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We summarize here the results of ongoing studies for magnetohydrodynamic (MHD) flows and heat
transfer in the eutectic alloy lead-lithium (PbLi), which is used as a breeder and coolant, for three US
Dual-Coolant Lead-Lithium (DCLL) blanket scenarios: ITER H-H, ITER D-T, and DEMO. The paper focuses
on the important blanket feasibility issues, such as the MHD pressure drop, heat leakages from PbLi into the
cooling helium flows, and the temperature distributions in the insulating flow insert and at the material
interface. Both ITER scenarios look acceptable, i.e., all material restrictions can be easily met. In the DEMO
scenario, the flow insert operates in harsh conditions causing high temperature drop in the insert and

high interface temperature between the hot PbLi and the ferritic structure that may exceed the allowable

material limits.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The Dual-Coolant Lead-Lithium (DCLL) blanket is being consid-
ered in the US for testing in ITER and as a primary candidate for a
DEMO reactor. Details of the DCLL design for ITER Test Blanket Mod-
ule (TBM) are given in [1]. The reference DCLL DEMO blanket was
firstintroduced in [2], and the design and R&D work on this blanket
is currently in progress in the US. In the DCLL blanket, eutectic alloy
lead-lithium (PbLi) circulates slowly (~10cm/s) as a breeder and
coolant, while helium (He) is used for cooling the reduced acti-
vation ferritic steel (RAFS) structure. The overall geometry of the
blanket modules in ITER and DEMO is similar (Fig. 1). The poloidal
length of the module is ~2 m, while the radial depth is ~60 cm in
DEMO and ~20 cm in ITER. The module box is strengthened by ver-
tical stiffening plates (grid plates) connecting the first wall panel
with a strong back wall. There are additional stiffening plates (sep-
aration plates) to separate the two or three rows of poloidal ducts.
In what follows we will refer to the poloidal ducts in the row next
to the first wall as “front” ducts, while the ducts in the second or
third rows are referred to as “return” ducts.

Three blanket scenarios are considered here. In the ITER H-H sce-
nario, only the surface heat flux is applied. In this scenario, the PbLi
enters the module at 470°C and leaves it at a slightly lower tem-
perature due to heat leakages from the PbLi into the He. The inlet
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He temperature is taken at 300 °C to provide test conditions, where
the temperature difference between the PbLi and He is maximized.
In the ITER D-T scenario, both surface and volumetric heating are
applied. The peak neutron wall loading is 0.78 MW/m?; the inlet
PbLi temperature is 360°C and the outlet temperature is 470°C.
The maximum bulk temperature of PbLi in both ITER scenarios is
limited to 470 °C to avoid potential material problems, which may
occur at higher temperatures. In the DEMO scenario, the peak neu-
tron wall loading is 3.08 MW/mZ. Here a high-performance regime
is utilized, where the inlet PbLi temperature is 500 °C, while the
outlet temperature is 700°C.

A key element of the DCLL concept is the flow channel insert
(FCI) made of silicon carbide (SiC), either as a composite or as
foam, which serves as an electrical insulator to reduce the mag-
netohydrodynamic (MHD) pressure drop, and as thermal insulator
to decouple the high temperature PbLi from the RAFS structure.
The FCI (typically 5 mm thick) is separated from the RAFS wall by
a thin (~2 mm) gap also filled with PbLi. Both the flow inside the
FCI box (bulk flow) and that in the gap are driven by the same pres-
sure head. The gap and the bulk flows are connected through small
openings in one of the FCI walls to equalize the pressure on both
sides of the FCI. The blanket thermal efficiency is strongly depen-
dent on the insulating properties of the FCI. The desired blanket
design requires minimization of heat leakages from the PbLi flows
into the He streams, as well as minimization of the MHD pres-
sure drop, while keeping the interface temperature between the
PbLi and the RAFS structure below the allowable limits. Meeting
all these requirements places special limitations on the FCI design
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Fig. 1. Sketch of the DCLL DEMO blanket with the flow channel inserts made of
silicon carbide. The PbLi flows are shown by arrows.

and SiC material properties: in particular, on its electrical (osic ), and
thermal (ksjc) conductivity [4]. Preliminary MHD and heat transfer
considerations for the DCLL blanket with the FCI are given in [3,4].
In this paper, we present more details based on the most recent
numerical calculations, and also extend our analysis to the two ITER
scenarios described above. Regarding the DEMO scenario, only the
outboard module at the reactor mid-plane (where the thermal load
is highest) is currently considered.

2. MHD pressure drop

In all three scenarios, the applied magnetic field is about the
same, ~4 T, while the blanket dimensions and flow rates are larger
in DEMO resulting in slightly higher MHD pressure drops compared
to ITER. In the ITER TBM, PbLi enters the module at its bottom from
the outer annulus of the concentric pipe (details of the concen-
tric pipe design are seen in Fig. 1). From the inlet manifold it is
distributed into the three front poloidal rectangular ducts, where it
flows upwards. At the top of the module, the PbLi makes a 180° turn
and then flows downwards through the return ducts at the back of
the module. At the bottom of the module, the liquid is collected
and leaves the module from the outlet manifold through the inter-
nal tube of the concentric pipe. Electrical insulation of the module
is provided via FCIs. The PbLi flows in the blanket can be subdi-
vided into the following components: (A) counter-current flow in
the concentric pipe within a near-uniform magnetic field; (B) flow
in the concentric pipe in a fringing magnetic field; (C) flow in the
inlet manifold; (D) flow in the front ducts, including radial flows at
the module bottom and top; (E) flow in the return ducts; (F) flow
in the outlet manifold.

Detailed estimations of the MHD pressure drops for all the flows
under ITER TBM conditions are given in [5]. Brief description of
the numerical procedure for solving MHD equations is given in
the next section. The overall MHD pressure drop in the module
is ~0.45 MPa and mostly contributed by 3D flows, such as those in
manifolds, where the pressure losses occur due to axial electric cur-
rents. These currents close their circuit mostly in the flow domain
and cannot be reduced significantly by the FCI, whose main func-
tion here is thermal insulation. In the poloidal flows, the MHD drag
is caused by cross-sectional electric currents, which close their cir-
cuit through the conducting walls, so that electrical insulation via
FCIs can be very effective as a means for reducing the MHD pres-
sure drop (Fig. 2). Fig. 2 shows the MHD pressure drop reduction
factor R defined as the ratio between the MHD pressure drop calcu-
lated without the FCI and that with the FCI. The computations were
performed for the case without a pressure equalization slot whose
effect on the MHD pressure drop was found insignificant [4]. Taking
into account that the magnetic field for ITER TBM and the outboard
DEMO blanket is not very high (~4T), no special requirements on
the insulating properties of the FCI are needed for these two DCLL
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Fig. 2. Effect of the SiC electrical conductivity and the FCI thickness on the MHD
pressure drop reduction factor R in the poloidal flow for DEMO scenario.

blanket scenarios. As shown earlier [4] even relatively high og;c
around 500 S/m provides the reduction of the MHD pressure drop
in the poloidal flow by a factor of 10. More severe requirements are,
however, applied to inboard modules where the magnetic field is
about three times higher and effective electrical insulation of the
poloidal flows is thus necessary. The computed value of 0.45 MPa
is well within the permissible limits (usually <2 MPa).

3. Heat leakages into He

Heat leakages into helium can reduce the bulk temperature in
the PbLi and degrade blanket’s thermal efficiency. A parametric
study was performed for the DEMO blanket scenario via numerical
simulations to assess heat leakages through the FCI by calculating
a ratio 717 = Qppy;i/Qsota;, Where Qppy; is the amount of heat deposited
in the PbLi and Q¢ is the total thermal load per module, includ-
ing the surface heat flux and bulk heating. The mathematical model
used in the computations assumes a fully developed flow [7], either
laminar or turbulent [8]. The numerical procedure is similar to that
in [4]. First, the velocity is calculated in both the bulk and gap flow,
and then the velocity profile is used as input data for the 3D finite-
difference heat transfer code to compute the temperature field and
heat fluxes in the multi-material domain, which includes the PbLi
flows, SiC FCI, and the RAFS structure. The velocity distribution
is calculated using a multi-material MHD code [6], which solves
the momentum equation for a fully developed flow along with the
induction equation by a finite-volume technique. The calculated
induced magnetic field is used to calculate the electric current com-
ponents and then the Lorentz force term entering the momentum
equation. Fig. 3 shows the bulk temperature as a function of the
poloidal distance as the liquid proceeds through the front duct at
the first wall and then through the two return ducts at the back of
the module. In the case of ideal thermal insulation, all heat gen-
erated in the PbLi remains in the flow resulting in a continuous
temperature increase. In the “real” case (where the thermal con-
ductivity is finite), the bulk temperature in the two return ducts can
drop due to heat losses through the FCI. Fig. 4 summarizes numeri-
cal data for 1 for various flow conditions. The maximum achievable
n is ~60%. As computations show, at ksjc =1 W/mK, the heat losses
become almost independent of the electrical conductivity of the
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Fig. 3. Bulk temperature variations in the PbLi for the DEMO scenario as the PbLi
proceeds through the front and then two return ducts.

FCI and the flow regime. In these conditions 1 =55%. The possibil-
ity to achieve ksijc =1 W/mK in the blanket environment should be
addressed via material studies.

4. Temperature difference across the FCI; interface
temperature

The temperature data were also used to evaluate the temper-
ature difference across the FCI walls (ATgc) and the interface
temperature between the PbLi in the gap and the RAFS wall
(Tint)- The former is responsible for the thermal stress in the FCI
and should be kept within ~200K, while the latter is limited to
~(470-480)°Cbased on the allowable corrosion rate. As the present
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Fig.4. Effectofthe electrical and thermal conductivity of the FCI and the flow regime
on heat losses in the DEMO blanket.

calculations show, both ITER scenarios in normal conditions look to
be acceptable, i.e., all restrictions on the interface temperature and
the thermal stress in the FCI can be easily met. Even in abnormal
conditions (for the ITER D-T scenario), when the flow rate in one of
the ducts is reduced by a factor of two, all the parameters are well
within the allowable limits.

In the ITER H-H scenario, the goal is to establish “test” conditions
by maximizing the temperature difference between the cooling
helium and the PbLi. This temperature difference drives heat leak-
ages into the helium streams, resulting in ~(20-30)K decrease
in the PbLi bulk temperature at the exit. At the same time the
maximum calculated ATgc is ~100K. All calculated temperature
variations are very pronounced and can be measured easily when
doing experiments in ITER.

In the DEMO scenario, where volumetric heating and the PbLi
operation temperature are sufficiently higher, the FCI operates
in harsh conditions that may result in intolerably high thermal
stresses. The FCI electrical conductivity, which is responsible for
the shape of the velocity profile and even for the flow regime, has
a very strong effect on ATgc. Increasing osic results in higher flow
velocities at the front and back FCI walls and lower velocities over
the central area and at the lateral walls. As a result, the tempera-
ture difference decreases across the front FCI wall, but it increases
across the lateral walls. For example at o'sic = 1 S/m, maximum A Tg¢;
for the front FCI wall in the front duct is 320K, while for the side
wallitis 190 K. At o5c = 100 S/m, corresponding temperature differ-
ences are 140 and 500 K. A parametric study (using os;c and ks;c as
parameters) was performed to find os;c leading to reasonably low
ATgq for all FCI walls in both front and return ducts. It was found
that at o5ic =20 S/m the maximum temperature differences are 200
and 240K correspondingly (Fig. 5). These values are still high and
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Fig. 5. Temperature difference across the FCI. Front duct. Left: front FCI wall. Right:
side FCI wall. o5ic =20 S/m. ksic =2 W/mK.
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Fig. 6. Interface temperature. Front duct. Front surface. osijc =20 S/m. ksic =2 W/m K.

further design optimizations are needed. There are also concerns
regarding the interface temperature (Fig. 6), which is also higher
than the allowable limit at some locations.

5. Concluding remarks

Excessively high ATy and T;, seem to be a critical issue for
the existing US DEMO blanket design. Some design improvements
can, however, be suggested to mitigate these potential problems.
The interface temperature at the locations where it is too high can
be reduced by increasing locally the heat transfer coefficient in the
He flow by increasing its velocity or applying a heat enhancement
technique, e.g. artificially roughened walls. To decrease the temper-
ature difference across the FCI, a “nested” (double-layer) FCI will be
considered. Another possible approach is using a variable thickness
(or variable electrical conductivity) flow insert to reduce ATgc by
affecting the velocity profile.
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