]. We note that while convincing results on
the desired properties and likely composition of such models were
obtained for isothermal flows, the question of accurate modeling
of turbulent flows with heat transfer and convection remains
largely open.

It should also be noted that, as MHD flows at moderately high
Ha and high Re in general, the molten salt flows may often be
found in a transitional laminar-turbulent state. This makes the
results of studies of such transition in channels (see [22] and refer-
ences therein) directly relevant to the questions of this review.

We conclude by stating that the molten salt flows in channels
with magnetic field and heating are still poorly understood and
difficult to study. The difficulties primarily stem from the com-
plexity of experiments and lack of properly adapted and verified
turbulence models for nonisothermal flows.

7.5 Group and Multiphysics Effects. Considering the impli-
cations of magnetoconvection for the operation of the blanket and
divertor of a nuclear fusion reactor or another technological
device, one must not forget about the effects of geometric and
physical complexity. Such effects are beyond the scope of this
review and therefore are only presented briefly in this section.

The geometric complexity is illustrated by the blanket module
designs presented in Figs. 1(h)-1(f). We see that in each module,
the flow of a liquid metal occurs not in an isolated single channel
but in a system of channels connected by a manifold. This implies
the possibility of significant “group effects,” by which flows in
individual channels are connected with each other. One such
effect is electromagnetic coupling, which can be quite strong,
sometimes leading to a complete change of the flow structure
[117,161,313,314].

Another group effect is the imbalance of the flow rate and thus
the rates of transport of heat and tritium and other admixtures
between the parallel channels. Since the MHD flow resistance in
each channel is a function of the flow rate, the imbalance is a man-
ifestation of a nonlinear and possibly unsteady dynamics, analysis
of which typically requires a numerical solution.

The phenomenon of imbalance has been considered for simpli-
fied model geometries and in attempted analyses of entire blanket
modules [248,286,315-321]. Interesting and influential results
have been obtained. At the same time, the results cannot be con-
sidered final, since important physical phenomena affecting the
balance have not been considered in these works. In particular, the
magnetoconvection has been either ignored or included as a
steady-state effect. The results presented in this review clearly
show that the buoyancy forces have strong impact on flow resist-
ance and therefore on the distribution of the flow rate among the
channels. Moreover, we hypothesize that the fluctuations of tem-
perature, velocity, and pressure generated by an MCF-generating
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instability in one channel may penetrate other channels via a
manifold. Once there, the strong fluctuations may trigger unantici-
pated instabilities or change the flow properties in some other
way. We cannot exclude the possibility of an entire blanket mod-
ule being in an unsteady-state dominated by high-amplitude
MCFs generated in some of the channels (e.g., vertical channels
with downward mean flow, as described in Sec. 6.2).

The group effects are only a part of the general complexity of
the processes in a blanket or divertor of an operating fusion reac-
tor. There are other effects that ideally have to be considered
together with the MHD and convection effects in a multiphysics
analysis. The list of such effects is long. It certainly includes the
power deposition by absorbed neutrons and radiation from the
reaction chamber, thermal stresses and deformations in the solid
components, generation of tritium and its transport and penetra-
tion into solids, the effects of corrosion, deposition of solid resi-
due, radiation damage of walls, etc. These effects, considered
individually or together in a multiphysics analysis, are subjects of
active research that lies outside of the scope of this review. We
only mention several works in which the emphasis was on the
MHD phenomena [248,288,320-324].

It must be stressed that the complexity of physics and geometry,
the very broad ranges of relevant length and time scales, and poor
knowledge of physical properties and transport coefficients make
the analysis extremely difficult. The analysis can be completed
only after drastic simplifying assumptions, some of them barely or
not at all justified. As an example, the effects of thermal convec-
tion are either ignored or represented by oversimplified steady-
state models in such analyses. Another fundamental problem is
the lack of proper validation carried out under the true conditions
of an operating reactor, which will only become possible when
large-scale experimental facilities, such as ITER, DEMO, or
FNSF [5,7,16], are built. We conclude that the results of such
multiphysics studies must at this moment be considered as prelim-
inary and requiring confirmation in further research.

8 Conclusions

8.1 Summary. The research findings presented in this review
demonstrate the unique nature of the channel flows with strong
combined effects of thermal convection and magnetic field.
Behavior of such flows is profoundly different from anything
observed previously in hydrodynamics. It is also surprising and
counterintuitive in the sense that it cannot be anticipated on the
basis of our understanding of the effects of thermal convection
and magnetic fields taken separately. The key features of the flow
transformation are the high-amplitude low-frequency magneto-
convective fluctuations (MCFs) and exceptionally strong varia-
tions of temperature. As an example, temperature fluctuations of
an amplitude higher than 50K and temperature differences
between the hot and cold spots exceeding 300 K have been found
in experiments and numerical simulations (see Secs. 6.2 and 6.3).

The properties of the transformed flows vary depending on
many factors, such as the orientation of the channel with respect
to gravity, flow direction, orientation and spatial shape of the
imposed magnetic field, heating arrangements, the length of the
channel’s segments with applied heating and magnetic field, the
shape of the channel’s cross section, and, of course, the values of
the governing parameters: Gr, Ha, and Re. The basic mechanism
of the flow transformation, however, consists of the same princi-
pal elements in all cases:

(1) Suppression of turbulence by a strong imposed magnetic
field

(2) Development of a laminar state with very strong tempera-
ture gradients and thin boundary or internal shear layers

(3) If the laminar state is unstable to Q2D perturbations,
growth of the perturbations into high-amplitude Q2D struc-
tures, typically vortices with their axes along the magnetic
field lines. Motion of the structures is manifested by high-
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amplitude fluctuations of temperature and velocity (the
MCFs).

The flow transformation, should it occur in a blanket or divertor
of a fusion reactor, will have profound and far-reaching implica-
tions for operation of the system. The most important ones among
those identified so far are:

(1) Changes in the heat and mass transfer. On the one hand,
the suppression of turbulence greatly reduces the transfer
rates. On the other hand, the MCFs increase the rates, pos-
sibly to the levels exceeding those in turbulent non-
magnetic flows, albeit in an anisotropic manner.

(2) Thermal stresses in the walls created by the oscillations
and spatial variations of temperature. The amplitude of
these stresses can be enormous, so they potentially threaten
the structural integrity of a system already subjected to
damage by radiation and high temperature. The possibility
is particularly troubling in the case of low-frequency MCF
oscillations. It must be stressed that the true extent of the
potential damage of the blanket structure is currently
unclear and needs further research.

(3) The effect of strong temperature variations on solubility
and transport of admixtures and thus on the chemical com-
position of the melt. Especially important for fusion tech-
nology is the effect on transport of tritium and its diffusion
into solid components.

(4) Effect on corrosion. Many liquid metals (e.g., PbLi) are
corrosive to steels. This creates serious problems for tech-
nological applications, including operation of liquid-metal
components of fusion reactors. The potential effect of mag-
netoconvection is twofold: higher rate of corrosion in hot
zones and deposition of solid steel and its derivatives in
cold zones.

We conclude with a statement that may sound evident and even
trivial at this stage of the discussion. The effect of magnetoconvec-
tion must always be taken into account when a system involving
the flow of a liquid metal, heating, and a strong magnetic field is
designed or analyzed.

8.2 Open Questions. Our understanding of magnetoconvec-
tion in channels is far from complete. There remain serious unan-
swered questions. The most important of them, listed from the
most evident to the most hypothetical, are as follows.

The nature of flow states at very high Gr and Ha remains
unclear. This includes the flow behavior at Gr~ 10" —
10'2, Ha ~ 10* typical for the conditions of an operating fusion
reactor. As we have stressed several times in this review, experi-
ments and full numerical simulations are currently possible only
at much smaller values: Gr < 10° and Ha < 10°. Preliminary
results, in particular those obtained in the numerical models based
on the asymptotic high-Ha 2D approximation, suggest that the
phenomena of MCFs and strong temperature variations exist and
reach extreme amplitudes at high Ha and Gr. The ultimate conclu-
sions can, however, be made only in the future experiments and
3D numerical simulations performed in that parameter range.

Many interesting and practically important configurations are
poorly explored. This, in particular, concerns flows in inclined
channels and flows in channels with longitudinal magnetic fields
(see Secs. 6.4 and 6.3).

The understanding of the effects of magnetoconvection in real-
istically complex systems is far from complete. Our understanding
of the magnetoconvection effects is largely limited to flows in
model systems, typically individual ducts and pipes with idealized
geometry, heating, magnetic field, and boundary (at the walls,
inlet, and exit) conditions. Real flows in fusion reactor compo-
nents and other technological settings are much more complex,
with group, length, and multiphysics effects (see Secs. 7.3 and
7.5).
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The possibility and methods of control of magnetoconvection
are largely unknown. Predicting the unique magnetoconvection
effects in future technological systems is only the first step. The
further steps will be toward developing control strategies that will
allow us to effectively utilize the positive aspects of the magneto-
convection (e.g., the enhanced mixing) and to avoid the negative
aspects where it is necessary. To the best knowledge of the
authors, work in this direction has so far been limited to prelimi-
nary studies, such as, e.g., the recent exploration of the effect of
inlet swirl on the MHD flow in a duct [325].

Role of magnetoconvection in novel concepts of blanket design.
All the liquid-metal blanket concepts seriously considered so far
have been in the form of compact (~1-2m) cuboid modules (see
Figs. 1(b)-1(f)). The shape and size of such modules are pre-
scribed not as much by considerations of performance as by the
space availability for testing in the ITER and DEMO experiments.
It is possible and even likely that better technical solutions are to
be found if these limitations are removed. A particularity interest-
ing idea is a system of long ducts coiled around the entire blanket
so that their axes are aligned with the magnetic field. As we dis-
cuss in Secs. 6.3 and 6.4 of this review, this arrangement promises
serious advantages of a greatly reduced MHD pressure drop and
effective mixing by Q2D convection-induced turbulence. In gen-
eral, it is the opinion of the authors of this review that the develop-
ment of liquid metal blankets that starts with clear understanding
of magnetoconvection effects (rather than, as is common now,
that considers these effects for an already completed design) will
lead to simpler, more reliable, and much more efficient concepts.
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