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a b s t r a c t

The dual-coolant lead–lithium (DCLL) blanket concept is considered in the US for testing in ITER and as a
candidate for using in DEMO reactor. In this blanket, the eutectic alloy lead–lithium circulates slowly as a
coolant and breeder in the presence of a strong plasma-confining magnetic field, experiencing magneto-
hydrodynamic (MHD) effects. This paper overviews the ongoing studies for the MHD flows in the US DCLL
blanket, focusing mostly on the poloidal flows where most of the volumetric heating is deposited and the
eywords:
iquid metal blanket
agnetohydrodynamic effects

urbulence
uoyant flows

MHD effects are therefore of primary importance. The paper introduces qualitative description of MHD
flows in the blanket along with mathematical models and numerical and analytical results to address such
phenomena as the near-wall jet formation, quasi-two-dimensional MHD turbulence, and buoyant flows.
Special consideration is given to the buoyancy effects in the buoyancy-opposed flows, where superposi-
tion of forced and buoyant flows may lead to locally reverse or recirculation flows. The present analysis
suggests that such flows are possible both in ITER and DEMO scenarios. We also discuss conditions when
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the poloidal flows in the b

. Introduction

In a liquid metal (LM) blanket, either lithium (Li) or eutectic
lloy lead–lithium (PbLi) circulates as a breeder (e.g. helium-cooled
ead–lithium (HCLL) blanket [1]) or as a breeder and a coolant (e.g.
ual-coolant blanket [2], self-cooled blanket [3]). The LM motion in
strong reactor plasma-confining magnetic field induces an electric
urrent, which in turn interacts with the magnetic field, resulting
n the volumetric Lorentz force, which has a strong effect on the
M flow field, and through modifications of the flow, on heat and
ass transfer. Such flows, known as magnetohydrodynamic (MHD)

ows, have been the subject of intensive studies for many decades
n many practical areas, including metallurgical applications, crys-
al growth, MHD pumps, MHD flow meters, MHD ship propulsion,
tc. (see examples in Ref. [4]). As applied to a blanket, MHD flows
ccur in a complex fusion environment, including strong multi-
omponent spatially- and time-varying magnetic fields, complex

eometry and multi-material domains. The magnetic field has a pri-
ary effect on the blanket performance and its thermal efficiency

ia changes in the velocity/electric current distribution, pressure
rop and heat and mass transport. Above all, the MHD phenom-
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t turn to be turbulent.
© 2008 Elsevier B.V. All rights reserved.

na in a fusion blanket owe their uniqueness to the presence of a
igh-intensity neutron flux, causing volumetric heating and driving
ssociated buoyant flows.

At present, understanding the underlying physics of MHD flows
nd their impact on the blanket performance remain far from being
omplete even at a qualitative level. Addressing MHD phenomena
nder blanket-relevant conditions is difficult due to their non-

inearity, multi-scale nature, and complex blanket geometry. Full
umerical simulations for real geometry flows are often limited to
elatively low values of operation parameters, e.g. magnetic field
trength. The experimental limitations are caused by the require-
ents for a large magnet workspace, strong prototypic magnetic

elds and prototypic neutron sources, the conditions that can
ardly be met at the same time in non-fusion devices. All these
ake studying MHD phenomena in the blanket conditions very

hallenging.
In the recent past, several overviews of LM MHD flows in

usion-relevant conditions were presented, focusing on the blan-
et issues common to all types of LM blankets, such as the
HD pressure drop, flow distribution, electrical insulation, com-

lex geometry flows, effects due to magnetic field non-uniformity,

ulti-channel (Madarame) effect, heat transfer, etc. [5–8]. A few

apers have overviewed specific issues associated with concrete
lanket designs (e.g. [9,10]). The main goal of the present paper

s to summarize the most important MHD results obtained in the
ourse of the ongoing LM blanket studies in the US for the so-called

http://www.sciencedirect.com/science/journal/09203796
mailto:sergey@fusion.ucla.edu
dx.doi.org/10.1016/j.fusengdes.2008.07.023
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structed using the Hartmann length b (half of the duct dimension
in the toroidal direction). The characteristic temperature difference
is defined through the average volumetric heating q̄ as �T = q̄a2/k,
where k is the fluid thermal conductivity.
Fig. 1. Sketch of the US ITER DCLL test blanket module.

CLL (dual-coolant lead–lithium) blanket, which is considered for
esting in ITER and as a candidate for using in DEMO reactor. In
his effort, we try to give the overall physical picture of the unique

HD phenomena in this type of blankets. The interested reader
an find further details in Refs. [11–16]. Special emphasis is given
o buoyancy-driven and turbulent flows, which are expected to
ominate in the DCLL blanket conditions, but have not been suffi-
iently presented in the previous overviews. Here, we focus mostly
n the flows in the poloidal ducts where almost all blanket power
s deposited and the MHD effects on the flow and heat transfer
re therefore of primary importance. Although the paper is mostly
ntended as an overview, we also introduce for the first time our
nitial analysis for mixed convection when the forced flow is down-
ard (buoyancy-opposed flow) as such flows occur in many (if not

ll) poloidal blanket designs, where the LM makes several poloidal
asses when moving from the blanket inlet to the outlet.

. US DCLL blanket

The DCLL blanket concept evolved from the original ARIES stud-
es [17] is considered in the US for testing in ITER (Fig. 1) and as a
rimary candidate for a DEMO reactor (Fig. 2) [18,19]. In the DCLL
lanket, eutectic alloy PbLi circulates slowly (∼10 cm/s) for power
onversion and tritium breeding. Reduced activation ferritic steel
s used as the structural material and helium (He) is used to cool
he first wall and the blanket structure. At present, the US efforts
n developing the DCLL blanket for DEMO are limited to the reactor
utboard. In what follows we refer to the outboard DEMO blanket as
DEMO design. The overall geometry of the blanket modules in ITER
nd DEMO is similar but the number of poloidal ducts and cross-
ectional dimensions are different. The poloidal length in both cases
s about 2 m, while the radial depth is smaller in ITER TBM. The

odule box is strengthened by helium-cooled vertical stiffening
lates (grid plates) connecting the first wall panel with a strong
ack wall. There are additional stiffening plates (separation walls)

o separate the two (in ITER blanket) or three (in DEMO blanket)
ows of poloidal ducts and to support the side walls of the external
ox. The liquid metal enters the inlet manifold at the bottom of the
lanket module from the annulus of the concentric pipe and from
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here is distributed into three (in ITER blanket) or four (in DEMO
lanket) front poloidal ducts where it flows upwards. At the top of
he module, the PbLi makes a 180◦ turn and then flows downwards
hrough the return ducts at the back of the module. At the bottom of
he module, the liquid is collected and leaves the module from the
utlet manifold through the internal tube of the concentric pipe.1

A key element of the DCLL concept is the flow channel insert
FCI) made of silicon carbide (SiC), either as a composite or as
oam, which serves as electrical insulator to reduce the impact
rom the MHD pressure drop of the circulating liquid metal, and as
hermal insulator to separate the high temperature PbLi from the
erritic structure (Fig. 3). Using FCIs allows for high exit tempera-
ure (700 ◦C or even higher) and may lead to high blanket efficiency

aking this design very attractive for future studies as suggested
rst in Ref. [20]. The FCI is separated from the ferritic wall by a
hin (∼2 mm) gap also filled with PbLi. Both the gap flow and that
nside the FCI box (bulk flow) are driven by the same pressure head.
he gap and the bulk flows are connected through small openings
ade in one of the FCI walls (either holes or a slot). The optimum

ocation of the openings has been analyzed in Ref. [12]. The open-
ngs may be needed for equalizing the pressure on both sides of the
CI. The flow inserts in the poloidal ducts are segmented into a few
0–50 cm sections overlapping at the juncture similar to the roof
iles. The blanket thermal efficiency is strongly dependent on insu-
ating properties (electrical and thermal) of the FCI. The desirable
lanket configuration requires minimization of heat leakages from
he PbLi flows into He streams as well as minimization of the MHD
ressure drop, while keeping the interface temperature between
he PbLi and the ferritic structure and the temperature drop across
he FCI below the allowable limits. Meeting all these requirements
laces special limitations on the FCI design and SiC properties, such
s electrical (�SiC) and thermal (kSiC) conductivity as discussed in
ef. [12]. At present, two FCI designs are underway: a single-layer
CI and a double-layer (nested) FCI. In this paper, our considerations
re limited to a simple single-layer FCI as shown in Figs. 1–3.

. Dimensionless parameters in the poloidal flow

The MHD flows in the blanket ducts can generally be charac-
erized by the following dimensionless parameters: the Hartmann
umber Ha = B0L

√
�/(��) (Ha2 is the ratio of the electromag-

etic force to viscous force); the Reynolds number Re = U0L/� (Re
s the ratio of inertia to viscous force); and the Grashof number
r = gˇ�TL3/�2 (represents the ratio between the buoyancy and
iscous forces). Here, B0, L, U0 and �T are the applied (toroidal)
agnetic field, characteristic flow dimension, mean-flow velocity

nd characteristic temperature difference, while �, �, �, ˇ and g
tand for fluid density, kinematic viscosity, electrical conductiv-
ty, volumetric thermal expansion coefficient and acceleration of
ravity correspondingly. Typical values of the dimensionless flow
arameters in the poloidal duct flows (for the front ducts) are shown

n Table 1. In the definition of Re and Gr, the duct half-width a (taken
n the radial direction) is used as the length scale, while Ha is con-
1 At present, some blanket modifications are discussed in the US for both ITER and
EMO. In particular, an alternative flow scheme is suggested, where the PbLi flows
rst through the ducts at the back of the module. Also, using two separate pipes is
urrently considered to replace the single concentric pipe. These modifications are
ot considered here.
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Fig. 2. Sketch of the US

Typically, blanket flows exhibit very high Ha (∼104) and Gr
up to 1012). The high values of Ha imply a special flow organi-
ation in rectangular ducts, namely, a near-uniform core and thin
oundary layers at the walls: Hartmann layers whose thickness
cales as b/Ha at the walls perpendicular to the magnetic field;
nd Shercliff (or side) layers at the other pair of walls, whose
hickness scales as b/Ha1/2. The extremely high values of Gr are
uite typical of liquid metals, which are low Prandtl number flu-
ds. Some combinations of the above parameters, such as Gr/Re2,
r/Ha, Re/Ha, and N = Ha2/Re (Stuart number or interaction param-
ter), can also be useful when characterizing convective flows in
he blanket. Parameter Gr/Re2 (Archimedes number), which stands
or the ratio between buoyancy and inertia forces, is much larger
han unity, showing that buoyant flows can be dominating over

nertia. Parameter Gr/Ha is also related to buoyant flows, namely

hen the temperature gradient is perpendicular to the magnetic
eld, as in the poloidal ducts. A large value of Gr/Ha indicates
hat in spite of the reduction of the buoyant velocity due to the

p
i
c
a

Fig. 3. Basic FCI configuration for ITER TBM. Pres
DEMO blanket module.

artmann damping, which includes both ohmic and viscous losses
n the Hartmann layers, the buoyancy-driven flows are still pro-
ounced. Parameter Re/Ha, which is the Reynolds number built
hrough the thickness of the Hartmann layer, plays a fundamen-
al role in the turbulence transitions. Namely, if Ha/Re is below or
n the vicinity of its critical value (Ha/Re)cr ≈ 1/300 (e.g. [21,22]), tur-
ulent flows are expected to be transitional from three-dimensional
o quasi-two-dimensional (Q2D). In the blanket conditions, where
a/Re � (Ha/Re)cr, any originally three-dimensional turbulence is

apidly suppressed but turbulent flows are still possible in the
pecial form of Q2D turbulence, which experience only a weak
amping [23] and can persist over many eddy turnovers at a high-

ntensity level. It is often considered that high interaction numbers
ndicate small inertial effects in the momentum equation com-

ared with the MHD effects. This is, however, partially true since

n some cases, when the Hartmann walls are insulating or weakly
onducting, the relevant ratio between the electromagnetic force
nd inertia is Ha/Re (e.g. [24]). In the past, a few approaches usu-

sure equalization openings are not shown.
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lly called “core flow approximation” were developed for blanket
pplications based on the large values of N by neglecting the inertia
erms and the viscous terms in the core (e.g. [25]).

. Qualitative description of MHD phenomena in the DCLL
lanket

Two types of induced electric current will circulate in the blan-
et. Cross-sectional currents are dominant in the long poloidal
ucts, where the flow over the major length is expected to be
bout fully developed, demonstrating no or small variations along
he flow path. These currents close their loop flowing through the
CI and then in the gap and the ferritic wall. The MHD pressure
rop associated with the cross-sectional currents can be reduced
y orders of magnitude through a proper choice of SiC by low-
ring its electrical conductivity or by making the FCI thicker. As
hown in Ref. [12] under the DEMO blanket conditions, near-ideal
lectrical insulation can be achieved with a 5 mm FCI, providing
SiC < 1 S/m.

In contrast to the poloidal flows, in such blanket elements as
he inlet or outlet manifold or the coaxial pipe in the fringing

agnetic field region, the flow is essentially three-dimensional.
he major issues associated with the three-dimensional flows are
elated to high MHD pressure drop and flow distribution. In fact,
ost of the MHD pressure drop in the DCLL module is due to

he three-dimensional flows [16]. Here, the MHD pressure drop
nd the velocity distribution are strongly affected by axial cur-
ents, which close their path mostly in the flow domain. Thus,
n those blanket elements where the flow is essentially three-
imensional, the MHD drag cannot be reduced significantly using

nsulating flow inserts or other insulating techniques, and the
CI serves mostly as thermal insulator decoupling hot PbLi from
he ferritic structure. A detailed review of blanket issues associ-
ted with the three-dimensional MHD pressure drop in complex
eometry flows can be found in Ref. [5]. Current results of numer-
cal simulations for prototypic three-dimensional flows under the
CLL blanket conditions computed with the newly developed MHD

oftware called HIMAG are presented in Ref. [26] and impor-
ant details of the numerical procedure itself are given in Ref.
27].

Depending on the flow parameters, FCI properties, heating con-
itions, etc., the poloidal flows (which are the main focus of this
aper as stated in Section 1) will demonstrate either relatively
imple or very complex behavior. In what follows we distinguish
hree DCLL blanket “scenarios,” namely: ITER H-H, ITER D-T and
EMO since the flow conditions for each scenario are very special.

n the ITER H-H phase, volumetric heating is not applied. Even in
he absence of volumetric heating some temperature differences
n the flowing LM are possible (due to the applied surface heat

ux and heat losses into the helium flows), but they seem to be
oo small to cause significant buoyancy effects compared with the
orced flow. Therefore, in the ITER H-H scenario, the poloidal flows
an be treated using a purely forced flow model. Unlike ITER H-H, in
TER D-T, and especially in DEMO, the neutron flux, being responsi-

able 1
asic dimensionless flow parameters in the poloidal flow for ITER and DEMO

arameter ITER DEMO

a 6500 12,000
e 30,000 60,000
r 7.0 × 109 2.0 × 1012

a/Re 0.22 0.20
r/Re2 7.8 5.6 × 102

r/Ha 1.1 × 106 1.7 × 108

= Ha2/Re 1.4 × 103 2.4 × 103
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ig. 4. Radial power density distribution in the ITER TBM associated with the high-
ntensity neutron flux [12].

le for extremely high non-uniform volumetric heating (Fig. 4), is
xpected to drive buoyant flows whose intensity is comparable or
ven higher than that of the forced flow.

In ITER and DEMO, the Hartmann number is of the same order,
hile the Grashof number in DEMO is higher by about three orders

f magnitude due to larger module dimensions and higher thermal
oads. This suggests more intensive buoyant flows in DEMO com-
ared with ITER. The complexity of the poloidal flows can also be
ffected by the FCI properties. Provided the electrical conductivity
f the flow insert is very low, such that near-perfect insulation is
chieved, the poloidal flows in the ITER H-H scenario seem to be rel-
tively simple. Namely, all induced electric currents will close their
ath in the flow inside the FCI box through the Hartmann layers
ithout crossing the FCI. Such currents are known to be responsi-

le for the Lorentz force distribution resulting in a uniform velocity
rofile except for the thin boundary layers: the Hartmann and the
ide layers. These flows most likely do not produce turbulence;
owever, observing turbulence pulsations in the poloidal flows in
hese conditions is still possible as turbulence can be generated in
he inlet manifold region and then transported from there into the
oloidal flows without being significantly damped by the magnetic
eld. More complex flows are expected to occur in the conditions
hen the FCI is not perfectly insulating. In these conditions, the

elocity profile is known to be “M-shaped,” whose characteristic
eature is two high-velocity jets at the side walls. The most complex
ows can, however, be foreseen in the ITER D-T and DEMO scenar-

os, where all possible MHD effects can appear at the same time.
or example, the symmetry in the M-shaped velocity profile could
e modified by the buoyancy-driven flows. The M-shaped velocity
rofiles, in turn, can be responsible for Q2D turbulence production.

n the blanket conditions, such turbulence is of low damping due to
ts two-dimensionality and is favorable for intensive fluid mixing
ue to the presence of large coherent structures, thus affecting heat
ransfer and tritium transport. Taking into account that the convec-
ive transport in the blanket is essentially non-linear, the resultant
ow may exhibit very unusual features, which are very difficult to
redict.
As an additional complexity, one should mention significant
emperature-dependent variations of the physical properties in
oth liquid and solid structure, which will affect the electric current
istribution. Among other MHD effects, which might be important,
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re the multi-channel effect owing to leaking currents between
eighboring poloidal ducts (some new results for the DCLL con-
ept are presented in Ref. [28]) and those due to spatial variations
f the magnetic field and due to the existence of two other mag-
etic field components (i.e. poloidal and radial). Although small,
hese two field components may play a special role, especially if the
ow turns out to be turbulent. Intensive three-dimensional distur-
ances will most likely occur at the locations where FCI boxes are
verlapping and in the neighborhood of the pressure equalization
penings in the FCI.

. Fully developed flow model

In a fully developed flow, all flow variables do not vary with
he axial coordinate x, except for the pressure P, which is a lin-
ar function of x, i.e. dP/dx = Const. Such flows are governed by the
wo equations for the axial velocity U and the induced magnetic
eld bx, which are both functions of the toroidal z and the radial y
oordinates:

∂

∂z

(
(� + �tz)

∂U

∂z

)
+ ∂

∂y

(
(� + �ty)

∂U
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+ 1

��0

(
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)
= 0 (1)
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∂U

∂y
= 0. (2)

ere, B0
z and B0

y are the two components of the plasma-confining

agnetic field, while �0 is the magnetic permeability, and �t is the

urbulent (eddy) viscosity. In what follows the radial field compo-
ent B0

y is neglected, since B0
y � B0

z . Taking into account that in a
trong magnetic field turbulence reaches its extremely anisotropic
tate with almost no variations of turbulence characteristics along

l
w
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ig. 5. Formation of high-velocity near-wall jets in the poloidal duct flow with the FCI
istribution. Demo blanket conditions: Ha = 15,900; b/a = 1.5 [11].
and Design 83 (2008) 771–783 775

he magnetic field lines, one can put �tz = 0, while the other viscos-
ty component �ty needs to be modeled. Eq. (1) is applied to the
iquid domain, including the bulk flow and that in the gap, while
q. (2) covers the whole cross-sectional duct area, including the
ow domain, the FCI, and the ferritic wall. Since Eq. (2) is written

n a conservative form (� is inside the derivative), inner boundary
onditions on bx are not needed. The outer boundary condition (at
he external side of the ferritic wall) is bx = 0. The above model can
e applied to flows without volumetric heating, i.e. in the ITER H-
scenario, or under conditions when buoyancy-driven flows are

nsignificant compared with the forced flow. With some modifica-
ion (after adding a buoyancy force term on the right-hand-side of
he momentum equation and introducing the energy equation) the

odel can be extended to the analysis of fully developed buoyant
ows.

. Formation of high-velocity near-wall jets

Model equations (1) and (2) can be used to illustrate the mech-
nism of jet formation in the flow with the FCI (Fig. 5). The
omputations are performed with a finite-volume numerical code
escribed in Ref. [29]. The flow is assumed to be laminar, i.e. �ty = 0.
he induced electric currents (Fig. 5a) flow almost radially (i.e. per-
endicular to the magnetic field lines) in the core. In the two side
oundary layers they turn slightly and then cross the two opposite
ow insert plates at a right angle. Outside the FCI box, the cur-
ents flow almost tangentially in the ferritic wall and in the gap
etween the FCI and the structural wall. This electric current circuit

s responsible for the flow opposing Lorentz force, which is higher
n the core and lower in the vicinity of the parallel walls. As a result,
significant portion of the volumetric flow rate in the bulk flow is
ocalized near the side walls in the form of two high-velocity near-
all jets (Fig. 5b). The velocity in the thin gap parallel to the applied
agnetic field is comparable with that in the jets, while the flows

n the two gap sections adjacent to the Hartmann walls are almost
tagnant. The effect of the SiC electrical conductivity on the jets is

(5 mm, �SiC = 100 S/m): (a) induced magnetic field contour plot and (b) velocity
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Fig. 6. Effect of the SiC electrical conduc

nalyzed in Ref. [12] and illustrated here in Fig. 6. As the electri-
al conductivity decreases, the induced electric current decreases,
esulting in more uniform velocity distribution and lower jet veloc-
ty. The jets have a tremendous effect on the temperature field [16].
heir remarkable feature is the existence of inflection points in
egions where the velocity profile exhibits a strong velocity gra-
ient. Under certain conditions, the internal shear layer associated
ith these inflection points is subject to Kelvin–Helmholtz (inflec-

ional) instability, resulting in amplification of originally small flow
erturbations, and eventually in Q2D turbulence (Section 10).

. Jet modification in turbulent flows
If the bulk flow turns out to be turbulent the near-wall jets will
e strongly affected by turbulent diffusion. Fig. 7 shows the effect
f jet reduction in a turbulent flow computed with Eqs. (1) and
2) where the turbulent viscosity was calculated using the zero-

e
t
s
i
r

ig. 7. Modification of the near-wall jet due to turbulent diffusion. The laminar velocit
arameters in Fig. 5.
on the jet flow. See parameters in Fig. 5.

quation turbulence model derived in Ref. [14]. For the chosen set
f the parameters, one can see a strong, about three times, reduc-
ion of the jet velocity and jet thickening compared to the laminar
ow. At the same time the flow in the gap remains laminar; the
aximum velocity of the flow in the gap section parallel to the
agnetic field becomes significantly higher than that in the bulk

ow. Despite the differences between the laminar and turbulent
elocity profiles, the MHD pressure drop in the turbulent case is
nly slightly above the laminar value, indicating that the friction
omponent of the pressure drop is much smaller than that due to
he core Lorentz force, which is about the same in magnitude in
oth cases. This conclusion is in a good agreement with numerous

xperimental observations showing that in a strong magnetic field
he flow exhibits turbulent fluctuations while the friction factor
till obeys the laminar law (e.g. [30]). The reduction of the jet veloc-
ty and the increase of the effective thermal conductivity are both
esponsible for significant effects on the temperature distribution

y profile (left) is compared with the turbulent profile (right) at Re = 60,000. See
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the FCI thickness and its electrical conductivity. Namely, insulating
properties of the FCI may favor the situation when the potentially
unstable M-shaped velocity profile is formed while the induced
currents are sufficiently reduced, providing conditions when tur-
bulence production and its dissipation are in balance. The physical
S. Smolentsev et al. / Fusion Engin

n the DCLL blanket, namely for more uniform temperature profiles
n the radial direction, as demonstrated via numerical simulations
n Ref. [16].

. Laminar to turbulent transition under blanket
onditions

Whether the flow is laminar or turbulent is an important issue,
ince the choice of a proper flow model will definitely affect the
ccuracy of the theoretical predictions. Although, for ordinary
ows, justification of the flow regime in ducts is relatively simple
based on the comparison of the Reynolds number with its critical
alue), a single parameter characterizing transition from a laminar
HD flow to Q2D turbulence in rectangular ducts does not exist.
nlike ordinary flows, in MHD, transitions to turbulence typically
ccur in internal shear layers [29]. The formation of such layers can
e affected by various parameters and flow conditions, including
he magnetic field strength and its spatial distribution, electrical
onductivity of the walls, and the duct aspect ratio. However, the
xistence of the shear layers itself does not guarantee the flow to
e turbulent. A mechanism preventing the shear layers from being
nstable and ultimately turbulent is the energy dissipation that

ncludes viscous losses, which occur mostly in the Hartmann lay-
rs, and ohmic losses associated with closing the electric current in
oth Hartmann layers and electrically conducting walls. The role of
he Hartmann number (as the basic dimensionless parameter that
tands for the magnetic field strength) in the transitions is there-
ore twofold. On the one hand, the formation of potentially unstable
elocity profiles with inflection points occurs in flows where the
artmann number is sufficiently high. A typical example is the
HD flow in a thin-walled rectangular duct in a strong uniform

ransverse magnetic field, where turbulence generation is associ-
ted with the well-known M-shaped velocity profile. On the other
and, once the flow becomes unstable and ultimately turbulent,
issipation losses in the perturbed flow increase as the Hartmann
umber increases. Therefore turbulence appearance and its self-
ustaining depend on two competing mechanisms, both related to
he magnetic field strength. This is also true in the case of rectan-
ular duct flows with the insulating flow insert. However, this case
s more challenging for the analysis compared to the thin-walled
ucts without insulation, since the electric currents generated by
he flow exhibit a complicated path that involves the current dis-
ribution in the FCI and in the gap as shown in Section 6.

Additionally to the Hartmann number, another important
arameter in the turbulent transitions is the ratio of the electri-
al conductivity of the flow-confining structure and that of the
ow. In the particular case of thin conducting walls without elec-
rical insulation, such a parameter reduces to the well-known wall
onductance ratio cw = tw�w/(b�), where �w denotes the electrical
onductivity of the wall and tw is the wall thickness. The wall con-
uctance ratio has a strong effect both on the dissipation losses and
he shape of the velocity profile in MHD flows in rectangular ducts,
hus controlling turbulence generation or its damping. Depending
n cw, the dissipation losses are known to vary as Ha in ducts with
nsulating walls or as Ha2 in electrically conducting ducts (e.g. [32]).

The role of electrically conducting walls in turbulence transi-
ions can further be illustrated with a simple analysis for a Q2D
ow between two plane electrically conducting walls in a uniform
all normal magnetic field. Two time scales can be used to char-

cterize the lifetime of turbulent structures in such a flow: (i) the

artmann braking time, which is the characteristic time of damping
ue to both ohmic and viscous energy dissipation (e.g. [32]):

= b2

�

1
Ha

1
1 + cw Ha/(1 + cw)

(3)

b
i
a
o
t
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nd (ii) the turnover time of the large energy-containing eddies,
elated to the non-linear mechanism of the energy redistribution
etween the mean-flow and turbulent pulsations. Denoting the
haracteristic size of large eddies l* and their velocity U*, the con-
ition of low turbulence damping is therefore given by l*/U* � �,
r

Re∗
Ha

(
b

l∗

)2 1
1 + cw Ha/(1 + cw)

� 1. (4)

he subscript “star” indicates that the Reynolds number Re* is built
sing l* and U*.

For the estimation purposes, Eq. (4) can also be applied to thin-
alled rectangular duct flows in the blanket conditions, where
issipation losses associated with the Hartmann layers and Hart-
ann walls are predominant. In turbulent Q2D rectangular duct

ows, a typical large-eddy size is comparable with the duct dimen-
ion: l* ∼ a (e.g. [23]), and U* ∼ U0, so that Re* ∼ Re. If the Hartmann
alls are highly conducting (cwHa → ∞), condition (4) transforms

o

1
cw

Re

Ha2

(
b

a

)2

� 1,

uggesting that in the electrically conducting blanket, where Re and
a ∼ 104, b/a ∼ 1, and cw ∼ 0.1, turbulence does not appear and self-

ustain. If so, the induced currents associated with the turbulent
ddies are closed through the walls, resulting in fast turbulence
amping, which occurs at the Joule timescale:

= �j = �

�B2
0

. (5)

n the other hand, if the walls are perfectly insulating (cw = 0) or
oor conducting (cwHa � 1) condition (4) can easily be satisfied
nd existence of self-sustained Q2D turbulence is possible. In this
ase, the electric currents induced in the core are closed through the
artmann layers, which have relatively high electrical resistance.
he braking time becomes

= �j Ha = b(�/�l�)1/2

B0
= Ha−1b2

�
, (6)

hich is many orders of magnitude higher than the Joule time scale.
It should be mentioned that formulas (3)–(6) are not in a full

uantitative agreement with experimental data for a thin-walled
uct [34], which show pronounced fluctuations, although no tur-
ulence is predicted with (4). This discrepancy may indicate that
riterion (4), which is purely local, cannot be sufficient to yield a
eneral rule for the existence of turbulence in flows as complex as
hose in the blanket ducts even in the particular case of no insula-
ion.

As applied to the DCLL blanket with the insulating flow insert,
urbulence is likely to appear and self-sustain in a certain range of
asis for deriving a proper transition criterion in these conditions
s still the same: the comparison between the eddy turnover time
nd the braking time. The latter, however, needs a special analysis
f the induced current path and its impact on the energy losses in
he flow, which in the case with the FCI is still missing.



7 eering

9
f

h
s
b
i
p
t
h
a
[

n
fi
i
d
m
fi
i
v
a
m
w
d
t
i
b
i
f
f
e
1

T
d
w

q

w
e
a
t
p
p
f

�

A
w
r

i
a
P
b
b
a
H
c
c
E
c
5

1

o
M
a
t
t
c
fi
r
p
d
p
i
s
k
p
i
v
t
(
n
S
b
d

c
i
t
i
A
a
cies since the predominant dynamics remain essentially the same.
The instability develops in the symmetric internal shear layers,
resulting in a double row of counter-rotating vortices whose charac-
teristic size is comparable with the duct dimension. The vortices are
regularly distributed in space. However, significant irregularities in
78 S. Smolentsev et al. / Fusion Engin

. Unsteady flow model with convection and buoyancy
orce

For many years MHD flows under the LM blanket conditions
ave been treated under stationary inertialess approximations,
ince it was expected that time-dependent inertial flows would
e suppressed by a strong magnetic field (e.g. [32]). Although the

nertial effects are often insignificant with regard to the overall
ressure losses, they can be important from the point of view of
heir impact on the velocity field and, through velocity changes, on
eat transfer. The importance of inertia terms for the full unsteady
nalysis of the blanket flows has been recognized only recently
33].

In a strong magnetic field, flow disturbances along the mag-
etic field lines tend to be inhibited by the action of the magnetic
eld due to a kind of “magnetic diffusion” [24] and a Q2D flow

s promoted. In the analysis of this kind of flows in rectangular
ucts it is usual to split the flow into the core and the Hart-
ann and side layers (e.g. [32]). In a strong transverse magnetic

eld, the Hartmann layers are very thin (O(Ha−1)) and, because
nertia is negligible, can be treated explicitly. In turn, the core
elocity presents no variation along the magnetic field lines. These
llow integrating (averaging) the governing equations along the
agnetic field lines resulting in two-dimensional equations, in
hich a new linear friction term, usually quoted as the Hartmann
amping, appears. With the averaged equations, the computa-
ional effort of solving the original three-dimensional problem
s sufficiently reduced. Such an approach, originally established
y Sommeria and Moreau [24] in the context of turbulent flows
n ducts with insulating walls, has been extended and success-
ully applied to a number of MHD duct flows [35–37]. We also
ollow this approach here to address such blanket-related phenom-
na as Q2D turbulence (Section 10) and buoyancy effects (Section
1).

To extend this approach to buoyancy-driven flows in the ITER D-
or DEMO scenario, we assume that buoyancy effects are present
ue to non-uniform bulk heating q̇, which is approximated here
ith the following formula:

˙ (y) = q0 e−(y+a)/l,

here the ratio a/l ≡ m is hereafter referred to as the “shape param-
ter”. After integrating the governing equations in the z-direction
long the magnetic field lines, the set of equations formulated in
erms of the velocity components U and V, pressure P, and tem-
erature T, all depending on the coordinates x and y in the plane
erpendicular to the applied magnetic field, takes the following
orm:

∂U

∂t
+ U

∂U

∂x
+ V

∂U

∂y
= − 1

�

∂P

∂x
+ �

(
∂2U

∂x2
+ ∂2U

∂y2

)
− U

�

+g(−1)n + g(−1)nˇ(T0 − T), (7)

∂V

∂t
+ U

∂V

∂x
+ V

∂V

∂y
= − 1

�

∂P

∂y
+ �

(
∂2V

∂x2
+ ∂2V

∂y2

)
− V

�
, (8)

∂U

∂x
+ ∂V

∂y
= 0, (9)

(
∂T ∂T ∂T

) (
∂2T ∂2T

)

Cp

∂t
+ U

∂x
+ V

∂y
= k

∂x2
+

∂y2
+ q̇. (10)

s applied to a poloidal blanket, z denotes the toroidal coordinate,
hile x and y stand for the poloidal and radial coordinates cor-

espondingly; t is the time, Cp is the specific heat, and T0 is the
F
[
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nlet temperature in the liquid. The x-axis coincides with the duct
xis and the origin is located at the flow inlet as shown in Fig. 9.
arameter n = 1 on the right-hand-side of Eq. (7) corresponds to
uoyancy-assisted flows (forced flow is upwards), while n = 2 to
uoyancy-opposed flows (forced flow is downwards). In Eqs. (7)
nd (8) there is a term linear in the velocity, which includes the
artmann braking time � introduced earlier. In the particular case
onsidered here for buoyant flows, we assume near-perfect electri-
al insulation by FCI, so that the Hartmann braking time is given by
q. (6). As shown in Refs. [12,13], near-perfect electrical insulation
an be achieved in both ITER and DEMO blanket conditions using a
mm FCI with the electrical conductivity of 1 S/m or less.

0. Q2D MHD turbulence

Unlike homogeneous MHD turbulence dominated by the devel-
pment of the anisotropy due to Joule effect [31], in the Q2D
HD turbulent flows, three-dimensional effects and most of ohmic

nd viscous losses occur only in the thin Hartmann layers, while
he bulk flow is essentially two-dimensional. The turbulent struc-
ures appear as big (comparable in size to the duct dimension)
olumnar-like vortices with their axis aligned with the magnetic
eld direction. Such Q2D eddies do not induce much electric cur-
ent and thus are weakly affected by the magnetic field. They
ersist over many eddy turnovers, until being damped via slow
issipating processes in the Hartmann layers. As applied to a
oloidal LM blanket, the Q2D turbulent eddies are expected to

ntensify radial heat and mass transport as recent experimental
tudies show [34], whereas their effect on the pressure drop is
nown to be insignificant. As shown in Section 7 of the present
aper, Q2D turbulence in blanket flows with the FCI can result

n thickening the near-wall jets and reducing the maximum jet
elocity at the same time. This has been demonstrated using
he zero-equation model, which belongs to the group of RANS
Reynolds-averaged Navier–Stokes) equations, which due to their
ature do not reproduce the internal turbulence structure. Unlike
ection 7, here, we present direct simulations of Q2D MHD tur-
ulent flows to illustrate possible turbulent flow patterns in
etail.

Typical vortical flow patterns in a Q2D MHD turbulent flow are
omputed in Ref. [14] using a Q2D model, where a new term model-
ng a spatially non-uniform volumetric force was added to simulate
ypical M-shaped velocity profiles. Fig. 8 shows DNS (direct numer-
cal simulation) results that illustrate the vorticity distribution.
lthough these computations were performed at relatively low Re
nd Ha, the blanket flows should likely exhibit the same tenden-
ig. 8. Vorticity distribution in a Q2D turbulent MHD flow at Re = 1000 and Ha = 500
14].
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Table 2
Typical values of r and m in the poloidal flows of the DCLL blanket

Duct m r

DEMO #1 (front) 1.0 40
DEMO #2 0.25 12
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he flow can be observed in the form of “compound vortex islands,”
here a few vortices group together to form a bigger coherent

tructure. This is clear evidence of Q2D turbulent flow dynamics,
here “inverse energy cascade” occurs through merging vortices

f about the same size to form a bigger one.

1. Mixed convection

In the blanket ducts in ITER D-T and DEMO, the forced flow
s superimposed with the buoyant flow resulting in a mixed flow
egime. Two characteristic temperature scales in the flow can be
ntroduced: the radial temperature scale �T = q̄a2/k introduced
arlier (Section 2), and the axial scale associated with the bulk
emperature increase as the liquid moves poloidally from the inlet
o the outlet. In the DCLL blanket conditions, the latter is suffi-
iently smaller. Therefore buoyancy effects in the liquid metal flow
n the DCLL blanket are better characterized with the radial temper-
ture scale associated with the non-uniform volumetric heating,
hose intensity drops near exponentially in the radial direction,

s shown in Fig. 4. To some degree buoyancy-driven flows in the
CLL blanket are similar to the classic case of differential heat-

ng when convective flows occur in a gap between two vertical
alls, one of which is “hot” and the other is “cold,” so that the
uoyancy force makes the liquid flow upwards near the hot wall
nd downwards near the opposite wall. Under the strong reac-
or magnetic field, the convective flows are again expected to
e essentially Q2D, with 3D effects localized in the thin Hart-
ann layers. This striking feature allows for using the Q2D flow
odel described in Section 9. The effect of buoyancy forces on
he blanket operation manifests itself through intensive thermal
ixing, which can exhibit either laminar or turbulent features.

he increase in the effective heat transfer coefficient (or Nus-
elt number) due to buoyancy effects may result in higher heat
osses from the PbLi flow into the cooling helium streams and this

d
a
h
i
fl

Fig. 9. Sketch illustrating the forced flow direction with respec
EMO #3 0.15 5
TER D-T #1 (front) 0.3 10
TER D-T #2 0.2 8

ould degrade the thermal blanket efficiency. Such heat trans-
er intensification associated with turbulent natural convection
n the presence of a transverse magnetic field has been demon-
trated experimentally [38] and numerically [39]. Another concern
ssociated with the buoyancy effects in the blanket is a risk of
ocally reverse (or recirculating) flows and associated “hot spots”
nd tritium accumulation, which may occur in the return ducts of
he blanket module (Figs. 1 and 2) where the liquid flows down-
ards.

To access the important flow features, a number of simplify-
ng assumptions are made: (i) the flow is laminar; (ii) the flow
s fully developed; and (iii) all duct walls are perfectly insulating
oth electrically and thermally. The last assumption allows for Neu-
ann thermal boundary conditions at the walls. The assumption

ii) is justified for long ducts, where the entry/exit effects can be
eglected. This seems to be valid in the DCLL blanket conditions,
here the ratio between the duct length and the characteristic

ross-sectional dimension is typically high: 50 in ITER and 20 in
EMO. A few relevant cases have been simulated in Ref. [39] for nat-
ral convection, demonstrating that the edge sections with strong
isturbances due to boundary conditions at the top and bottom

re short. The validity of the fully developed flow assumption has,
owever, to be further checked via numerical simulations or exper-

mentally in conditions of the real blanket design with pertinent
ow parameters.

t to the gravity vector in the mixed convection problem.



7 eering

f

0

U

w
g
i

T

P

H
i
e
f
g
o
v
a

(

	

A
a
f

U

U

H
[
i
R
i
t
t
B
i

80 S. Smolentsev et al. / Fusion Engin

Under the assumptions made, Eqs. (7)–(10) take the following
orm:

= − 1
�

dP

dx
+ �

d2U

dy2
− g − (−1)ngˇ(T − T0) − U

�
, (11)

∂T

∂x
= k

�Cp

∂2T

∂y2
+ q̇

�Cp
, (12)

here � in the case of electrically insulating walls analyzed here is
iven by Eq. (6). The temperature and the pressure can be written
n the following way:

= T0 + 	x + 
(y), (13)

= P0 − �[G − g(−1)n]x − g(−1)n�ˇ	
x2

2
. (14)

ere, T0 and P0 are the temperature and the pressure at the flow
nlet. The two constants G and 	 can be found from the global
nergy/mass balance. The special solution form (13) reflects the

act that without the heat losses and with the x-independent heat
eneration in the liquid, the bulk temperature is a linear function
f x, so that 
(y) is responsible for the cross-sectional temperature
ariations imposed on the bulk temperature. The global energy bal-
nce thus requires

∫ a

−a

(y) dy = 0 being satisfied. By integrating Eq.

t

G

Fig. 10. Effect of r and m on mixed convecti
and Design 83 (2008) 771–783

12) between the side walls and using (13) one can find

= 1
�CpU0

q̄, where q̄ ≡ 1
2a

∫ a

−a

q̇ dy = q0(1 − e−2m)
2m

.

fter substitution of expressions (13) and (14) into Eqs. (11) and (12)
nd writing the resulting equations in the dimensionless form, the
ollowing equations can be obtained:

˜ ′′ − Ha
(

a

b

)2
Ũ − (−1)n Gr

Re

̃ = −G

a2

�U0
, (15)

˜ − 
̃′′ = 2m

1 − e−2m
e−m(ỹ+1). (16)

ere, the mean-flow velocity U0 is used as the velocity scale,

] = q̄a2/k as the temperature scale, and a as the length scale. Tilde
s used to mark dimensionless variables. The Hartmann and the
eynolds numbers are defined as before, and the Grashof number

s Gr = gˇ[
]a3/�2. Eq. (15) can further be simplified by neglecting
he second derivative Ũ ′′, because, at high Ha numbers, friction in
he side layers is negligible in comparison with Hartmann damping.
esides, the side layers, which are very thin, do not carry any signif-

cant flow rate. After integrating the resulting equations between

he side walls, the following expression for constant G is obtained:

a2

�U0
= Ha

(
a

b

)2
.

on when the forced flow is upwards.
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inally, Eq. (15) takes a very simple form:

˜ = 1 − (−1)nr2
̃, (17)

here

=
√

Gr

Ha Re(a/b)2
(18)

s a new important dimensionless parameter. The solution of Eqs.
16) and (17) for the case of upward flow (n = 1, Fig. 9 left) with
diabatic wall boundary conditions is as follows:

(y) = q̄a2

k

{
2m2

r(r2 − m2)(1 − e−2m)

[
e−2m cosh[r((y/a) + 1)] − cosh

sinh(2r)

(y) = U0

[
1 + r2 k

q̄a2

(y)

]
. (20)

or the downward flow (n = 2, Fig. 9 right) the solution is:

(y) = q̄a2

k

{
− m2

r(r2 + m2)(1 − e−2m)

[
sin(r(y/a))

cos(r)
(1 + e−2m) + cos(

si

[
k

]

(y) = U0 1 − r2

q̄a2

(y) . (22)

t is noticeable that there are only two dimensionless parameters,
and m, which enter the solution. The shape parameter m affects

he steepness of the heating profile. It is fully determined by the

o
v

Fig. 11. Effect of r and m on mixed convectio
and Design 83 (2008) 771–783 781

/a) − 1)]
]

+ 2m e−m((y/a)+1)

(r2 − m2)(1 − e−2m)
− 1

r2

}
, (19)

))
(1 − e−2m)

]
− 2m e−m((y/a)+1)

(r2 + m2)(1 − e−2m)
+ 1

r2

}
, (21)

nteraction of neutrons with the liquid metal. Parameter r, which
ombines Gr, Ha, Re and the aspect ratio a/b, is more related to the
iquid metal flow itself as it carries information on the contribution
f various forces acting on the flow, such as buoyancy, viscous, and
lectromagnetic forces. Its value is affected by the blanket opera-
ion parameters or/and duct dimensions. Typical values of r and

in the DCLL blanket for the current DEMO and ITER designs
re summarized in Table 2, and their effect on mixed convec-
ion (based on the present analytical solutions) is demonstrated in
igs. 10 and 11.

In the upward flow case, higher velocity occurs at the “hot” wall,
here volumetric heating reaches its maximum. The difference

etween the maximum velocity at the hot wall and the minimum
ne at the cold wall increases with r approaching the asymptotic
alue when r � 1:

Umax − Umin

U0
= 2m. (23)

n when the forced flow is downwards.
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Fig. 12. Boundary curve in the r–m plane for downward flows.

t the same time the temperature profile becomes more and more
niform when r increases. In the case of the downward flow, both
he velocity and temperature profiles become more non-uniform as
increases. At high enough r this tendency may result in a reverse
ow near the hot wall where the buoyant and forced flows are
pposite. The conditions where the reverse flow starts were found
y solving equation U(−a) = 0 using formula (22). A corresponding
oundary curve is shown in Fig. 12. It is noticeable that the present
nalysis suggests reverse flows in return ducts in both DEMO and
TER blankets. However, negative consequences of the reverse flows
e.g. through forming hot spots at the duct walls) are more likely
n the DEMO conditions, where volumetric heating and operation
emperatures are higher. It should be mentioned again that the
resent theory is limited to fully developed flows by neglecting
dge effects at the top and bottom of the poloidal ducts. There-
ore, real flows in the blanket can definitely be more complex than
he current predictions. For example, reverse flows are likely to be

odified due to inertia effects to a kind of recirculation flows. The
dvantage of the present theory is, however, in predicting condi-
ions when the formation of such recirculation zones is possible by
sing simple analytical solutions.

2. Concluding remarks

Although the analysis done in this paper on MHD phenomena
s not nearly enough to address all MHD blanket-related issues,
t appears that important peculiarities of MHD flows in the DCLL
lanket are related to the predominance of Q2D turbulence and
onvective effects. This differs from many previous considerations
or other LM blankets where turbulence and convective effects were
ften neglected. The two special features that set off the DCLL con-
ept from other LM blankets is (i) using a flow channel insert and
ii) running the LM flows at a moderate speed, which is much
igher than that in the HCLL blanket, but at the same time sig-
ificantly lower compared to a self-cooled blanket. The FCI has a
nite electrical conductivity providing conditions where the elec-

ric currents induced in the LM flow can be significantly reduced
ut still leak outside the FCI structure. Such electric currents do
ot produce much dissipation, thus enabling self-sustained Q2D
urbulence through the destabilization of the internal shear lay-
rs. On the other hand, the moderate flow velocity and intensive

[

[

and Design 83 (2008) 771–783

olumetric heating are both favorable for the mixed flow regime,
here buoyant flows can even dominate over the forced flow. When
2D turbulence is combined with buoyant flows, new flow regimes
an be foreseen. The resultant flow seems to be a very rich combi-
ation of phenomena, whose properties and the influence on the
lanket operation are not very well understood yet. What limits
he effectiveness of the studies is extremely large values of the
imensionless parameters: Ha, Re, and Gr. Although the separate
ffects can be addressed using simplified flow models, as those
resented in this paper, studying the major multiple effects will
equire full modeling or prototypic physical experiments. In spite
f a big challenge such studies are absolutely necessary in parallel
ith the design work for ITER TBM and R&D for the DEMO blanket,

s MHD effects are of primary importance for the DCLL concept.
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