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Abstract

A critical point in the design of liquid metal blankets for fusion reactors is the accurate estimate of magnetohydrodynamic
(MHD) pressure losses caused by the interaction between flowing breeder and magnetic field. In the Water-Cooled Lithium
Lead (WCLL), the liquid metal (PbLi) is used as tritium breeder and carrier, whereas power extraction is delegated to
water, thus allowing to minimize the breeder velocity. However, pressure drop for the PbLi loop is expected to remain
significant due to high field intensity and direct electrical contact at fluid/wall interface. In this study, a comparative
analysis between four alternative WCLL-DEMO configurations is performed to investigate the influence of blanket layout
and piping system integration on this variable. Empyrical and semi-empyrical correlations, supported by numerical
simulation results, have been used to estimate the baseline MHD loss, thus neglecting secondary contributions from
viscous, inertial, and coupling effects. The larger contribution has been observed in the connection pipes, which are
characterized by extensive length, high velocity, and large field gradients. Integration scheme with DEMO reactor is
also a key factor, whereas breeding zone and manifold layout play secondary, albeit significant, roles in determining
overall MHD loss. Adopting insulating elements in feeding and draining pipes should be carefully considered to reduce
PbLi pumping requirements. Further numerical and experimental characterization of 3D MHD flow in manifolds and for
coupling phenomena is vigorously suggested to reduce the uncertainty about blanket flow distribution and pressure loss
estimate.
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1. Introduction

Liquid metals containing lithium are attractive working
fluids for fusion reactor blankets since they can combine the
functions of coolant, tritium breeder, and carrier. However,
these fluids interact strongly with the tokamak magnetic
field giving arise to a wide range of magnetohydrodynamic
(MHD) effects which, at the very least, alter the component
performance and, at worst, can be detrimental to its stated
function [1]. Among the effects triggered by the transition
to a MHD flow regime, the most dramatic is a large increase
in pressure loss due to the induction of resistive Lorentz
forces, whereas changes affecting flow features, heat trans-
fer, and mass transport mechanisms, even if more subtle,
are no less important [2].

To minimize pressure losses and corrosion, the power
extraction function is often delegated to a secondary, non
electrically conductive, fluid like water or helium, in a so-
called separately cooled blanket. Nevertheless, the liquid
breeder must be efficiently circulated to allow tritium pro-
cessing and control, thus keeping the necessity to properly
understand how the MHD effects influence the blanket
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performances in order to optimize the component design
[2, 3].

The objective of this study is to assess how the layout
of the breeder circuit, both internal and external to the
breeding blanket, can affect MHD pressure losses and, con-
sequently, provide useful data to better define both the
main loop and blanket design. This work has been incor-
porated in a wide parametric campaign launched in 2018
to improve the Water-Cooled Lithium Lead (WCLL) blan-
ket through the analysis of four alternative configurations
characterized by different approaches to integration with
breeder loop, breeding zone layout, and flow distribution
scheme [4].

The wide scope and available computational tool limita-
tions have encouraged the study of the MHD loss problem
through a system-level approach which focuses on the most
significant phenomena to achieve a reasonably accurate
first estimate and to highlight regions where further charac-
terization is required. This methodology allows to provide
a rough figure for overall MHD loss, likely to be toward the
lower end rather than conservative, and to iterate toward
a more accurate estimate progressively, incorporating in-
formation that will become available on MHD phenomena
in later activities. For this purpose, outcome of numer-
ical analyses carried on the WCLL blanket in the past
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years have been used in this study, whenever possible, to
integrate empirical and semi-empirical correlations [5–10].

During the Blanket Concept Selection Exercise in 1995,
a similar methodology was adopted by Reimann et al. to
analyze the importance of MHD effects occurring in Dual-
Coolant (DCB) and Water-Cooled (WCB) blankets [11].
More recently, system-level analyses integrated by direct
simulation results have been used to estimate overall MHD
loss for the Dual-Coolant Lithium Lead (DCLL) concept,
both in Europe [12, 13] and United States [14, 15]. Purely
numerical analyses attempting to estimate MHD losses at
blanket level are scarce due to prohibitive computational
cost of 3D computations and the lack of suitable system
codes. Notable examples adopting this last approach are
the simulation of the Indian Lithium Lead cooled Ceramic
Blanket (LLCB) Test Blanket Module (TBM) performed in
2019 [16] and, based on the same concept, the coupled sys-
tem code-CFD validation exercise realized by Wolfendale &
Bluck [17]. Experimental campaigns on scaled down mock-
ups have been performed to characterize MHD pressure
loss in the Helium-Cooled Lithium Lead (HCLL) TBM
under reactor-relevant magnetic field intensity [18, 19].

2. DEMO reactor and WCLL blanket

Major engineering studies on a demonstrator fusion re-
actor (DEMO) have been conducted in Europe since 1990s
and have been coordinated since 2014 by the EUROfusion
Consortium. DEMO is expected to be a “stepping stone”
device between ITER, an experimental machine aimed to
demonstrate high power burning plasma regimes, and a
full-fledged first-of-a-kind Fusion Power Plant (FPP). Its
main goals are modest electricity production (≈ 500 MWe),
to achieve tritium self-sufficiency, reasonable availability
(≈30%), and provide data to extrapolate toward FPP de-
sign [20].

The most recent DEMO plant concept (DEMO2017)
features a baseline pulsed machine (≈2 h) with single-
null water-cooled divertor to handle particle and power
exhaust. The plasma-facing First Wall (FW) is protected
by a thin layer made of tungsten. Reduced activation
ferritic-martensitic (RAFM) Eurofer and AISI 316 steels
are envisioned as structural materials, respectively, for
in-vessel components and Vacuum Vessel (VV). Magnet
system provides up to 12 T and relies on Low Temperature
Super Conducting Nb3Sn magnets divided into a Central
Solenoid (CS), sixteen Toroidal Field Coils (TFC), and six
Poloidal Field Coils (PFC) [20].

One of the critical components to achieve DEMO goals
is the Breeding Blanket (BB) which is tasked with tritium
breeding, fusion power extraction, and radiation shielding.
The vacuum chamber is completely surrounded by the
BB which is divided in inboard and outboard sections,
as shown in Figure 1. A comprehensive review on the
R&D activities required for this component is presented
in Ref. [1]. Currently, two different concepts are intensely
pursued within EUROfusion: the Helium-Cooled Pebble

Figure 1: Blanket sector and integration with PbLi loop (shown on
right, from Ref. [4]) and Primary Heat Transfer System (PHTS, not
labeled), labels for the PbLi connecting pipes refer to the integration
scheme no. 1 described in Section 4.2

Bed (HCPB) and Water-Cooled Lithium Lead (WCLL)
[21].

2.1. WCLL blanket

This blanket concept relies on Lithium Lead eutectic
alloy (PbLi) as tritium breeder and carrier, wheres FW
and BB cooling is accomplished using pressurized water.
Development activities have been performed by ENEA CR
Brasimone and several institutions since 2014 [4, 22–24].
The baseline design is described in detail in Ref. [24].

PWR-like conditions (P = 15.5 MPa, T =295÷328 °C)
are adopted for the Primary Heat Transfer System (PHTS)
to draw upon abundant operative experience accumulated
by fission reactors. Separate circuits are adopted for FW
and BB Breeding Zone (BZ); the former relies on square
channels embedded in the structural material, whereas the
latter is constituted by a large number of Double-Walled
Tubes (DWT) directly immersed in the breeder [4, 24].

No poloidal segmentation is considered in the current
design iteration to facilitate PbLi loading/draining oper-
ations, helium bubbles removal, and radiation shielding.
The BZ geometry is modular with horizontal and verti-
cal stiffening plates (SP) identifying an “elementary cell”
which represents the PbLi hydraulic path and is uniformly
repeated along the poloidal direction [4, 24].

The back supporting structure (BSS) sustains the weight
of the blanket segment and provides the connection with
the VV. Due to the intense loads that it needs to withstand,
the BSS is the thickest structural component in the blanket
at ≈100 mm [4]. Water and PbLi manifolds are integrated
within the narrow gap separating BSS and BZ [4, 24].

2.2. PbLi loop

The conceptual design of the PbLi loop is shown in
Figure 1. Its main purpose is to circulate the liquid metal
through the blanket to ensure continuous tritium removal
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Table 1: Average BZ dimensionless group values in WCLL alter-
native configurations, described in Section 4and Table 2, and DCLL
(from Ref. [27])

Ha Re N Gr Ly

DCLL 8.05× 103 3.18× 104 2.00× 103 3.73× 1011 1.06× 102

WCLL
T01.A 9.39× 103 1.96× 102 4.52× 105 1.46× 1013 2.31× 101

T01.B 9.39× 103 9.78× 103 9.04× 103 1.46× 1013 2.31× 101

T02 6.73× 103 3.17× 103 1.43× 104 2.23× 1010 3.04× 102

T03 6.73× 103 7.13× 103 6.36× 103 2.23× 1010 3.04× 102

and to minimize permeation in the primary coolant. It
is divided in separately managed inboard and outboard
circuits for a total of six operative loops. The liquid metal
is circulated through mechanical pumps and, after passing
within the blanket, is sent to the Tritium Extraction and
Removal System (TER). An expansion (or relief) tank is
present at the circuit top to allow helium degassing and,
together with an heat exchanger and purification system,
to provide chemical and volume control. Operative loop
pressure is foreseen at 0.33 MPa, whereas the value for
the conceptual design of components is fixed at 4.6 MPa,
110% of maximum pressure value accounting for PbLi
hydrostatic load, cover gas pressure and pumping system
[3, 25]. However, the design pressure is likely to be revised
in the next DEMO iterations, since it currently neglects
both MHD losses and peak transient value in accidental
conditions, where the liquid metal can reach up to 15
MPa during in-box Loss of Coolant Accident [26]. A more
realistic value for the loop design could be defined from the
nominal pressure in the PHTS (P1 = 15.5 MPa) through
the relation

Ploop = P1 ∗ 1.1 + P2 = 20.5MPa (1)

where P2 = 3 MPa is the PbLi hydrostatic load.

3. Fundamental MHD phenomena

The motion of an incompressible electrically conducting
fluid in the presence of a magnetic field within a duct is
fully described by the combination of Navier-Stokes and
Maxwell equation sets. For liquid metal flows in fusion
reactor, the induction-less approximation can be used to
neglect the self-induced magnetic field effect and to simplify
the velocity/magnetic field coupling [28, 29]. Focusing our
attention on the momentum equation, it can be expressed
as following

∂v

∂t
+ (v · ∇)v = −1

ρ
∇p+ ν∇2v +

1

ρ
j×B + f (2)

where v, t, ρ, p, ν, j, B and f stand for velocity, time,
density, pressure, kinematic viscosity, current density, mag-
netic field, and a generic volumetric body force.

Suitable scales can be chosen, such as magnetic field
intensity B0 and characteristic length L, to rearrange Equa-
tion (2) in dimensionless form, thus defining fundamental

parameter groups. The most important is the Hartmann
number

Ha = B0L

(
σ

ρν

)0.5

(3)

where σ is the electrical conductivity. This dimensionless
group represents the square of electromagnetic and viscous
forces ratio. The Reynolds number is expressed through
its classic formulation

Re =
u0L

ν
(4)

These two parameters can be combined to write the in-
teraction parameter or Stuart number to express the ratio
between electromagnetic and inertial forces

N =
Ha2

Re
=
σB2

0L

ρu0
(5)

Since intense temperature gradients are foreseen in the
blanket due to neutronic volumetric heating (Q), the term
f generally stands for the buoyancy force. The Grashof
number is used to describe the ratio between buoyancy and
viscous forces

Gr =
gβ∆TL3

ν2
(6)

where g, β, and ∆T are the gravity acceleration, thermal
expansion coefficient and characteristic temperature differ-
ence. Consequently, the Lykoudis number characterize the
balance between electromagnetic and buoyancy forces

Ly =
Ha2

Gr0.5
(7)

If the discussion is restricted to buoyancy as the only
additional body force, Equation (2) can be reformulated
to highlight the influence of these dimensionless groups

Ly−2

[
∂v

∂t
+ (v · ∇)v

]
=

−∇pd +Ha−2∇2v + j×B− gT (8)

where pd stands for the dynamic pressure. In a purely
isothermal magneto-hydraulic flow, N−1 is substitutes to
Ly−2 in the left hand side of Equation (8) and the buoyancy
force term is omitted.

A comprehensive review of design issues introduced by
the transition to MHD flow regime is outside of the scope
of this study but can be found in Ref. [2]. In the present
work, the focus is on the enhanced pressure loss caused
by the retarding action of volumetric Lorentz forces in the
fluid. These are generated by the current induction in
the fluid body due to the relative movement between the
electrically conducting fluid and “static” magnetic field.
Ensuing Lorentz forces destroy the kinetic energy of the
flow via Joule dissipation and, thus, force the fluid to
rearrange its structure to minimize it. The most well-
known effect is flow diffusion along magnetic field lines
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Figure 2: Quasi-toroidal coordinate system: toroidal (φ or t),
poloidal (θ or p), vertical (Z), global (R) and blanket (r) radial
axes [10]

which results in the typical “quasi-slug” core flow and
dampening of turbulent structures [28, 29]. If the duct
walls are electrically conductive, these provide additional
current paths and their relative conductivity with regard to
the liquid metal is expressed through the wall conductance
ratio

c =
σw
σ

tw
L

(9)

where σw and tw are the wall electrical conductivity and
thickness. Current path in the fluid bulk are mainly within
thin boundary layers, whose scale is expressed as δH =
O(Ha−1) for wall ⊥ B and δS = O(Ha−1/2) for wall
‖ B. If the magnetic field is large enough, all the current
is carried by the wall and main force balance in duct is
between pressure and Lorentz force, therefore ∂p/∂x ∝
u0B

2
0 . However, MHD pressure loss is influenced also by

other parameters, one of the most important being the
channel aspect ratio.

Typical values in the WCLL for fundamental dimen-
sionless groups are summarized in Table 1 and compared
with those for Dual Coolant Breeding Blanket (DCLL) [27].
MHD flow in WCLL is mostly expected to be inertia-less
and laminar with only a moderate contribution from buoy-
ancy effects, which is mainly important for heat and mass
transport phenomena but can be neglected for pressure
loss evaluation.

4. Geometry definition

The PbLi loop described in Section 2.2 and its hydraulic
path within the blanket can be divided into two main
sections: an external or ex-magnet one, where the magnetic
field is negligible and pressure losses are mainly due to
viscous drag, and an internal or in-magnet section, where
field intensity and MHD effects are significant. It is difficult
to give an accurate definition of the boundary between these
two loop sections, since the poloidal magnetic field can
extend quite far into the tokamak building depending on
the reactor parameters and coil arrangement. To evaluate
the MHD pressure losses, it is assumed that the magnetic
field influence does not extend any further than the pipes
connecting each blanket segment and the PbLi main loop,
whose general layout is shown in Figure 1.

Figure 3: Global DEMO2017 layout with highlighted the position
in the reactor of blanket, VV, and magnetic field coils [10]

The traditional quasi-toroidal coordinate system, as
shown in Figure 2, is used to define the position of an
arbitrary point in the tokamak. The blanket is divided
into 16 sectors, each one covering about 22.5 ° around the
torus and further divided into 2 inboard and 3 outboard
segments. The analysis is focused on the central outboard
segment (see Figure 1) for the most recent DEMO baseline
(DEMO2017), which general layout is presented in Figure 3.
The radial depth allocated for the blanket is equal to 1 m,
whereas the toroidal width of the central segment is ≈ 1.5
m. PbLi loading and unloading is performed through the
upper port, whereas an alternative feeding scheme, akin
to the one foreseen for the inboard, is envisioned from the
lower port.

The in-magnet part of the PbLi loop, i.e. blanket
and connecting pipes, is divided into four main hydraulic
regions:

1. Feeding pipe (FP): connection pipe between PbLi
ex-magnet loop and blanket

2. Manifold (M): PbLi distribution and collection
to/from the blanket BZ. It is composed by three
sub-regions: Distribution Manifold (DM), Collection
Manifold (CM), and Spinal Manifold (SM, only for
T01.A)

3. Breeding zone (BZ): bulk of the blanket volume
dedicated to tritium production

4. Draining pipe (DP): connection pipe between blan-
ket and PbLi ex-magnet loop

The FP and DP layout is common to all the blanket con-
figurations considered, whereas M and BZ design can vary
significantly. It should be noted that, in the current itera-
tion, only the BZ region has seen detailed work in the past,
whereas the rest of the PbLi in-magnet loop is still in the
early conceptual phase.
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Table 2: Breeding zone and manifold general features

T01.A T01.B T02 T03

Breeding Zone

Flow path Radial Radial-
poloidal

Poloidal
⇑

Poloidal
⇓ / ⇑

Velocity (mm s−1) < 1 10 2 4
Length (m) 1 > 50 15 30
Pipe layout C-pipes C-pipes U-pipes Vertical

Manifold

Layout Spinal Compact Honeycomb Plenum

Velocity (cm s−1) 1÷15 0.5÷2 0.2÷1
Length (m) 20 0.5 ≈0.75 ≈0.65

4.1. Blanket geometry

Four blanket configurations, whose general features are
listed in Table 2, are considered to investigate its influence
on the overall MHD pressure drop. Configuration T01.A
(Figures 4 and 5) is the reference layout described in Refs.
[23, 24, 32] which relies on very low PbLi velocity in the BZ
to minimize pressure losses and a mostly radial flow path.
Distribution is ensured by a manifold composed by two
stacked rectangular channel arrays, which are elongated for
the entire segment poloidal height and wedged in-between
the blanket back plate and BSS.

Configuration T01.B (Figures 4 and 6) simplifies the
manifold structure by removing the poloidal arrays and
focusing flow distribution into two compact collectors local-
ized at the segment extremities. BZ cells are interconnected
at the back to allow for the liquid metal to wind through in
a radial-poloidal fashion within enlarged elementary chan-
nels [33]. Nevertheless, BZ mean velocity and flow length
are greatly increased.

In Configuration T02 and T03, horizontal SPs are
removed in favor to a beer-box arrangement composed
by toroidal-poloidal and radial-poloidal ribs [30]. Conse-
quently, BZ elementary cells are found within poloidal
channels.

Configuration T02 (Figures 7 and 8) is designed with
a once-through layout, where the PbLi rises upward and
is refrigerated by horizontal U-pipes [31]. Manifolds are
directly integrated in the BZ with flow distribution per-
formed either by dedicated upper and lower plena or, if
the SP arrangement must be preserved to ensure the caps
mechanical stability, by opportunely drilled orifices in the
so-called “honeycomb” structure [10].

Finally, configuration T03 (Figures 7 and 9) is inspired
to the water-cooled blanket developed in the 90s at CEA
[11]. The liquid metal flows downward in the blanket
back and upward in channels close to the FW. Vertical
pipes ensure the breeding refrigeration [31]. Distribution
and collection are localized at the blanket top where two
separate plena are envisioned.

4.2. Connection pipe routing

Several routing schemes are possible to design the con-
nection pipes tasked to link blanket and PbLi loop. Integra-

(a) Elementary cell

(b) T01A

(c) T01B

Figure 4: Breeding zone elementary cell (top, from Ref. [24])
and PbLi flow path, marked by red arrows, for configuration T01.A
(middle) and T01.B (bottom)

tion between in-vessel and ex-vessel system in the blanket
area is foreseen through the lower and upper VV ports,
which are shown in Figure 3. Three possible pipe layout
are shown in Figure 10

� For the Bottom scheme, the pipe is routed through
the lower port and connected at the blanket lowest
point

� In the Mid-level scheme, the pipe is routed through
the upper port and attached at ≈2/3 of blanket height

� For the Top scheme, the pipe is routed in a similar
way but it is connected at the blanket topmost point

The integration scheme (IS) is defined by the combination
of feeding and draining pipe layout. In this study, five
integration schemes are considered for the outboard blanket
segment

� IS No. 1: Bottom (FP)–Mid-level (DP)

� IS No. 2: Bottom (FP)–Top (DP)

� IS No. 3: Mid-level (FP)–Mid-level (DP)

� IS No. 4: Top (FP)–Top (DP)

� IS No. 5: Mid-level (FP)–Top (DP)

6



Figure 5: Manifold for configuration T01.A: distribution (left, t− r view), collection (middle, t− r view), and spinal (p− r view) collectors

Figure 6: Manifold for configuration T01.B: distribution collector,
t− r (left) and p− r view (right), dashed line is symmetry axis

Integration scheme no. 1 (shown in Figure 1) and no. 3
are currently the reference and backup solution for PbLi
loop integration. Scheme no. 2 is inspired to the reference
layout considered for inboard segment, whereas scheme no.
4 allows optimal feeding and draining from configuration
T03.

5. Methodology

In this section, the methodology used for pressure loss
evaluation is described. Appropriate boundary conditions
for the magnetic field and interface with PbLi loop are
extracted from the most recent design data.

5.1. Magnetic field

Magnetic field data in DEMO2017 are extracted from
the report by Wenninger et al. [34]. In this study, the
magnetic field distribution is assumed to be constant in
time and equal to the calculated one in Start-of-Flat-Top
(SOF) equilibrium, i.e. ramp-up phase end.

The toroidal field component is dominant and it is as-
sumed that B ≈ Bt for pressure drop computation for
all but toroidally aligned flows in the region delimited
by the internal toroidal field coil surface. At the refer-
ence radial coordinate R0 = 8.9316 m, the magnetic field
has the intensity Bt(R0) = 4.8935 T [34], whereas else-
where Bt(R) = Bt(R0) · R0/R. Under these conditions,
the toroidal field in the blanket can vary in the range
Bt = 3.35÷ 5.45 T: the minimum is found on the equato-
rial plane (Z = 0 m), whereas the maximum is located on
the top at inboard/outboard interface.

(a) T02
(b) T03

Figure 7: Breeding zone SP arrangement (top, t− r view, from Ref.
[30]) and cooling system layout (bottom) for configuration T02 and
T03 (from Ref. [31])

Inside the TFC thickness, the toroidal field component
decreases as 1/R and in the region external to the coil
Bt = 0 T, therefore the poloidal component (Bp) is used to
determine the pressure losses in this region. Commonly, it
is expressed through its projections on the radial (Br) and
vertical axis (Bv). The poloidal field topology is complex
since it is the result of the interaction among the field
produced by six PFCs and CS. An overview of typical
poloidal and toroidal field values can be found in Table 3.

5.2. Boundary conditions and properties

The boundary conditions at the interface between in-
magnet and ex-magnet PbLi loop are obtained from the
operative conditions reported by Utili et al. for the prelim-
inary design [3, 25].

The liquid metal is assumed to be isothermal within
the entire in-magnet PbLi loop at the average operative
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Figure 8: Manifold for configuration T02: (top) plenum and hon-
eycomb layout in p− r view, (bottom) sketch in t− r view. Dashed
rectangles mark SP position above (plenum) or within the manifold.
SPs orifices are omitted

Table 3: Magnetic field data in DEMO2017 from Ref. [34] for
several outboard blanket locations. Symbol † identifies average value,
‡ maximum value on subset ℵ = [R, Z] = [(8, 15.3), (6.8, 10)] and <
= [(9.8, 15.3), (-7, -10)] (unit in m), α inclination on toroidal

(R, Z) (m) Bt(T) Bp(T) Br(T) Bv(T) α(°)

FW (8.083, 5.676) 5.407 0.349 0.292 -0.191
BSS (8.008, 6.758) 5.458 0.400 0.106 -0.386
Top† 5.433 0.374 3.923

FW (12.047, 0) 3.628 1.294 -0.011 -1.294
BSS (13.047, 0) 3.350 1.109 0.021 -1.109
EOP† 3.489 1.202 18.905

FW (8.571, -6.3) 5.099 0.530 0.079 -0.524
BSS (9.38, -6.888) 4.660 0.834 0.127 -0.825
Bottom† 4.879 0.682 7.917

Complete FW† 4.187
Complete BSS† 3.911
Upper Port‡ℵ 0.000 0.909 0.314 0.483
Lower Port‡< 0.000 1.400

temperature Tref = 601 K, so that physical properties can
be assumed as constant. The same holds true for Eurofer.
Properties are collected in Table 4.

PbLi mass flow rate at the interface is fixed to provide
a complete recycle of the BB volume about 10 times per
day. Under this assumption, the mass flow rate for each
outboard and inboard blanket segment is, respectively,
16.38 kg s−1 and 5.32 kg s−1 [3].

Remote maintenance requirements on nominal diameter
and wall thickness are taken into account to define the
connection pipe geometry: currently, 80 ≤ DN ≤ 200 and

Table 4: Physical properties of PbLi [35] and Eurofer steel [36] at
Tref = 601 K

Property (unit) Symbol PbLi Eurofer

Density (kg m−3) ρ 9.806× 103

Electrical conductivity (S m−1) σ 7.818× 105 1.145× 106

Dynamic viscosity (Pa s) µ 1.921× 10−3

Magnetic permeability (H m−1) µ0 µ0

Figure 9: Manifold for configuration T02: (top) plena layout in
p−r view, sketch in t−r view for collection (middle) and distribution
(bottom) plenum. Dashed rectangles mark SP position

5 mm ≤ tw ≤ 15 mm. Design conditions equals to P = 5
MPa and Tref are used to calculate the pipe thickness

tw = sf
PDo

2S
(10)

where Do, S = 100 MPa, and sf = 2 are the pipe outer
diameter, maximum allowable stress, and safety factor.
Loop pipes designed under these assumptions have roughly
the same wall thickness than the ones designed according
to Ref. [37] for internal pressure P

′
= 20.5 MPa, there-

fore they can be considered as relatively realistic, since
P
′

accounts for both peak pressure during in-box LOCA
transient and PbLi hydrostatic load.

5.3. Pressure drop evaluation

If Ha� 1, the main force balance in a forced convection
MHD flow is between the driving pressure gradient and
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Figure 10: Blanket/Loop connection pipe routing layout: through
VV lower port (top) and upper port, mid-level (middle) and top
attachment

Lorentz force with viscous forces restricting their action
in thin boundary layers [29]. Therefore, it is possible to
neglect the ordinary hydrodynamic head loss due to friction
and the overall pressure drop can be expressed as

∆p ≈ ∆pMHD = ∆p2D + ∆p3D (11)

In Equation (11), the ∆p2D term is the MHD analogue
of the hydrodynamic friction loss, which is caused by the
cross-sectional currents induced by the relative motion
between fluid and magnetic field, and can be described
as an “electromagnetic drag” that dissipates the kinetic
energy of the fluid through the Joule effect.

Conversely, the ∆p3D term is characteristic of 3D MHD
flow where stream-wise velocity gradients causes the in-
duction of additional currents, which close mostly in the
fluid body, and can be considered the MHD analogue of
hydrodynamic concentrated losses. Sometime this term is
split in three separate contributions [38]

∆p3D = ∆p∞ + ∆pv + ∆pi (12)

The first term on the right side, mainly due to electromag-
netic forces, is called inertia-less/inviscid and, for Ha �
1 and N � 1, Equation (12) reduces to ∆p3D ≈ ∆p∞. The
second and third term are caused by, respectively, viscous
and inertial forces. These terms are not expected to play a
significant role in the WCLL due to low fluid velocity and
high magnetic field intensity. However, the inertial term
could be non-negligible in manifolds and feeding/draining
pipes, thus requiring the adoption of conservative assump-
tions.

It should be noted that Equation (11) implicitly makes
the assumption that 2D and 3D pressure drop terms can be
easily distinguished for an arbitrary flow path, which does
not always hold true in practice. Moreover, it implies that
only currents induced within the fluid body contributes
to the pressure losses. This hypothesis well represents the
flow in a duct immersed in a dielectric medium, i.e. air,
which is typical in experimental conditions, but neglects
the effect of leakage currents penetrating from nearby ducts
that are in electrical contact, often encountered in blan-
kets [39]. Electromagnetically coupled channels behave
differently than uncoupled ones experiencing, among other
effects, global flow rearrangement and modified pressure
loss trends [40–45]. In this study, such effects and their
impact on the global pressure loss are neglected. Some
basic considerations are provided in Sections 7 and 8, but
a more detailed analysis should take into account these
phenomena.

Maximum allowable MHD loss for both inboard and
outboard blanket loop is usually considered equal to 2 MPa
[2]. However, this figure should be seen more as a rule of
thumb value rather than a fixed design limit, even if it is
considered as reliable guideline for the purpose of this study.
A more rational definition of the maximum allowable limit
should be formulated after a careful assessment taking into
account the technological limitations for the manufacturing
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of liquid metal pumping systems. Secondarily, DEMO
power available to satisfy PbLi pumping requirements and
pressure stresses sustainable by structural elements in the
most demanding scenario, for instance in-box LOCA with
“warm” blanket, should be considered.

5.3.1. 2D pressure losses

Most of the PbLi hydraulic path in the WCLL blanket
can be approximated by straight channels with constant
cross-section where, thanks to the high magnetic field inten-
sity, the flow is in fully developed state, so that ∆p ≈ ∆p2D.
Assuming the magnetic field to be uniform, uni-directional
and transverse to the flow, the head loss can be calcu-
lated straightforwardly from the following relation for the
pressure gradient

∂p/∂x = kpσu0B
2
0 (13)

where the value of pressure coefficient kp is influenced by the
channel cross-section type, geometry and wall conductivity.
If Ha� 1, this parameter is defined such as kp = c/(1 +
c + a/3b) or kp = c/(1 + c) for a duct with uniform wall
conductance ratio and, respectively, rectangular or circular
cross-section [46–48]. For a duct with non-uniform wall
conductance ratio, which it is a common case in the blanket,
the expression kp = [1 + c−1

H + a/6b(c−1
S,1 + c−1

S,2)]−1 is used
that, however, is valid only for a rectangular channel with
uniform Hartmann wall conductivity (cH) [49]. For duct
geometries that cannot be treated with this last relation,
the wall with highest conductive ratio is assumed to be
representative for the whole channel and the relation for
uniform wall conductivity is applied.

Several authors have compared predictions obtained
with Equation (13) against the effective pressure gradi-
ents observed experimentally [46, 50–56]. An overview of
the deviation between theoretical and averaged measured
pressure coefficient kp is given in Table 5 and graphically
presented in Figure 11. The straight duct MHD flow is
well characterized and pressure loss can be estimated with
relatively good confidence, i.e. ±15%.

In Section 5.1, it was discussed how the toroidal mag-
netic field is dominant in the blanket but, even neglecting
the poloidal component, it is far from being completely
consistent with the unidirectional assumption. In particu-
lar, small misalignment between blanket wall and magnetic
field is expected due to toroidal segmentation [11, 57] which,
in the present case, can be estimated for the outboard as
γ = 180/(n/2 · 3) = 7.5°, where n = 16 is the blanket
sector number. Even if it can cause side layer detachment
from the wall for poloidal flows, this phenomenon is not
expected to cause significant losses enhancement and it is
neglected [11, 58].

On the other hand, the poloidal component cannot be
neglected when considering radially oriented flows, espe-
cially if the duct is characterized by large aspect ratio.
On the equatorial plane, an inclination of about 19° from
toroidal plane is observed with misalignment decreasing

Table 5: Average measured (kexp) versus calculated (kth) 2D MHD
pressure coefficient for rectangular and circular channels

Cross-section kexp · 103 kth · 103 ∆k (%) Ref.

Rectangular 3.97 4.37 10.076 [50]
Circular 4.72 3.88 −17.797 [46]
Rectangular 22.30 21.00 −5.830 [46]
Circular 24.60 25.30 2.846 [46]
Rectangular 26.50 25.90 −2.264 [46]
Rectangular 28.70 27.80 −3.136 [46]
Circular 37.80 35.10 −7.143 [46]
Rectangular 38.74 36.35 −6.169 [52]
Circular 40.00 38.50 −3.750 [46]
Rectangular 40.24 36.35 −9.667 [52]
Circular 48.63 45.80 −5.821 [51]
Rectangular 52.40 51.90 −0.954 [46]
Circular 56.10 56.60 0.891 [46]
Rectangular 61.60 61.60 0.000 [46]
Circular 64.50 64.50 0.000 [46]
Circular 67.34 67.80 0.683 [56]
Rectangular 72.00 81.90 13.750 [46]
Rectangular 78.50 69.5 −11.465 [55]
Circular 80.70 76.60 −5.081 [46]
Rectangular 97.89 95.97 −1.961 [50]
Circular 159.87 156.02 −2.408 [53]
Rectangular 232 249.25 7.435 [54]
Rectangular 266 256 −3.759 [54]

toward blanket extremities [5, 11, 57]. As suggested by Kir-
illov et al.[46], a correction factor λ(α) = 1.7 is employed to
model the field misalignment effect on the pressure losses
for radial 2D MHD flow on equatorial plane, which is consis-
tent with the results reported by Hua & Walker for a/b = 2
[10, 59].

5.3.2. 3D pressure losses

Three-dimensional MHD flows are less characterized
than fully developed flows and, correspondingly, the pres-
sure losses evaluation is much more complicated due to be-
ing strongly dependent on the case geometry and governing
parameters. In this study, 3D MHD flows are assumed to
be locally inertia-less and inviscid so that ∆p3D = ∆p∞ in
Equation (11). However, inertial effects could be observed
in complex geometries where high velocity are expected,
like in the manifold, affecting both losses and velocity dis-
tribution. Insufficient information is currently available
for their estimation and conservative assumptions on the
magnetic field intensity are used to partially account for
their influence.

Three-dimensional pressure drop is evaluated with the
classic relation [2]

∆p3D =
1

2
k3Dρu

2
0N (14)

with k3D and N being the 3D pressure coefficient and local
interaction parameter, which is calculated adopting L3D

as length scale, usually the channel half-width in magnetic
field direction. The value of 3D pressure coefficient is
strongly dependent on the local geometry and flow param-
eters.

Bends. Three-dimensional MHD flow in bends have been
studied experimentally [60–64], via asymptotic analyses
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Figure 11: Relative error between theoretical and experimental pressure coefficient kp for rectangular and circular ducts. Dashed lines
identify a relative error equal to ±15%. The data presented in these plots are collected in Table 5.

[65–69] and numerical simulations [58, 70]. Change in the
flow direction is accompanied by larger pressure losses if
occurring from or to a direction aligned with the magnetic
field (‖ B) compared with a bend laying on a plane per-
pendicular to it (⊥ B). For the latter case, the additional
pressure loss due to 3D effects is expected, in fact, to be
negligible compared with fully developed flow [69].

In this study, the experimental relation obtained by
Reimann et al. [62] for a 90° square sharp bend paral-
lel to the magnetic field is used to calculate k3D for this
geometrical element in square and rectangular ducts.

k‖ = 1.063
c

4/3 + c
(15)

Since inertial effects are neglected, a 180° bend can be
represented by two successive 90° bends and, similarly, for
intermediate value opportunely reduced coefficients are
employed, i.e. k60°

= 0.67k90°
. Bends perpendicular to the

magnetic field are treated using a conservative assumption
such that k⊥ = k‖/3. For circular cross-section, the same
criteria are applied assuming k‖ = 0.125, a value proposed
by Kirillov et al. [46] for insulated bends, which is then
conservative for electro-conductive ones.

Cross-section variation. This class of problems has been
studied analytically since the 60s [71–73] and, more re-
cently, by experimental campaigns [38] and numerical
simulations[58, 74–76]. If the rate of change is small enough,
the flow can be treated locally as in fully developed state,
therefore the pressure losses in a channel of axial length x0

are described by the relation

∆p ≈ ∆p2D =

∫
x0

∇p(l) dl (16)

where ∇p(l) is the pressure gradient for the fully devel-
oped flow described in Section 5.3.1, here assumed to be
a function of the channel axial length through kp and u0

[46]. Conversely, sudden cross-section variations, either
contraction or expansion, introduce severe 3D losses which
are, in general, proportional to the change ratio. Align-
ment with magnetic field is found to greatly increase the
irreversible pressure drop, similarly to what observed for

bends. In this study, the 3D pressure coefficient is taken at
k = 0.5 for both expansion and contraction for any change
ratio. This assumption is believed to be conservative since
Bühler and Horanyi reported k = 0.315 for an inertia-less,
inviscid, sudden expansion in the magnetic field direction
for a rectangular duct with change ratio equal to 4 and
weakly electro-conductive duct walls (c = 0.028) [38].

Flow around obstacles. In this study, cylindrical obstacles
transverse to the main flow direction are the most common
obstacles encountered by the liquid metal. This class of
problems can be considered a particular case of a gradual
cross-section variation where the flow is not in local fully
developed condition. Significant 3D losses are introduced
if the magnetic field is transverse or aligned with the ob-
stacle axis (spanwise) and, in particular, are larger for the
former case [77]. Experimental and numerical studies on
the subject can be found in Refs. [78–81] for transverse
field and in Refs. [7, 8, 77, 82–84] for the latter situation.

The magnitude order of 3D pressure loss caused by a
circular straight cylinder with blockage ratio β = d/2b =
0.2÷ 0.3 and spanwise magnetic field is estimated with the
correlation proposed by Tassone et al.

∆p3D =
1

2
koσu0B

md (17)

where ko = 0.1931 and m = 1.73 [10]. The same relation
is also applied for the case of transverse magnetic field.

Flow around obstacles with more complex geometry,
like U-pipes or C-pipes is scarcely reported in literature
compared with the more simple straight layout. To the best
of our knowledge, the only studies available are about per-
fectly conducting nested U-pipes, transverse to a poloidal
flow, described in Refs. [9, 10]. The additional pressure
drop introduced by the cooling pipes was estimated around
∆p3D = 376.2 Pa obstacle−1 for Ha → ∞. This figure is
adopted in the following to evaluate the pressure drop for
this configuration.

Finally, the case of obstacles aligned with the stream-
wise direction is relevant to water-cooled blanket design
adopting vertical cooling pipes [85] or horizontal ones with
mostly radial PbLi flow [4]. Some works have been recently
published about insulating [86] and electro-conductive pipes
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[87] but, unfortunately, no information was available re-
garding 3D pressure losses. In this study, the pipes are
assumed to do not introduce a significant effect on head
loss, except for the reduction of available cross-section for
2D MHD flow. An equivalent duct of same aspect ratio
and cross-section than the blanket channel is used for the
pressure loss evaluation.

Non-uniform magnetic field. Magnetic field gradients can
introduce additional losses with mechanisms similar to
sudden cross-section variations [46]. For weak magnetic
field gradients, like those present within the blanket module,
the local fully developed state is assumed if the following
condition is satisfied

∂xB̃ =
∆B

B0

a

x0
� 1 (18)

where ∂xB̃ is the normalized magnetic field gradient and
B0, a, ∆B and x0 are reference magnetic field, character-
istic length, field difference and axial length in the region
where the variation occurs. Consequently, the spatially
varying magnetic field within the blanket segment is as-
sumed to do not introduce three-dimensional losses. This
methodology was reported to recreate experimental data
with a confidence about ±10% for 5 ≤ x0/a ≤ 15 [46] and
it is supported by recent mock-up experiment results [88].

This treatment is no longer possible within the TFC
thickness where ∂xB̃ = 0.2÷0.3. In general, three-dimensional
pressure drop in a channel with non-uniform magnetic field
can be calculated with the relation by Hua et al.

∆p3D = kc0.5p0 (19)

where p0 = σu0B
2
0x0 is the pressure scale and it is added

to baseline 2D pressure loss calculated with Equation (16).
For c < 0.1 and 2 ≤ x0/a ≤ 5 in a square duct, it is found
that k ≈ 0.1÷ 0.16 [46, 49]. A more conservative approach
consists in calculating the pressure drop in the fringing
field region using Equation (13) and to assume maximum
magnetic field intensity. Both techniques are adopted in
this study.

6. Feeding and draining pipe: results and discus-
sion

The connection pipes with the ex-magnet section of
PbLi loop are probably the most immature part of the
breeder hydraulic path since very few dedicated design
activities have been performed to date on these components.
In this section, the influence of geometrical parameters and
design choices on MHD pressure losses for these elements
is going to be discussed.

6.1. Nodalization

It has previously been described in Section 4.2 that
the connection pipe layout is chosen among three possible

Table 6: Connection pipe nodalization [10], flow sections are shown
in Figure 10

Section Axial length (m) Magnetic field (T) Type

Bottom

FP1 1.5 1.4 2D flow
FP2 1 4.28 Non-uniform field
FP3 6.2 4.52 2D flow

Mid-level

DPA1 1 5.46 2D flow
DPA2 1 5.46 Non-uniform field
DPA3 0.3 0.314 2D flow
DPA4 0.46 0.909 60° Bend (‖)
DPA5 5.34 0.909 2D flow
DPA6 0.63 0.909 30° Bend (‖)
DPA7 2.3 0.483 2D flow

Top

DPB1 0.55 3.716 2D flow
DPB2 0.52 3.513 45° Bend (⊥)
DPB3 1.07 3.513 2D flow
DPB4 1.20 3.513 Non-uniform field
DPB5 3.95 0.284 2D flow
DPB6 0.63 0.909 90° Bend (‖)
DPB7 2.30 0.483 2D flow

Figure 12: Pressure loss in connection pipe for three layouts
(Bottom/Mid-level/Top) as function of nominal diameter, overall
pressure loss for integration schemes is shown assuming same diame-
ter for feeding and draining pipe

options: bottom (only for FP), mid-level, and top. Nodal-
ization parameters are collected in Table 6. Combination
of FP and DP layouts produces five integration schemes
discussed in Section 4.2.

6.2. Baseline pressure loss

A detailed discussion of the calculation performed is
available in Ref. [10], whereas results are presented in
Figure 12. “Bottom” is the simplest pipe layout and does
not involve any significant assumption beside for section
FP1, where the poloidal magnetic field is assumed to be
constant at its maximum value in the region. Real field
topology is considerably more complex and involves both
intensity and orientation variation along the section. In
addition, inertial effects are likely to be present, affecting
the flow by causing instabilities and even transition to
Q2D turbulence. However, the actual pressure loss in this
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section is unlikely to be higher than the current estimate
due to the very conservative assumption used.

Despite extending for only 30% of the pipe axial length,
section FP2 and FP3 account respectively for 30% and 50%
of the overall pressure loss. In section FP2, the non-uniform
toroidal field introduces a 3D effect, which is neglected by
assuming only 2D pressure losses at maximum magnetic
field. Adopting the relation by Hua et al. [49], a less con-
servative estimate is made for this flow type, which is equal
to ≈60% of the previous one, by using a tanh function to
approximate the fringing field1. Correspondingly, overall
pressure loss on the pipe is equal to ≈82.5% of the conser-
vative one that, nevertheless, it is assumed as reference in
our analysis.

The same trend is found for the “Mid-level” and “Top”
pipe layout where pressure losses within external TFC
surface are estimated at, respectively, ≈96.8% and ≈91%
of the total for ≈32.7% and ≈20% of the pipe axial length.
These results can be explained with the decreased poloidal
magnetic field intensity for these layouts compared with
the one present in the lower port area. 3D pressure losses
(non-uniform magnetic field and bends) contribute to a
larger degree than for the “Bottom” layout reaching up to
≈50% and ≈47%. In the “Mid-level” pipe, nearly 33% of
these losses are due to the bend within TFC, whereas in
the “Top” one no relevant contribution is present except
for the fringing field.

In general, the “Mid-level” layout is the one character-
ized by the less severe absolute losses due to the relatively
low toroidal field intensity at the attachment point, which
is the farthest one from the central solenoid. The same but
opposite argument can be made for the “Top” layout that,
although featuring only 80% of the axial length within the
TFC of the “Bottom” one, has slightly higher pressure
drop.

To minimize the connection pipe pressure loss is neces-
sary to shorten and simplify the PbLi flow path within the
TFC. Even if an attachment point as close as possible to the
equatorial plane (i.e. lowest toroidal field intensity) could
be seen as beneficial, it is really challenging to devise an
efficient integration with PbLi flow path within the blanket
for this option, as it will be discussed in Section 6.4.

6.3. Influence of nominal pipe diameter

It is straightforward to argue that larger pipes will
be likely to feature a smaller overall pressure loss com-
pared with tinier conduits and this is confirmed by the
trend presented in Figure 12. However, it is worth noting
that the linear dependence from mean velocity in Equa-
tions (13) and (14) entails a slower reduction of head loss
with cross-section enlargement compared with what would
be expected from a purely ordinary hydrodynamic perspec-
tive. Dependence from mean velocity is not perfectly linear

1Exponential or sinusoidal functions can be used instead yielding
a relative error ±5%

Table 7: Connection pipe (∆pCP ), blanket integration (∆pBY ) and
total pressure loss (expressed in MPa) for several integration schemes
taking into account pipe size limitation in the lower port

IS #1 #2 #3 #4 #5

DNFP 80 125 200 80 125 200

∆pFP 2.445 0.882 0.354 2.446 0.882 0.354 0.253 0.379 0.253
∆pDP 0.253 0.253 0.253 0.379 0.379 0.379 0.253 0.379 0.379

∆pCP 2.698 1.135 0.607 2.825 1.262 0.733 0.505 0.759 0.632

∆pBY 0.576 0.568 0.390
∆pTot 2.698 1.135 0.607 2.825 1.262 0.733 1.081 1.327 1.022

either, which is caused by the discretized wall thickness
values available to fit the result of Equation (10), even if
the kp perturbation introduced by varying c is quite limited
(i.e. ±8% compared with DN150) [10].

It is not possible to choose an arbitrary pipe diame-
ter since the connection elements must comply with size
limitation, remote handling requirements, and maximum
allowable pressure drop. Current state-of-the-art for re-
motely controlled cutting and welding tools specify an
upper limit and, therefore, forbid the use of DN > 200
pipes. On the other hand, a single connection pipe should
not feature a pressure loss above 1 MPa and, ideally, be
lower in order to do not exceed the pressure drop limit for
the whole in-magnet circuit, thus ruling out the smallest
pipes.

From these basic considerations, the only feasible con-
nection pipes in Figure 12 are 125 mm, 150 mm and 200 mm.
A DN200 pipe is a good choice also for the inherent less
uncertain estimate on pressure loss from Equation (13) due
to large interaction parameter compared with low diame-
ter pipes (i.e. DN 80 to 125), where inertial effects could
conceivably extend for the whole pipe length.

6.4. Influence of integration scheme

In Figure 12, the four integration schemes defined in
Section 4.2 are compared assuming equal nominal diameter
for feeding and draining pipes. It is straightforward to
observe that, as it has been discussed in Section 6.2, IS3 is
featuring the lowest pressure loss due to the advantage of
the “Mid-level” pipe routing compared with other options.
The alternative ISs feature respectively 20%, 45%, 50%,
and 25% higher head loss.

The choice of the integration scheme is constrained by
size available in VV ports and internal blanket configura-
tion. Despite being the one scheme characterized by highest
loss, IS4 is the only one well suited to be integrated with
configuration T03, where both distribution and collection
manifold are located at the blanket top. Similarly, IS2 is
the most rationale choice, despite the second worst loss,
for all the other blanket configuration that, in fact, feature
a mostly bottom-up internal PbLi flow path.

Feeding pipe routing through the VV lower port is
constrained by the space available in the area, which is
mostly devoted to maintenance and servicing of the diver-
tor and other ancillary systems. The current integration
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Figure 13: Integration example for IS3 and PbLi evacuation from
T01.A

Table 8: Bypass channel parameters for IS3/T01.A integration

Parameter Symbol Value Unit

Toroidal length 2a 240 mm
Radial length 2b 50 mm
Poloidal length (top/bottom) L 5.18/13.11 m
Bend length zb 240 mm

Mean velocity u0 3.6 cm s−1

r − p SP c1 0.1
t− p SP c2 0.187
Average field (top/bottom) B̄t 4.4/3.85 T

setup allows only for a DN80 pipe dedicated to provide
PbLi loading and unloading, both in normal and accidental
conditions, for the blanket. When this limitation is taken
into account the pressure drop picture changes consider-
ably and, as it is possible to observe in Table 7, IS1 and
IS2 clearly become unfeasible. Only for a DN125 pipe the
pressure drop becomes acceptable, even if nearly double
the value calculated for IS not relying on the lower port
routing where, however, the additional cost of integrating
the connection pipe attachment and the blanket internal
circuit is neglected. On this point, the opportunity cost of
re-routing the feeding pipe through the upper port, which
is discussed in Section 6.5, should be carefully assessed and
will likely involve significant changes in the blanket internal
layout.

Moreover, FP routing from the upper port introduces
safety concerns about blanket drainage in accidental con-
ditions. This function could be fulfilled by an additional
drainage pipe which must be kept above PbLi solidification
point. However, this solution will introduce tritium control
concerns by placing stagnant PbLi close to the plasma
chamber.

6.5. Blanket integration for upper port routing

Let us consider the case in which feeding and draining
are executed through the upper port using the “Mid-level”
routing scheme (i.e. IS3) for configuration T01.A. It is as-
sumed that the internal PbLi flow path is unchanged, there-
fore the spinal manifold requires PbLi supply/evacuation
from blanket extremities. Integration can be accomplished
with bypass channels whose layout, sketched in Figure 13
for DP, mirrors the manifold one. Fundamental bypass
parameters are collected in Table 8.

Table 9: Pressure loss (expressed in kPa) for naked and insulated
pipes with progressively smaller FCI axial length L

Nominal diameter

∆p 80 100 125 150 200

Naked 2445.76 1445.67 882.47 616.36 353.84

L =∞ 652.72 299.38 157.47 88.40 39.93
L = 1 m 713.39 349.05 198.67 122.90 66.71
L = 0.5 m 774.07 398.71 293.88 157.41 93.49

Two successive 90° sharp (⊥) bends are used to connect
the terminal (or initial) part of the manifold and bypass
channel. Pressure loss in this components is quite limited at
∆p = 15.29 kPa, whereas severe loss is encountered within
the proper bypass channel due to high velocity and long
axial length: 0.186 MPa and 0.360 MPa for, respectively,
connection with DP and FP [10]. Integration pressure
cost is equal to 0.576 MPa that, when properly accounted,
makes IS3 with DN200 pipes just slightly less pressure
loss intensive than the DN125 bottom feeding schemes
considered in Table 7. A similar conclusion can be reached
for IS5, although this scheme is affected to a lesser degree by
the shorter bypass allowed by top draining, whereas overall
pressure loss for IS4 is penalized for opposite reasons.

It should be noted that these considerations are some-
how “optimistic” since it appears likely that to realize the
bypass this one will have to be integrated within the BSS
which, being more thicker and conductive than regular
blanket SPs, could lead to an increased pressure loss figure
than the one that has been discussed in this section. Alter-
native solutions could be devised by rearranging the blanket
internal structure to provide less pressure loss intensive
solutions, but will probably require significant design effort.

6.6. Bottom FP insulation

A possible way to retain blanket feeding from the mod-
ule bottom is to curtail MHD pressure losses by forcing the
fluid currents to close through the highly resistant boundary
layers instead of the pipe wall. Wall/fluid electrical decou-
pling could allow to adopt small size pipes, thus coping
with interface requirements without exceeding the allowed
pressure drop as it would be the case for non-insulated (e.g
“naked”) conduits.

Thin insulating coatings or loosely fitted flow channel
inserts (FCI) have both been proposed in past years for this
purpose with the latter approach currently favored within
European fusion programme2 [89, 90]. A typical FCI is
composed by a thin layer of alumina (t = 0.1 mm) included
between two protective sheets of Eurofer (t = 0.5 mm)
that, welded together, are then fitted inside a rectangular
or circular pipe, leaving a small gap (≈ 1 mm) where the
liquid metal is allowed to flow.

Recent numerical and experimental activities have shown
that, despite not being able to achieve perfect insulation,

2R&D activities on coatings are still performed for anti-corrosion
and anti-permeation barriers, see Ref. [3]
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this solution can significantly decrease head loss reaching
even just 5% of the naked pipe value [27, 56, 91]. Despite
these promising results many open issues still remain with,
among others, alumina qualification under irradiation, gap
corrosion rates, and manufacturing limitations. In partic-
ular, maximum length for a continuous FCI is currently
limited to about 0.5 m and insulation discontinuities are
likely to be present in the blanket leading to additional
losses from 3D effects. Bühler et al. observed experi-
mentally that, for an insert one order of magnitude less
conductive than pipe wall (cw = 0.07–cFCI = 0.005) and
a discontinuity length 2l = 20 mm, this additional pres-
sure loss can be estimated with ∆p3D/p0 = 0.12, where
p0 = σu0B

2
0ri [56].

Pressure loss in naked, continuously, and discontin-
uously insulated pipes with DN80–200 are presented in
Table 9. State-of-the-art (0.5 m) and moderately extrapo-
lated (1 m) FCI lengths have been used to highlight the
effect of insulation discontinuity. Total equivalent FCI
thickness is assumed at tFCI = 15 mm, bundling together
insert and gap thickness, and used to calculate effective
pipe cross-section. Gap effect on pressure loss is neglected
and Eurofer sheets are considered as a single conductive
strip to calculate cFCI . Influence of insulation gaps on
head loss is assumed uniform for all cases and taken from
Ref. [56], but it is likely to be in reality a function of flow
geometry and parameters, e.g. Ha, N, cw/cFCI , etc.

Even the most coarse electrical insulation considered
seems able to efficiently reduce the pressure loss, since the
partially decoupled DN80 pipe features about the same
losses as the naked DN125 pipe. Continuous insulation
pushes the loss curtail even further by making the loss in a
DN80 pipe comparable to a naked DN150. If confirmed by
experimental data, this mitigation strategy could poten-
tially allow to adopt bottom FP-based integration schemes
(i.e. IS1/IS2) while coping with the size limitations im-
posed by lower port interface requirements. Even if not
strictly required, FCIs could be an attractive option for
large pipes (DN > 125) where their use will be beneficial
to optimize the blanket performances.

Interestingly, it can be observed how continuous elec-
trical decoupling seems to be more efficient for large pipes
(≈ −90% DN200) compared with smaller ones (≈ −75%
DN80). The reverse appears to be true for discontinuous
insulation, in which DN200 pressure loss more than dou-
bles from L =∞ to L = 0.5 m compared with a relatively
modest increase for DN80 pipe. This last phenomenon
is probably due to the constant value employed to assess
the discontinuity loss for all pipes that, therefore, tends
to penalize more a tube with a lower baseline 2D pressure
loss. Even if ∆p3D was observed to be mostly independent
by Re and Ha in Ref. [56], more experimental data is
required to judge if our assumption is realistic.

Another mitigation strategy that could be used to min-
imize the pumping cost associated with small pipes is to
branch the conduit in two (or more) elements in order to
partition the PbLi flow rate and reduce mean flow velocity.

Table 10: Main geometrical parameters of compact manifold layout
adopted for configuration T01.B [10]

Symbol Value Unit

Toroidal length 2a 240 mm
Radial length 2b 110 mm
Poloidal length Lpol 135 mm
BZ inlet diameter Dbz 100 mm
SP orifice diameter Dsp 78 mm
Radial-Poloidal SP 2tr,p 16 mm
Toroidal-Poloidal SP 2tt,p 30 mm

Table 11: Pressure losses in distribution manifold for configuration
T01.B fed by two symmetrically placed DN150 FPs attached at lateral
channels

Section Flow type ∆pi (kPa)

Lateral Central Lateral Central

1 XS variation 18.779
2 90° Bend (‖) 1.611
3 XS variation 7.439
4 2D flow 1.538
5 XS variation 1.383
6 XS variation 7.439
7 90° Bend (‖) 0.887
8 XS variation 23.166

Σ∆pi 41.945 62.192

If the conduit separation is executed far from TFC, the
overall pressure loss in FP can be nearly halved thanks to
linear dependence from mean fluid velocity. This solution
could be desirable also for a more efficient flow distribution,
as it is discussed in Section 7, since it allows to partially
compensate pressure imbalances due to non-uniform blan-
ket toroidal width. However, it is clear that this solution
could be counter-productive to limit the encumbrance in
the lower port. Accounting for this occurrence, it seems
more useful to perform the branching as close as possible
to TFC external surface, thus accepting maximum loss in
the region with lowest magnetic field but minimizing port
obstruction and flow velocity within the range of toroidal
field.

7. Manifold: results and discussion

The manifold is the hydraulic region to which is de-
manded the PbLi distribution to the area tasked with the
bulk of tritium breeding. As such, it is characterized by
relatively small volume, high velocity, and significant geo-
metrical complexity. In this section, the manifold layout
influence on the MHD pressure loss is discussed. Four
manifold layout are proposed.

7.1. Compact manifold

The “compact” manifold layout used to distribute PbLi
in configuration T01.B BZ is shown in Figure 6. The com-
ponent is divided into four sub-elements of equal toroidal
width, labeled “lateral” or “central” channel depending on
position with regard to the blanket symmetry axis, each
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one directly feeding a BZ duct through a orifice drilled into
toroidal-poloidal SP, called BZ inlet. Lateral and central
channels are hydraulically connected through a second ori-
fice realized on poloidal-radial SP. The flow paths marked
by the yellow arrows, which distinguish between a “lateral”
and “central” route, refer to the distribution manifold that,
to allow the liquid metal winding into BZ, must be placed
at the blanket bottom.

It is assumed that equal flow rate is distributed such that
no flow imbalance is observed between the BZ equatorial
plane channels. Since the blanket toroidal width is not
constant, this assumptions requires the “lateral” BZ duct
to gradually enlarge itself, accommodating this variation,
until it branches into two separate ones, labeled “external”
and “lateral” at ≈1/4 poloidal height [23, 24]. Conversely,
the central duct width is approximately constant over all
blanket poloidal extension. Due to this design choice and
to satisfy our assumption, about 59% and 41% flow rate
must be carried by respectively lateral and central channels.
Neglecting electromagnetic coupling effects, this scenario
will cause the formation of a significant pressure imbalance
in favor of the central channel with consequent under-
feeding for the others. To partially compensate for this
occurrence and to take advantage of PbLi inertia, the
manifold is considered to be fed by two symmetrically
located DN150 FPs attached to the lateral channels.

PbLi is evacuated from the blanket through a top placed
additional collector, whose geometrical parameters are iden-
tical to those listed in Table 10 for the bottom one. Due
to its location, toroidal and poloidal fields for distribution
manifold are taken as 4.76 and 1.4 T, whereas they are
taken as 5.46 and 0.909 T for the upper collector.

Pressure loss in distribution manifold flow paths are
reported in Table 11, whereas detailed calculation proce-
dure can be found in Ref. [10]. The central sub-element
features an additional ≈50% loss to carry the liquid metal
from FP to BZ, mostly caused by two 90° bend plus sud-
den cross-section variation hydraulic elements happening
parallel to toroidal field direction. Sudden expansion and
contraction through SP orifice happens perpendicularly to
toroidal field and it is not very expensive pressure loss-wise,
accounting just for 4.5% of the total.

Main contributions to the overall loss are made by the
FP/sub-channel expansion and flow through BZ orifice,
both cross-section variation parallel to toroidal magnetic
field, which are in common between flow paths. It is
straightforward to suggest that varying BZ orifice diameter
across the two flow paths can be used to regulate mass flow
rate between lateral and central channels by, for instance,
reducing size for the latter one. FP/sub-channel expansion
is mostly related to the former component size and reaches
its maximum for the smallest considered pipe (i.e. DN80) at
≈33.4 kPa. However, loss increase in this hydraulic element
is negligible compared with the much more significant rise
in the pressure loss of the connection pipe at the decreasing
of nominal diameter, as it was discussed in Section 6.3.

If the liquid metal is supplied to the manifold with a

Table 12: Pressure losses in distribution collector for spinal manifold
layout fed by two symmetrically placed DN150 FPs

Section Flow type ∆pi (kPa)

Lateral Central Lateral Central

1 XS variation 18.779
2 90° Bend (⊥) 90° Bend (‖) 0.564 2.255
3 XS variation XS variation 9.378 10.415
4 2D flow 4.160
5 XS variation 1.695
6 XS variation 10.415
7 90° Bend (‖) 1.411

Σ∆pi 28.720 49.130

single FP, for example with a DN200 attached to the central
channel midpoint, similar to the layout shown in Figure 5
for the collection manifold of configuration T01.A, it is
possible to express the pressure loss in the two flow paths
by swapping them thanks to the inertia-less assumption
and neglecting loss due to the very small toroidal flow
length introduced. A similar layout is adopted for the
collection manifold where ∆p = 92.443 kPa for the lateral
channel and ∆p = 68.28 kPa for the central one. Manifold
loss increase is entirely due to larger toroidal field in the
top region and could be reduced by moving it toward the
equatorial plane. However, any gain is quickly negated due
to the necessary integration between the BZ flow path and
draining pipe, as it was discussed in Section 6.5.

Considering the average across manifold flow paths,
overall pressure loss in T01.B “compact” collectors is esti-
mated at ∆p = 132.4 kPa, whereas for lateral and central
flow paths ∆pL = 134.5 kPa and ∆pC = 130.5 kPa. These
figures assume an integration scheme with two DN150 FPs
bottom and a single DN200 DP top layout.

7.2. Spinal manifold

The “spinal” layout used to distribute PbLi in config-
uration T01.A, which is presented in Figure 5, is divided
into three components: two terminal collectors, placed at
the blanket extremities and called distribution/collection
manifold, and a spinal collector, connecting the other two
elements. The latter manifold is the most important one
and is composed by two parallel rectangular arrays of
poloidal channels: the internal one, called supply leg (SL)
and that distributes liquid metal to the BZ cells, and the
external one, called recovery leg (RL) which collects PbLi
exiting the blanket. Indeed, the terminal collectors allow
PbLi to distribute across spinal manifold channels and are
correspondent to their terminal part, from which the name.

7.2.1. Terminal collectors

Geometrical parameters for the terminal collectors are
close to the one listed for compact layout in Table 10,
the only difference being radial length 2b = 40 mm and
SP orifice diameter Dsp = 70 mm. The flow map is very
similar to the one discussed in Section 7.1 with “lateral”
and “central” sub-elements distributed across the blanket
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Table 13: Toroidal width, in mm, of poloidal channel versus spine
linear length (S) and vertical coordinate (Z)

Toroidal width

Z (m) S (m) No. channels External Lateral Central

-6.88 0 4 240 240
-3.70 4 4 336 234
-3.60 4.1 6 86 234 234
0.583 8.55 6 217 234 234
3.59 11.75 6 86 234 234
3.60 11.76 4 336 234
6.76 16.93 4 240 240

symmetry axis, connected by an orifice drilled on the radial-
poloidal SP. The liquid metal flows toroidally through the
channels and then turns in the poloidal direction, flowing
in the main manifold channels. Following this similarity,
the manifold is fed by two DN150 FPs placed at the center
of lateral channels to minimize the pressure differential
across flow paths. Again, distribution and collection mani-
fold are located at the lowest and highest position in the
blanket, therefore the magnetic field intensities are equal
to those employed for the compact manifold estimation in
Section 7.1.

Pressure loss in distribution manifold flow paths are re-
ported in Table 11, whereas detailed calculation procedure
can be found in Ref. [10]. Central flow path features an ad-
ditional ≈70% loss compared with lateral one, again due to
the two 90° bends and XS variation parallel to the toroidal
field. Biggest loss contribution is caused by FP/sub-channel
expansion, as it was for the compact manifold. Same gen-
eral behavior is shared between configurations for feeding
through a single FP. In the collection manifold, the pres-
sure loss is slightly higher due to different toroidal field,
amounting to ∆pL = 64.926 kPa for the lateral path and
∆pC = 24.370 kPa in the central one. These values are
reduced to ∆pL = 30.879 kPa and ∆pC = 10.833 kPa for
a position consistent with mid-point DP attachment but,
as it was for the compact layout, the loss reduction for the
change in manifold location is quickly offset by enhanced
loss within integration elements.

7.2.2. Poloidal channels

A spinal manifold channel is characterized by a radial-
toroidal cross-section 2b × 2a, where 2b = 30 mm. Con-
versely, the toroidal width (2a) is a variable being function
both of poloidal position and flow path type due to the
widening from blanket extremities to equatorial plane. In
Table 13, the toroidal width is presented for three manifold
flow paths taking into account the blanket linear length
S =0÷16.93. The “lateral” channel gradually enlarges un-
til it branches in two and, at the equatorial plane, all the
channels have approximately the same width. The reverse
trend happens moving toward the blanket top, where the
external and lateral channels gradually shrink; the central
channel by comparison is almost unchanged throughout
the entire length. In addition, flow rate is progressively

Figure 14: Pressure gradient for central channel supply and recovery
Leg

Figure 15: Pressure gradient for central, lateral, and external
channel following the maximum pressure loss flow path, i.e. BZ cell
located at S = 8.55 m

decreasing along a SL channel while the liquid metal is
distributed across BZ cells, whereas the opposite happens
along the RL channel. It is straightforward to deduce that
pressure loss in the manifold channel will depend both by
the poloidal and toroidal position of the BZ cell fed.

Let us consider first a BZ cell fed by a “central” channel,
where it is possible to neglect the toroidal width enlarge-
ment. The mean channel velocity is assumed to decrease
continuously and that it is possible to approximate its vari-
ation with a linear function without any loss of generality
compared with a more realistic step function, where a dis-
cretized flow rate Γ/6Ncell is deviated toward a BZ cell
every Smax/Ncell ≈ 0.135 m. The pressure gradient in the
SL and RL channel will have the trend shown in Figure 14:
the maximum gradient in the RL is slightly higher than
for SL due to the stronger toroidal field experienced at
maximum flow rate carried, i.e. top versus bottom. For
an arbitrary cell at Si, the total pressure loss will be given
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by the sum of the SL plot integral in the range S=Smin–Si
and RL plot integral in S = Si–Smax. The maximum pres-
sure loss is observed for a cell located slightly above the
equatorial plane at S = 8.55 m, for which ∆pC = 269.74
kPa, whereas the minimum loss is found for the topmost
cell (S = 16.93 m), for which ∆pC = 168.21 kPa.

Considering now the lateral and external flow path, the
effect of gradual cross-section (and aspect ratio) change
on the pressure gradient must be taken into account. It
is assumed that the lateral channel branching does not
introduce any significant 3D effects or, in other words, that
the flow does not depart from the local fully developed
state necessary to apply Equation (16). Moreover, the as-
sumption that flow rate must be equally distributed across
the BZ cells is maintained. In Figure 15, the attention is
focused on the most loss intensive BZ cell, i.e. located at
S = 8.55 m, for all the flow paths. In the lateral channel,
the pressure gradient is initially higher than for the central
channel due to larger mean velocity but drops quickly due
to the combined effect of increasing available cross-section
and aspect ratio, since kp ∝ (a/b)−1, and it becomes lower
than the central channel at S ≈ 2 m. After the branching,
it is the external channel to widen, whereas the lateral
toroidal width remains constant and, consequently, its pres-
sure gradient becomes comparable to the one in the central
flow path. Due to its initial small width, the external flow
path is penalized by as much as five times the pressure
gradient in the other channels. This occurrence reflects on
the total loss where, for the cell at S = 8.55 m, ∆pE ≈ 442
kPa and ∆pL ≈ 285 kPa.

Neglecting electromagnetic coupling effects, the large
pressure difference (≈ 150 kPa) between external and lat-
eral flow path strongly suggests an overfeeding of the lat-
ter, which will results to pressure equalization about at
∆pL ≈ 340 kPa. However, this situation will lead to a
pressure difference (≈ 70 kPa) in favor of the central chan-
nel, thus likely leading to further flow rate redistribution
and severe underfeeding of the smaller external channels.
This scenario is not particularly concerning for the blanket
thermal-hydraulics, due to the low PbLi velocity envisioned,
but rather for the tritium inventory control, since it could
potentially introduce a large volume of almost stagnant
breeder in the component.

7.2.3. Influence of internal obstacles

In Figure 5, it is shown that the connection between
BZ and manifold RL is ensured by a large pipe crossing the
SL duct. Coolant pipes are also required to go through the
manifold channels, further blocking part of the available
cross-section and likely introducing additional losses. Let’s
focus our attention on the BZ outlet pipe to estimate the
obstacle contribution to the SL losses for two reasons: it
is the largest element (β = d/2a ≈ 0.2 for d = 50 mm
int the central channel) and is equal for all the flow paths.
Conversely, cooling pipes in the C-layout have smaller
contribution to the blockage ration and mostly affect the

Figure 16: Obstacle effect on supply leg and overall pressure drop
for an arbitrary BZ cell fed by the central flow path

lateral channels, even if they extend in both the manifold
arrays.

Assuming d = 50 mm, a rough estimate of the obstacle
pressure loss can be obtained through Equation (17). For
the central channel mean velocity and magnetic field (i.e.
u0 = 2.7 cm s−1 and B = 3.79 T), the mean specific
obstacle loss is evaluated at ∆po,C = 1.02 kPa per pipe.
In the lateral channel, where mean velocity is higher due
to increased flow rate this value is slightly superior at
∆po,L = 1.18 kPa per pipe.

The overall impact of the obstacles on manifold pressure
drop is dependent on the BZ cell location: the total obstacle
loss for an arbitrary cell located at S = Si along the blanket
spine is dependent by the number of cells below the one
considered, i.e. the number of pipes crossed by the PbLi in
its SL path N = Si/H with H being the BZ cell poloidal
height projected on the blanket spine. Obstacle loss will
be higher for BZ cells located at the blanket top, whereas
becomes negligible moving toward the bottom, as it is
shown in Figure 16, thus possibly causing overfeeding for
cells with a lower position.

Under our working assumptions, the obstacle loss affects
only the SL channel and, thus, shifts to S ≈ 10.8 m the
spinal position of the most loss intensive BZ cell. However,
the combined (SL+RL) loss plot is mostly flat around S
= 8÷12 m, thus the difference with the cell at S = 8.55
m is below 2%. For this cell, the obstacle loss can be
estimated as 65.444 kPa for central flow path and 75.248
kPa for the lateral one. Since only the BZ outlet pipe has
been considered in this preliminary estimate, these figures
are likely to increase in a more complete dissertation that
will include the water pipe effect on blockage ratio, which
will probably result in a larger pressure difference between
lateral and central channels.

It should be noted that the PbLi flowing in the con-
nection pipe is in electrical contact with the wall and such
tube is immersed, in turn, in the upward flow happening
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Table 14: Overall pressure loss of the spinal manifold (in kPa),
external and lateral flow paths are assumed to be equal

Lateral Central ∆pi/∆p (%)

Distribution 28.720 49.130 5.56/12
Spinal
• 2D flow (SL+RL) 340 269.74 66.8/66
• Obstacle 75.248 65.444 14.8/16

Collection 64.926 24.370 12.8/6

Total 508.894 408.684 100/100

in the manifold channel, thus they will be electromagnet-
ically coupled through mutual leakage currents. To the
best knowledge of the authors, such a cross-flow case has
never been investigated in the literature and could have
unforeseen consequences on the pressure drop estimate and
flow features within both the BZ outlet pipe and larger
manifold channel.

7.2.4. Summary for spinal manifold

An overview of pressure loss in the spinal manifold,
broken down by component contribution, is presented in
Table 14. Terminal collectors play a minor part in deter-
mining the overall loss, accounting for a little less than
20%, and are comparable to the influence of obstacle in the
poloidal channels. A significant pressure difference is found
between lateral and central flow paths which could lead,
neglecting distribution phenomena triggered by electro-
magnetic coupling, to the overfeeding of these last ones. In
particular, large differential with the more external chan-
nels is predicted, which could lead to a consistent part of
the blanket volume to be almost stagnant, introducing is-
sues for tritium breeding and control. Manifold complexity
makes difficult to predict how the liquid metal will dis-
tribute across the blanket and, even if a uniform flow rate
is not required within BZ cells for thermal-hydraulic pur-
poses, ensuring an active circulation of the PbLi everywhere
in the blanket is of paramount importance.

7.3. Plenum manifold

In this section, the plenum manifold layout effect on
MHD pressure losses is discussed. Here, a “plenum” is a
cavity devoted to PbLi distribution that is obtained by
removing SPs and other internal structural elements from
a blanket chunk of poloidal height H at the segment ex-
tremities. In Figure 9, two separate plena are realized
at the blanket top to handle PbLi distribution for con-
figuration T03: the upper (and larger) one is dedicated
to retrieval, whereas the lower, smaller, collector directly
feeds the downward channels. In Figure 8, it is shown how
the same layout is adapted for configuration T02: here, a
“feeding” plenum is created at the blanket bottom, whereas
a identical one will be present at the top to collect the
fluid. However, removal of structural elements could be
unfeasible in this blanket type since it could lead to me-
chanical instability of the bottom cap, which is subjected

Table 15: Plenum geometrical parameters

Symbol mm

Central ch. toroidal width L1/L2/L3 110
Lateral ch. toroidal width L4 120
Poloidal height H 242
Back ch. radial width R1 167
Front ch. radial width R2/R3/R4 147
BSP orifice diameter d 100
Radial-Poloidal SP t1 16
Toroidal-Poloidal SP t2 19
FW/BSP t3 25

Table 16: Minimum and maximum loss per channel in distribution
plenum for configuration T02 fed by a single DN200 FP

Section Flow type ∆pi (kPa) % (min/max)

1 XS variation 25.144 82.2/72.5
2 Plenum flow 1.303÷5.411 4.3/15.6
3 90° Bend (⊥) 0.163 0.5/0.5
4 XS variation 0.942 3.1/2.7
5 XS variation (BSP) 3.037 9.9/8.8

Σ∆pi 30.590÷34.698

to significant hydrostatic load. To address this issue, the
SPs arrangement is preserved in the honeycomb layout,
which will be discussed in Section 7.4.

7.3.1. T02 plenum

Distribution and collection plena for this configura-
tion are identical, if inertial effects are neglected, with
the only difference being the applied magnetic field inten-
sity. This parameter is taken equal to that one adopted in
Section 7.1, except for the toroidal component in the distri-
bution plenum, where 4.87 T are considered to account for
the component extension in the radial direction compared
with the compact layout. No change in our assumptions is
required for the collection plenum, since the blanket has
almost no depth in the radial direction there.

Plenum layout is shown in Figure 8, where BZ SPs are
represented by dashed lines, the cavity is separated from
the BZ by a bottom support plate (BSP) placed at H = 242
mm from the cap. Geometrical parameters are collected
in Table 15. Orifices are drilled on the BSP to allow PbLi
flow to/from the BZ with d = 100 mm, which means that
approximately 38% of the plate surface is dedicated to this
function. Each BZ channel is identified by a radial (i) and
toroidal (j) rank (Cij) in the grid described by Figure 8, its
pressure drop will composed by a fixed term (contributions
from section 1 and 3÷5 in Table 16) and a variable term
(section 2 in Table 16), representative of the loss due to
radially and toroidally aligned 2D flows within the plenum.

Since for each radial or toroidal rank a fourth of the
flow rate is redirected toward the BZ, it is straightforward
to deduce that specific plenum loss is decreasing advancing
through ranks, i.e. loss for the first toroidal rank is lower
than for the last, and that the BZ channel C11, which is
the closest to the FP, will feature the lowest loss, whereas
C44 will have the highest. However, the main contribution
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Table 17: Minimum and maximum loss per channel in distribution
plenum for configuration T03 fed by a single DN200 FP

Section Flow type ∆pi (kPa) % (min/max)

1 XS variation 31.606 72.5/66.1
2 Plenum flow 1.591÷5.795 3.6/12.1
3 90° Bend (⊥) 0.411 1.0/0.9
4 XS variation 2.368 5.4/5.0
5 XS variation (BSP) 7.636 17.5/16.0

Σ∆pi 43.612÷47.816

to the manifold loss is from the fixed term with, in particu-
lar, the FP/plenum expansion accounting for 72.5÷82.2%,
therefore no relevant pressure differential is introduced
across the BZ channels in the manifold. Overall loss can
be slightly reduced by considering a scheme with two FPs,
as discussed in Ref. [10] with complete calculation method-
ology as well. Loss in the collection manifold is higher at
∆p = 38.374÷ 43.274 kPa due to increased field intensity,
but overall behavior is unchanged thanks to inertia-less
assumption.

Mechanical stability of the bottom cap is a big con-
cern for this layout due to both the large hydrostatic load
and the over-pressurization transient peak that must be
withstand by the structure. Detailed thermo-mechanical
analyses for this configuration are not currently available
and its feasibility is unclear. Due to the low manifold losses,
it could be possible to reinforce the bottom segment by
reducing penetration surface on BSP or thickening it with-
out drastically increasing the overall estimate. However, it
should be noted that, since the manifold extends as far as
the FW, it would be subjected to relevant volumetric heat-
ing: effect of cooling system on losses and flow distribution
could potentially be significant.

7.3.2. T03 plenum

Geometry of the T03 plena are shown in Figure 9.
Distribution manifold is very similar to the one discussed for
configuration T02 in Section 7.3.1, with the only difference
being that only two radial ranks are present and, therefore,
half of the flow rate is redirected in the poloidal direction,
pass through the separation plate, and enters BZ channels
for each rank. Terminal collector layout is, again, very
similar to the previous one, but after the second radial rank,
all the flow rate is carried by a single channel (labeled C0

in Figure 9). Thanks to this magneto-hydraulic similarity,
let’s assume that losses in the T03 plena can be calculated
with the same methodology applied in Section 7.3.1 with
only minor update to geometrical parameters and flow map.
Detailed calculation is presented in Ref. [10], whereas an
overview of the results for distribution plenum is available
in Table 17.

Fixed loss term is also dominant for this configuration,
even more than for T02 plenum, due to enhanced flow
velocity in the elements characterizing the fluid movement
from the manifold to the BZ channel. Overall behavior is
similar and it does not merit additional discussion. Large

Figure 17: T02 honeycomb manifold layout and flow map, radial-
toroidal view, dashed line identifies symmetry axis, arrow width is
proportional to flow rate

Table 18: Minimum and maximum loss per channel in distribution
honeycomb for configuration T02 fed by a single DN200 FP, percent-
age contribution refers to the most loss intensive channel

Section Flow type ∆pi (kPa) %

1 XS (FP) 25.144 38.7
2 2D flow 1.862÷7.795 12.0
3 XS (TOrif) 0÷4.26 6.6
4 90° Bend r → t (‖) 0÷5.892 9.0
5 XS (ROrif) 0÷20.087 30.9
6 90° Bend t→ r (‖) 0÷0.705 1.1
7 90° Bend t→ p(⊥) 0.164 0.3
8 XS variation 0.941 1.4

Σ∆pi 28.113÷64.988

terminal channel (C0) in the collection plenum makes the
loss in this component approximately equal to the distri-
bution collector, being in the range ∆p = 45.968÷ 50.842
kPa despite the higher toroidal field.

Mechanical stability issues are less concerning for T03
plena thanks to their placement below the upper cap. Nev-
ertheless, detailed analyses are required to assess if the
structure weakening negatively influences the blanket be-
havior during over-pressurization transient. Similarly to
the T02 plenum, collection manifold must be refrigerated
due to the proximity with the FW. Impact of vertical ob-
stacles on 3D pressure losses is difficult to predict since no
similar geometry has been ever investigated in literature.

7.4. Honeycomb manifold

In the honeycomb manifold, shown in Figure 8, the
SPs arrangement is preserved to do not alter the cap me-
chanical stability, whereas orifices are drilled on the radial-
poloidal and toroidal-poloidal SPs to allow the PbLi flow
across the terminal part of the BZ channels. Assuming
feeding from a single DN200 FP, the flow map for this
component is presented in Figure 17, where the collector
seen from above resembles an honeycomb with rectangu-
lar cells. Geometrical parameters are analogous to those
present in Table 15, where the BSP orifice diameter is sub-
stituted by that for radial-poloidal (dr,p = 143 mm) and
toroidal-poloidal (dt,p = 92 mm) orifices, which account
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for, respectively, 40% and 25% of the associated channel
cross-section.

Akin to the plenum layout, each BZ channel is as-
sociated to a toroidal and radial rank depending on its
placement which, in turn, determines the flow path (shown
in Figure 17) and pressure loss. This last one will be com-
posed by a fixed and variable term, which is related to the
specific loss due to the channel position. It is straightfor-
ward to observe that a duct placed on the first toroidal rank
(i.e. C1j) will not have any loss due to sudden contraction
and expansion through a radially oriented orifice (ROrif),
whereas one located on the fourth radial rank (i.e. Ci4)
will have three separate contributions from this hydraulic
element. Similar arguments can be made for flow through
toroidally oriented (TOrif) orifices and bends, which are
necessary to move PbLi within the manifold. Detailed
calculation methodology is described in [10], whereas a re-
sults overview is presented in Table 18 for the distribution
manifold.

A large number of hydraulic elements depending on the
channel position causes inevitably a rise in the variable
compared with the fixed term for this manifold layout:
the latter accounts for only 40% of the overall drop in
the honeycomb, compared with nearly 90% observed for
the plenum. Pressure differential is mainly found across
channels belonging to different toroidal ranks due to the
huge contribution from the flow through radially oriented
orifices, whereas the contribution from larger toroidally
ones is almost negligible, amounting to no more than 7%
of the total. Switching to a feeding scheme using two FPs
does not significantly reduce the overall loss in the manifold
since it will mainly counter this last term.

Since channel loss is strongly sensitive to radially ori-
ented orifice diameter, it could be conceivable to iterate on
the manifold design in order to find the optimal diameter
for each orifice to minimize pressure imbalance across chan-
nels. However, uncertainties about the estimate for small
orifices, which could be dominated by the inertial regime,
suggest that extensive 3D simulations will be required for
this purpose. Cooling requirement for this layout do not
differ from that expected for the plenum, although the
more complex geometry will certainly force to devise an ad
hoc cooling system, where the pipes are likely to be routed
through the radial orifices. This solution will inevitably
lead to a loss increment, but it is very difficult to predict
how much this will affect the current figure, which is already
nearly double that expected for the plenum layout.

7.5. Influence of manifold layout

Four manifold layout have been discussed in this sec-
tion to transfer PbLi from the connection pipe (being FP
or DP) to each configuration BZ, in order of geometrical
complexity: plenum, compact, honeycomb, and spinal. Not
all these choices are suitable for all the blanket configura-
tions since, for instance, the spinal manifold is specifically
tailored to the numerous, separated, mostly radial cells
adopted in T01.A, whereas the plenum layout is best suited

Table 19: Qualitative comparison between manifold layouts accord-
ing to five FoMs, WF stands for weight factor

WF Compact Spinal Plenum Honeycomb

Flexibility 4 2 4 2 2
Cooling 5 5 4 2 1
Integration 6 3 4 1 2
Distribution 8 4 2 5 3
MHD loss 10 3 1 5 2

Σi(WF×score) 113 86 114 69

for a blanket where the flow is poloidally oriented like in
T02 or T03. Large differences are observed across these
proposed models and, therefore, it is difficult to directly
compare their performances, although some general obser-
vations can be made.

To fulfill its assigned function the PbLi manifold should
ensure uniform flow rate distribution across BZ channels
and minimize MHD pressure loss. At the same time, its
layout should not significantly affect the blanket mechanical
stability in normal and accidental conditions or introduce
concern about tritium generation and control. Manifold
layout can affect mechanical stability either by altering
SP arrangement or not foreseeing sufficient PbLi cooling.
Pre-conceptual R&D blanket activities have been mainly
focused on BZ design, and rightly so, since this region is the
most important for power extraction and fuel breeding but,
consequently, SPs placement often did not take into account
the necessity to reserve space for PbLi collectors; a similar
argument can be made for the cooling system. Therefore,
ease of integration within the blanket, “structural” and
“thermal” is a figure of merit (FoM) that must be considered.
Moreover, a certain degree of “flexibility” is beneficial for
the manifold since interface requirements could be altered
to accommodate mutated integration needs with other
reactor systems, e.g. divertor or PbLi loop.

A qualitative comparison between the four manifold
layouts is presented in Table 19 using five figure of merit:
flexibility, ease of cooling system integration, ease of me-
chanical integration, efficiency of flow distribution, and
MHD pressure losses. Weight factors have been introduced
for each FoM with flexibility and MHD loss rated as the
least and most important ones. At each manifold layout is
associated a score in the range 1 to 5. A relatively simple
and straightforward geometry allows to minimize pressure
loss and imbalance in the plenum layout, thus resulting in
good scores for the most important FoM, but will require
significant investment in R&D activities to adapt it for
T01.A and T01.B, where the BZ PbLi flow is mostly radial,
and to assess its impact on the blanket mechanical and
thermal behavior. Conversely, the spinal layout is penal-
ized by the largest loss, even if it is very well integrated in
the blanket, as far as being able to drastically modify its
feeding scheme without large modifications.

Assessing flow distribution in the manifold is a challeng-
ing task since it requires to include the influence of both
electromagnetic coupling and inertial phenomena, these
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Table 20: T01.A BZ channel geometrical parameters

Symbol mm

Toroidal width 2a 234
Poloidal width 2b 60.5
Cell poloidal height H 135
Radial length R1 400
Bend length R2 150
Double Walled Tube diameter d 13.5
Radial-Poloidal SP 2tr,p 19
Toroidal-Radial SP 2tr,t 12
Baffle Plate thickness 2tb 2
FW thickness 2tFW 25

Table 21: Pressure loss for T01.A BZ equatorial cell

Section Flow type ∆pi (kPa) %

1 XS var. (Inlet) 1.817 39.0
2 90° Bend (⊥) 0.151 3.3

3 XS var. (Duct) 0.091 2.0
4 2D flow 0.157 3.7
5 180° Bend (⊥) 0.044 1.1
6 Obstacle (n=13) 0.025 0.6
7 XS var. (Outlet) 0.091 1.1

8 2D flow 0.323 6.8
9 90° Bend (⊥) 0.151 3.3
10 XS var. (Manifold) 1.817 39.0

Σ∆pi 4.667

latter being magnified especially for compact or convo-
luted geometries. If the flow distribution in the plenum
can be attributed almost exclusively to pressure imbalance
across BZ channels, the same argument does not hold in
other layouts. For instance, the large differential between
lateral and central channels in the spinal manifold sug-
gests the overfeeding of these but, on the other hand, if
a double FP scheme is adopted strong inertial effects in
the small terminal collectors could partially compensate
for this occurrence. Coupling across SL and RL channels
could also affect the fluid distribution and behavior by,
for instance, promoting flow rate in central channels or
counter-flowing in nearby ducts, this last case being likely
at blanket extremities where ∆Γ is large across the two
arrays [44, 45, 92]. Similarly, inertial effects could play a
large role in determining flow distribution in compact and
honeycomb collectors. Detailed 3D CMHD analyses are
deemed essential to characterize these phenomena even if,
currently, they present exorbitant computational costs.

8. Breeding zone: results and discussion

8.1. Quasi-radial flow (T01.A)

The BZ basic layout, outlined in Figure 4a and Fig-
ure 4b, is composed by an elementary cell divided into six
separate channels, where the PbLi is mostly radial, with
each one being fed by an associated manifold duct, as dis-
cussed in Section 7.2. This elementary cell is then repeated
in the poloidal direction, thus filling all the available BZ
volume. However, cell geometry is not uniformly constant

due mainly to constraints exerted by the overall segment
geometry, i.e. decrease of toroidal width at blanket extrem-
ities reduces the number of BZ ducts from six to four; a
similar behavior is observed also for configuration T01.B
in Section 8.2. Cooling system uses a C-pipe layout where
twenty-one horizontal pipes enter radially the cell from
the side channels and becomes toroidally oriented moving
toward the center.

Consider the central duct of a cell close to the equatorial
plane, where cooling pipes are transverse to flow direction,
thus allowing treatment via eq. (17), and cross-section is
constant. Results obtained under these assumptions will
be qualitatively similar to the other channel types and
will be also be representative for different location within
the blanket where, under the assumption of uniform flow
distribution, the only boundary condition that must be
changed is the magnetic field intensity and orientation.

The flow rate (and mean velocity) in the central channel
is estimated from the total number of elementary cells
in the BZ. From main geometrical parameter listed in
Table 20, it is found that N ≈ SFW /H ≈ 109, where
SFW = 14.67 m is the BZ linear length calculated at the
first wall, thus Γi = ΓOB/6N = 25 g s−1 and u0 ≈ 0.18
mm s−1. Therefore, velocity in the duct is vanishingly small
and it can be expected for the pressure loss to be similarly
reduced.

Interface with the manifold region is provided through
an inlet opening (SL/BZ) and an outlet pipe (BZ/RL), as
it was shown in Figure 5. The inlet opening is basically
a round orifice, with d = 43 mm, drilled in the toroidal-
poloidal back plate separating manifold and BZ. The outlet
pipe is characterized by the same internal diameter but,
since it crosses the SL duct, has also an outer diameter
do = 50 mm and an axial length L = 100 mm, which allows
to estimate a 2D flow contribution.

An overview of the pressure loss estimate is given in
Table 21, which is broken down into three distinct groups of
hydraulic elements: path from the manifold supply channel
to the BZ duct (via the inlet opening), flow within the duct,
and exit to the retry channel (through the BZ outlet pipe).
The very low velocity in the BZ channel causes limited
pressure losses in this hydraulic region. Indeed, they could
be neglected without significantly altering the pressure drop
estimate for the whole configuration since they amount to
≈1% of the manifold pressure drop. This is not a surprising
outcome, because this layout was purposefully designed
to achieve the lowest possible pressure drop. Largest loss
contribution is found for the interface elements with the
manifold, whereas pressure drop in the actual BZ is almost
negligible. 3D losses in the cell amount to more than 60% of
the total and, in particular, cooling pipe effect is predicted
to be low (≈5%).

BZ cells located toward the blanket terminal parts are
exposed to a stronger magnetic field intensity but, even
in their case, the maximum pressure drop is found to be
∆pBZ ≈ 11.5 kPa, thus never exceeding 3% of the manifold
loss. It can be concluded that pressure imbalance across
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cells is mostly caused at manifold rather than BZ level and,
therefore, for this configuration is important to carefully
regulate the pressure losses in the former component to
achieve an uniform flow distribution.

Electromagnetic coupling phenomena in this configura-
tion are expected to appear at channel, cell, and blanket
level. Since the single BZ channel is composed by two
counter-flowing ducts, leakage currents are expected to
reorganize the flow on cross-section, for instance, by pro-
moting the jet that appears close to the thin baffle plate
[5, 42, 43]. As an assembly, the cell channels are stacked
in the magnetic field direction and are going to be coupled
through radial-poloidal SPs, i.e. Hartmann walls. Lim-
ited effect is envisaged for this coupling type, as it was
described in Refs. [44, 45], which is mostly restricted to
a slight increase of the flow rate in the central channels.
At blanket level, the system can be seen as six separate
poloidal columns composed by alternate counter-flowing
channels which are coupled through toroidal-radial SPs, i.e.
walls parallel to main magnetic field. In this scenario, over-
feeding of cells at blanket extremities is expected, whereas
suppressed flow rate should be observed on the equatorial
plane cells [44]. Obviously, it is difficult to predict how
coupling phenomena are going to affect the liquid metal at
this level and, even more so, how they will interact with
the effects at channel and cell level.

Some insight can be deduced from Ref. [42], where a
similar configuration, composed by counter-flowing block of
six channels aligned in the poloidal direction, was studied
numerically. If a significant poloidal field is present, the
channels are strongly coupled and the solution appears
to ignore dividing SPs with flow features, like core and
internal layers, being “transferred” across nearby channels.
It is not clear how this result can be extended to a sequence
of counter-flowing single channels, like the present config-
uration, but it is probable that the actual flow behavior
will resemble the general trend for coupled ducts stacked
perpendicularly to the magnetic field, i.e. depressed and
enhanced flow rate, respectively, at stack core and extremi-
ties [44]. Experimental findings on a scaled-down mock-up
seems to confirm this scenario where BZ pressure loss for ex-
ternal units was observed to be between four and five times
higher than in central ones [19]. Velocity profile reconstruc-
tion a posteriori confirmed the presence of enhanced flow
rates [93].

These effects could combine with the imbalance pre-
dicted at manifold level to cause underfeeding of equatorial
cells. However, the BZ flow velocity is already so low that
no significant influence is foreseen for pressure drop and
heat transfer estimate. Conversely, stagnation or rever-
sal regions are likely to occur and could lead to tritium
inventory issues and enhanced permeation rates.

8.2. Radial-poloidal flow (T01.B)

This configuration is composed by continuous channels
that wind up through the blanket, starting from the bottom
and proceeding to the top. Its BZ layout is very similar to

Figure 18: Baseline pressure gradient for central and lateral channel
in T01.B breeding zone

Table 22: Pressure losses in T01.B BZ sub-element belonging to
central flow path

Section Flow type ∆pi (kPa) %

1 180° Bend (⊥) 0.549 1.9
2 2D flow 17.318 60.1
3 XS variation 7.154 24.8
4 180° Bend (⊥) 0.497 1.7
5 Obstacle 3.365 11.7

Σ∆pi 28.883

the one described for T01.A and, in fact, can be obtained
from this one by removing the baffle plate, thus merging the
inlet and outlet duct of the previous layout, and shortening
the toroidal-radial SP to leave a connection gab at FW,
as shown in Figure 4c. Space allocated for the spinal
manifold is “re-purposed” in T01.B to allow the PbLi
to execute another 180° turn and close the channel loop.
Cooling system layout is maintained without modifications.
Geometrical parameters are equal to those presented in
Table 20, with the exception of 2b = 123 mm and H = 270
mm, adding R3 = 150 mm for the back hairpin turn.

Taking into consideration the minimal channel geometry,
the BZ flow path is composed by fifty-four sub-elements.
Each duct carries approximately Γi = ΓOB/6 = 2.73 kg s−1,
which correspond to an average velocity u0 = 1.16÷ 1.67
cm s−1, the latter value referring to the lateral channel,
nearly a hundred times the velocity envisioned for T01.A.

Since the BZ channel is extended for all the blanket
poloidal length, the baseline pressure gradient for fully
developed flow is far from uniform and must be discussed
with the same procedure outlined in Section 7.2.2. An
overview of the results is presented in Figure 18, where it
is possible to see that 2D loss follows the same behavior
previously described for the poloidal channels of the spinal
manifold. The average pressure gradient in the breeding
zone is calculated as ∇p̄c = 12.394 kPa m−1 and ∇p̄l =
15.951 kPa m−1. Defining the average sub-element length
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as L = 2 ∗R1 +R2 +R3 +H = 1.34 m, the total 2D loss
is estimated at ∆pc,2D = 896.5 and ∆pl,2D = 1154 kPa.

Four components are responsible for 3D losses: two
180° bends (⊥ B), sudden contraction and expansion at
BZ/turn–back interface, flow around obstacles. To evaluate
the hairpin bend close to the FW the average field in that
region is used (B = 4.19 T), whereas for the other elements
the average field intensity on the whole channel radial width
is adopted (B = 3.91 T). Number of pipes crossed by the
average flow path for sub-element is twenty-six. Overall
estimate is collected in Table 22 for the central channel
portion on the equatorial plane.

Higher PbLi velocity increases the share of 2D losses
compared with T01.A and, moreover, it is significant that
the contribution given by the flow around cooling pipes
reaches up to 11%, the largest 3D loss beside the cross-
section variation from the main BZ duct and the turn-back
region. It is possible to characterize the ratio between
two-dimensional and three-dimensional losses for the sin-
gle sub-element with the parameter ψ = ∆p3D/∆p2D =
0.67, which describe the relative importance of the three-
dimensional effects compared with baseline pressure loss. It
can be then used to estimate the overall magnitude of three-
dimensional losses on all channel sub-elements through the
relation ∆p = ∆p2D + ψ∆p2D. Therefore, overall loss on
central and lateral flow path are evaluated, respectively, at
∆pc = 1545 and ∆pl = 1985 kPa.

These pressure losses are much higher than those pre-
dicted for other blanket configurations mainly due to the
long, windy, PbLi path in the T01.B BZ, which extends up
to 70 m, and the high velocity, more typical of a blanket
where liquid metal is also used as a coolant.

Mitigation strategies must be introduced to reduce
the baseline loss in order to make this configuration feasi-
ble. Mean velocity could be reduced by merging adjacent
poloidal sub-elements, thus reducing also the number of
hairpin bends, but this solution could lead to a weakening
of the blanket structure and be not very efficient due to
the switch from a slotted channel (a/b > 1) to a quasi-
square one (a/b < 1), which is characterized by larger
pressure coefficient in eq. (13). On the other hand, the
aspect ratio can be increased by merging adjacent channels
in the toroidal direction by, for instance, envisioning three
channels per sub-element. Even if this strategy could allow
to reduce losses by 25%, it is unlikely that the extensive
modifications required to structural elements would not
results in damaging the blanket stability. Therefore, the
only viable strategy seems to be the electrical decoupling
of fluid and wall via FCI or insulating coatings.

Finally, coupling phenomena will likely be akin to those
that will be observed in the case of quasi-radial flow (T01.A)
thanks to flow path similarity between two configurations.
Higher mean velocity and, thus, stronger leakage currents
could lead to an increase in the harmful coupling side
effects, especially for flow reversal regions.

8.3. Poloidal once-through flow (T02)

A very simple layout is adopted where the BZ is com-
posed by straight rectangular ducts that, since they are
aligned with poloidal direction, are only affected by the
toroidal field. In general, the magnetic field is not uniform
and a gradient is present among the back and front chan-
nels, where the field is strongest. However, the gradient is
quite small (i.e.∂xB̃ � 1) and is compensated by the longer
length and larger size of the back channels. No complex
hydraulic element is present and, assuming that the flow
can be described by a local fully developed state to account
for slowly varying cross-section and field intensity along
the poloidal direction, the only 3D flow contribution to the
pressure drop is from the flow around cooling pipes.

Typical FW channel is characterized by a toroidal and
radial dimension, i.e. 2a × 2b = 164 × 147 mm, whereas
sub-channel flow rate is equal to Γi = ΓOB/32 = 0.512
kg s−1. It follows that u0 = 2.17 mm s−1 and, for average
FW field Bt = 4.19 T, ∇pFW = 3.255 kPa m−1. It is
straightforward to extend this argument to a back channel
which size is only slightly larger in the radial direction,
i.e. 2a × 2b = 164 × 167 mm, so that u0 = 1.91 mm s−1

and, for Bt = 3.91 T, ∇pBSS = 2.450 kPa m−1. Linear
length of the channel is calculated at LFW = 14.67 m and
LBSS = 16.94 m, from which it is found the overall two-
dimensional loss: ∆pFW,2D = 47.74 and ∆pBSS,2D = 42.34
kPa.

Cooling elements are composed by two nested U-pipes
which refrigerate a four-channel radial array. Pressure loss
due to 3D flow was estimated at 376.2 Pa per obstacle for
the FW channel [9, 10]. Thermal considerations indicate
that the vertical pitch between cooling elements must not
exceed pv = 40 mm, therefore n = LFW /pv ≈ 367 must be
foreseen to meet design requirements and ∆pFW,3D = 138.1
kPa. It is not easy to extrapolate the results of Ref. [9] to
characterize the other T02 channels due to different pipe
geometry, nevertheless is likely that ∆pBSS,3D ≤ ∆pFW,3D
thanks to the lower blockage ratio.

The obstacle contribution has a fundamental impact on
the BZ pressure drop estimate, since it constitutes ≈ 75% of
the FW channel loss. Even accounting for lower ∆pBSS,3D,
imbalance calculated across front and back ducts should
be small, i.e. less than 10÷20 kPa including manifold
contribution, and no significant overfeeding is expected
from first-order effects.

Since the breeding zone is composed by an assembly of
co-flowing quasi-square channels, it is relatively straightfor-
ward to devise how coupling phenomena will qualitatively
affect the breeder flow by extrapolating from the results in
Refs. [43, 44]. Coupling through side walls is going to be
the dominant mechanism and will likely cause enhanced
flow rate for front and back channels, together with damp-
ened velocity in the central region. Secondary effects from
coupling via Hartmann walls are going to shift a small
portion of the flow rate toward the central channels in a
toroidal row. Flow rearrangement due to coupling will
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Table 23: T03 BZ channel equivalent cross section and fully devel-
oped flow pressure gradient, for channel labeling refers to Figure 7

Pipes
[31]

A
(cm2)

Â
(cm2)

Â/A
(%)

u0 (mm s−1) Bt

(T)
∇p2D (kPa m−1)

Ia 2 274 271 99.0 3.85 3.91 5.052
IIa 3 241 237 98.2 4.41 3.91 5.783
IIb 6 241 233 96.4 4.49 4.19 6.750
Ib 17 241 217 89.9 4.82 4.19 7.241

probably cause a small rise (10÷15%) in the predicted
pressure loss due to the combination of side wall (increase)
and Hartmann wall (decrease) coupling [43].

8.4. Poloidal counter-flow (T03)

SP layout is shared between this one and previous
configuration, as it is shown in Figure 7, whereas cooling
system is modified to adopt vertical pipes. A variable
number of cooling pipes is envisioned to refrigerate channels
on the radial array going from n = 17 for the FW duct to
just n = 2 for the back one [31]. The liquid metal flows
downward at first on the blanket back and then rises in
the front channels, therefore it is useful to consider an
“external”, composed by the front and back channels, and
an “internal” flow path, composed by the central ducts,
respectively labeled I and II in Figure 7. Since it is
assumed that cooling pipes do not introduce additional
losses, the pressure gradient can be computed from the
effective cross-section available for the liquid metal flow, as
detailed in Table 23, which is defined with the expression
Â = A− n · π(d/2)2. Pipe diameter is taken as d = 0.0135
m and the flow rate is assumed to be evenly distributed,
such that Γ = 1.024 kg s−1 for every one of the 16 BZ
channels. Wall thickness is assumed to be uniform such
that c = 0.169, a value which is representative of both
Hartmann and side walls in the configuration.

If the downward and upward channel lengths are 14.667
and 16.94 m, the baseline pressure loss is calculated as

∆pI = ∆pIa + ∆pIb = 191.77 kPa (20)

∆pII = ∆pIIa + ∆pIIb = 196.95 kPa (21)

Downward and upward return channels are connected at
the blanket bottom through two 90° bends and a radially
oriented elbow channel which poloidal height is equal to the
feeding duct width. Connection for external channel I is
accompanied by a cross-section contraction, whereas there
is no significant variation for the internal one. Both bends
and contraction are perpendicular to toroidal field, which is
equal to 4.87 T at blanket bottom, and their contribution
is relatively small with the overall loss being dominated by
the radial flow. Elbow loss is calculated at ∆pI,e = 5.968
and ∆pII,e = 1.747 kPa. Overall, no significant pressure
imbalance is found between the two flow paths with a
representative BZ loss ∆p ≈ 198 kPa, nearly more than
45% of the loss calculated for poloidal once-through flow
in configuration T02.

Coupling phenomena are expected to follow the same
pattern described for configuration T02 and can be ex-
trapolated from Refs. [43, 44]. Notably, internal channels
(IIa and IIb) are counter-flowing and coupled via the side
walls, which will cause a jet promotion at the shared wall
parallel to the magnetic field but no overall pressure loss
modification [43]. On the other hand, co-flowing downward
(Ia and IIa) and upward (Ib and IIb) channels are going
to experience both Hartmann and side wall coupling in a
similar fashion to what will be observed in configuration
T02. As such, overall loss behavior is not expected to devi-
ate much and a small increase (5÷10%) should be observed
compared with uncoupled case

Finally, both downward channels and, in particular, the
internal one (IIa) could be affected by buoyancy forces
due to their considerable axial length. Likelihood of flow
reversal should be carefully assessed for this configura-
tion but it is probably high. Considering the internal
channel (a× b = 82× 73.5 mm), average volumetric heat-
ing is Q = 0.6 MW m−3 and, if ∆T = Qb2/k with k =
15.6 W m K−1, it is found from Equation (6) that Gr =
4.89× 109. Moreover, from data collected in Table 23, Re
= 4.8× 103 and Ha = 7.5× 103. Following the argument
presented in Ref. [94], it is possible to define a reduced
Grashof number r and shape parameter m

r =

√
Gr

HaRe(b/a)2
(22)

m = b/LBSS (23)

For the internal downward channel, it is calculated that r
≈ 13 and m = 4.3× 10−3. According to Ref. [94], if m→0,
then reverse flow occurs in the downward channel for r >
1.6. Intense flow reversal in the downward channels could
be harmful due to inefficient PbLi circulation and potential
tritium accumulation. However, since the interested chan-
nels are relatively far away from the FW, where the bulk of
breeding occurs, the impact of flow reversal on permeation
toward the coolant could be minor.

9. Conclusions

The influence of PbLi loop layout on MHD losses for
the WCLL blanket outboard segment has been assessed
through a system-level methodology supported, wherever
possible, by the results of direct simulation activities. Four
alternative configurations were considered featuring differ-
ent layouts for the connection pipes (feeding and draining),
distribution components, and breeding zone.

The analysis highlighted that connection pipe layout
and reactor integration constraints on these components
are the key factors in determining the overall MHD pres-
sure drop in the PbLi loop. This condition is verified, in
particular, for WCLL T01.A where BZ losses are negli-
gible thanks to the very low PbLi mean velocity (≈0.2
mm s−1). To minimize the MHD loss and simplify the
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magneto-hydraulic path within the blanket segment, an
integration scheme featuring feeding pipe integrated in the
lower port and draining pipe in the upper port seems to be
the best solution, especially if sufficiently large pipes (i.e.
DN≥150) can be hosted in the former. Other integration
solutions increase the pressure loss figure by a substan-
tial amount and could benefit by introducing electrical
decoupling elements (i.e. FCI) in the blanket design.

Manifold losses appear to be a second order effect when
accounting for the whole PbLi loop, but are likely affected
by a wider uncertainty due to the complex layout and
poor characterization. More accurate understanding of
3D MHD manifold flows is severely needed to improve the
current estimate and it is the only way to assess the actual
flow distribution in the blanket segment. This statement
is particularly true for the spinal manifold layout which
features a combination of flow around obstacles, coupling
phenomena, and compact geometry.

Rearrangement of SP layout to re-route PbLi toward
a mostly poloidal flow (i.e. T02 and T03) showed signif-
icant potential in pressure loss reduction and simplified
flow distribution through plenum or honeycomb manifold
concepts. However, it is not clear if and how much the seg-
ment mechanical stability will be affected by adopting these
configurations. Main issues have been highlighted about
the bottom cap design, manifold and BZ refrigeration, and
wide flow reversals in downward channels.

To provide a more complete picture of the MHD loss in
PbLi loop, the system-level estimate should be extended
to cover also the inboard segment, where a substantially
higher figure is expected, even if flow rate is lower, due
to larger magnetic field intensity (i.e. 5÷9 T). A similar
analysis will be performed once the WCLL inboard design
reach a sufficient maturity to allow for enough geometrical
data and accurate boundary conditions.
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