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A Fusion Nuclear Science Facility (FNSF) has been recognized in the fusion community as a necessary
facility to resolve the critical technology issues of in-vessel components prior to the construction of a
DEMO reactor (Abdou et al., 1996) [ 1]. Among these components, development of a reliable, low-cost and
safe blanket system that provides self-sufficient tritium breeding and efficient conversion of the extracted
fusion energy to electricity, while meeting all material, design and configuration limitations is among
the most important but still challenging goals. In the recent FNSF study in the US (Kesel et al., 2015) [2],

Iéle;/r\:\l/(oer;ds: a Dual-Coolant Lead-Lithium (DCLL) blanket has been selected as the main breeding blanket concept.
Lead-lithium This paper summarizes the most important details of the proposed DCLL blanket design, presents the
DCLL MHD thermohydraulic analysis for the PbLi flows in the blanket conduits and introduces supporting R&D
FNSF studies, which are presently ongoing at UCLA. We also discuss the required pre-FNSF R&D in the area of

Magnetohydrodynamics MHD Thermofluids to support the further work on the DCLL blanket design & analysis and its integration

Pressure drop into the fusion facility.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The DCLL is an attractive breeding blanket concept that
potentially leads to a high-temperature (T~ 700°C), high ther-
mal efficiency (n7>40%) blanket system. In this concept, a
high-temperature lead-lithium (PbLi) alloy circulates slowly (U~
10 cm/s) in large poloidal rectangular ducts (D ~ 20 cm) to remove
the volumetric heat generated by neutrons and produce tri-
tium, while a pressurized (typically to 8 MPa) helium gas (He)
is used to remove the surface heat flux and to cool the ferritic
first wall (FW) and other blanket structures in the self-cooled
region. The key element of the concept is a flow channel insert
(FCI) that serves as an electrical or electrical/thermal insulator to
reduce the magnetohydrodynamic (MHD) pressure drop and to
decouple the temperature-limited RAFM (reduced-activation fer-
ritic/martensitic) steel wall from the flowing hot PbLi.

Several designs of the DCLL blanket have been proposed in
Europe [3-6], the US [7-11] and China [12-14]. At present, a
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module-type DCLL blanket is considered in Europe for a possi-
ble implementation in a DEMO reactor [15]. Historically, the first
DCLL version, known as a low-temperature (LT) DCLL blanket [3],
relied on qualified materials and existing fabrication technologies.
A key component of this design is a sandwich-type FCI composed
of steel/alumina/steel layers or a thin alumina layer placed on the
wall to be used as electrical insulator for decoupling electrically
conducting structural walls from the flowing PbLi. In the next,
more advanced high-temperature (HT) DCLL blanket, which was
first introduced in [8], an FCI made of silicon carbide (SiC), either
composite [16] or foam [17], was further proposed as a means for
electrical and also thermal insulation to provide acceptable MHD
pressure drops and to achieve a high PbLi exit temperature. At
present, the LT DCLL with a sandwich FCI is considered in the
fusion community as a backup option in case a SiC FCI could not
be developed and fully qualified prior to the start-up of the FNSF.
More information about the DCLL blanket developments, blanket
key features and technical characteristics as well as several design
examples can be found in [18].

In the recent FNSF study in the US [2], a DCLL blanket was
designed for both inboard and outboard regions (Fig. 1). The entire
machine is subdivided into 16 toroidal sectors, such that there are
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Fig. 1. Cross-cut of one of the 16 toroidal sectors in the FNSF with the IB and OB
blankets. The arrows show the PbLi flow path in the poloidal ducts.

16 inboard (IB) and 16 outboard (OB) blankets. Each sector with
the blankets can be removed via an individual port using a horizon-
tal maintenance scheme. In the IB blanket, the liquid metal flows
upwards in the five front ducts facing the plasma, makes a U-turn
at the top of the blanket and then flows downwards in the five rear
ducts. There are two manifolds at the bottom of the blanket to feed
the poloidal ducts and to collect the hot PbLi at the exit of the blan-
ket. The OB blanket has a similar structure but the number of the
ducts and blanket dimensions are different to fit into a larger space
at the OB. In the designed blanket, the liquid first flows upwards in
the front nine ducts and then downwards through the three rows
of return ducts (totally, 3 x 9=27 return ducts). The thickness of
the inboard blanket (including the front wall, back wall, stiffening
plates, FCI, He flows and PbLi flows) is 0.5 m. The thickness of the
OB blanket is 1m. The poloidal length of the IB blanket is ~7 m,
while the OB blanket is ~ 10 m. The characteristic magnetic field at
the IB is~ 10T and that at the OB is~5.5T. Each poloidal blanket
duct has a 5-mm thick FCI. The FCl is separated from the RAFM wall
with a thin 2-mm gap to accommodate possible thermal expan-
sions of the flow insert. The space inside the FCI box and that in
the gap is filled with the flowing PbLi. The most important blanket
parameters in this design for two blanket version, LT and HT DCLL,
are summarized in Table 1.

In this study, a conservative variant of the HT blanket is consid-
ered, where the maximum PbLi temperature is restricted to 550 °C.
This temperature choice gives a conservative match to the RAFM
steel limits and a reasonably large temperature window. The last
parameter in Table 1, the fraction of volumetric heat absorbed by
the flowing PbLi, was estimated using a simplified thermal analy-
sis under the assumption that the volumetric heat generated in the
FCI and the 2-mm PbLi gap goes to He. A full 3D analysis may find
different.

2. MHD thermohydraulics analysis

The goal of this analysis is to evaluate the MHD pressure drop
for each blanket component and to eventually calculate the overall
pressure drop for the entire blanket through the summation of the
individual pressure drop contributions. Similar to the MHD analy-

Table 1
The most important blanket parameters used in the present MHD thermohydraulic
analysis.

PARAMETER IB BLANKET OB BLANKET
Blanket length, m 7.04 10.28
Toroidal length of the FW per 1.69 2.28

sector, m
Characteristic B-field, T 10.0 5.5
NWL (averaged), MW/m? 0.86 1.34
Neutron multiplication in PbLi ~ 1.15 1.15

PbLi Inlet/Outlet T, °C 350/550 (HT DCLL)
350/470 (LT DCLL)
5(HT DCLL) 3
RAFM+1.5 Alumina + RAFM+1.5 Alumina +
0.5 RAFM (LT DCLL) 0.5 RAFM (LT DCLL)
Fraction of volumetric heat 0.78 0.78

absorbed by PbLi

350/550 (HT DCLL)
350/470 (LT DCLL)

FCI thickness, mm 5(HT DCLL) 3

sis for the IB DCLL DEMO blanket in [19], in this study we identified
and then computed five major pressure drops. These five main com-
ponents of the PbLi loop, which are expected to have the greatest
impact on the MHD pressure drop are the following (Fig. 2): (1)
flows in the poloidal blanket ducts with FCI; (2) flows at the blan-
ket inlet and outlet (i.e. manifolds); (3) flows in the PbLi access
pipes with FCI in a near-uniform magnetic field region; (4) flows in
the access pipes in the fringing magnetic field; and (5) flows at the
top of the blanket (“U-turn”) where changes in the flow direction
and flow redistribution occur.

In the long poloidal ducts, the MHD pressure drop originates
from the nearly fully developed flows where the flow opposing
electromagnetic forces arise from the interaction between the
induced cross-sectional currents closing in the toroidal-radial plane
and the strong plasma-confining toroidal magnetic field. These cur-
rents can significantly be reduced by the insulating FCI compared
to a flow in a fully conducting duct without an FCI. To serve well
its insulating functions, the FCI has to have sufficiently low elec-
trical and thermal conductivity. The requirements on SiC materials
for the DCLL blanket under conditions of ITER TBM and DCLL DEMO
were formulated in [19,26]. For a 5-mm FCI, the goal was to provide
low thermal conductivity of 1-2 W/m-K and electrical conductivity
of about 1 S/m for inboard blankets. Higher electrical conductivities
of about 50 S/m were found to be sufficient in lower magnetic field
outboard blankets.

The degree of the pressure drop reduction is the highest (a few
orders of magnitude [19]) when a low-conductivity SiC FCI is used.
The sandwich FCI utilized in the present LT DCLL design (Fig. 3) is
less effective as an electrical insulator because the induced electric
current from the bulk flow can close through a thin 0.5 mm RAFM
liner. Correspondingly, the pressure drop reduction by a sandwich
FCI is significantly lower compared to the SiC FCI. The difference
can especially be important for IB blankets for which the magnetic
field is about two times higher. In the present study, the MHD pres-
sure drop in the poloidal flows with the FCI, SiC or sandwich, was
computed with the help of a fully developed flow model and a 2D
numerical MHD solver developed in [20]. In these recent computa-
tions the electrical conductivity of the SiC FCI was chosen at 10 S/m.
This relatively low value is needed to minimize the pressure drop
in the IB blanket. For the OB blanket, higher (up to 50 S/m) electrical
conductivities seem to be acceptable.

Computed velocity distributions in the poloidal flow with the
FCI for the IB blanket are shown in Fig. 4. The PbLi flow in the duct
with a sandwich FCI demonstrates very high velocity jets at the
two side FCI walls (walls parallel to the applied toroidal magnetic
field) (Fig. 4a). The maximum velocity in the jets in the bulk flow is
about twenty times higher than the mean bulk velocity, i.e. around
2.5m/s. In practice, such a jet flow will likely demonstrate instabili-
ties and vortex formation [22] resulting in a turbulent flow regime.



316 S. Smolentsev et al. / Fusion Engineering and Design 135 (2018) 314-323

U-turn

Poloidal flow

Flow in the access pipe
in near-uniform B-field

Flow in the > I

»
X L]: -

I

manifold

Flow in the access pipe in

fringing B-field

»

PbLi in/out

Fig. 2. A simplified sketch of the PbLi flow in the DCLL blanket to identify major MHD pressure drops.
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Fig. 3. Structure of the sandwich-type steel/alumina/steel FCI used in the proposed LT DCLL blanket.

The jet instabilities and turbulence would, however, have only a
small impact on the pressure loss [23], because the MHD pressure
drop in the poloidal flow is mostly controlled by the 2D electric
currents closing through the electrically conducting RAFM layer.
As seen from Fig. 4c, the PbLi in the thin 2-mm gap between the FCI
and the RAFM wall is almost stagnant next to the Hartmann walls
(walls perpendicular to the applied toroidal magnetic field), but has
avery high velocity (more than ten times higher than the mean bulk
velocity) in the side-wall sections of the gap. This velocity distribu-
tion may have a strong effect on corrosion, tritium transport and
temperature distribution, which are not considered in this study.
The velocity distribution in the flow with the SiC FCl is very different
(Fig. 4b). Namely, the jet flows are strongly reduced and the flow
in the side-wall sections of the gap is comparable with the mean
bulk velocity (Fig. 4d). The PbLi in the Hartmann-wall sections of
the gap is still stagnant.

The largest contribution into the pressure loss in the blanket is
associated with the so-called “3D MHD pressure drop,” which is
caused by the axial (poloidal) induced electric currents. These cur-
rents close their path inside the liquid metal and cannot be reduced
by the FCI. The two sources of the highest MHD pressure drop is the
3D MHD flow in the PbLi manifolds and the MHD flow in the radial
access pipes in the fringing magnetic field. To calculate these 3D
pressure drops, intensive 3D computer modelling was performed
in the wide range of the flow parameters and then the computed
results were approximated with semi-empirical correlations (for
details see Section 3). These correlations were eventually used in
the present calculations of the MHD pressure drop.

The MHD flow at the top of the blanket can also demonstrate
some 3D features but the associated MHD pressure drop is not high
compared to the manifolds and the access pipes because changes
in the flow direction occur mostly in the plane perpendicular to the
magnetic field, such that the induced axial currents are low com-
pared to the cross-sectional currents. The computed MHD pressure

drops are summarized in Table 2. It should be noted that the mag-
netic field varies over the space occupied by a particular blanket
unit within about 1 Tesla. These variations were not taken into
account in the present analysis. Instead, a “characteristic” magnetic
field was used as shown in Table 1.

It is interesting that the total pressure drop in the OB blanket
is more than two times higher compared to the IB blanket even
though the magnetic field at the inboard is almost two times higher
compared to the outboard. This result is different from other anal-
yses (see e.g. [19]), where the IB pressure drop was found to be
higher. This surprising conclusion can be explained by the charac-
teristic features and the operation parameters of the present DCLL
blanket design: larger dimensions of the OB blanket and the longer
poloidal flow path, and higher neutron heat resulting in higher
velocities in all OB blanket components. At the same time, the
access pipes in both IB and OB blankets enter the vacuum vessel at
about the same location and have about the same length and thus
the corresponding flows experience about the same MHD effects.

The computed results in Table 2 for the MHD pressure drop in
the blanket have to be evaluated with respect to the maximum
allowable pressure in the entire PbLi circuit. In the past (see e.g.
BCSS study in the US [24]), the maximum allowable pressure drop
in the blanket was considered at 2 MPa. This limit was based on the
maximum pumping capacity of one-stage rotary pumps available at
that time. At present, the pumping capacity of rotary pumps is sig-
nificantly higher, suggesting a new pumping limit of about 4 MPa.
However, the overall pressure drop in the primary PbLi loop is not
limited to only that in the blanket. In fact, the ancillary equipment,
including the tritium extraction system, PbLi/He heat exchanger
and all PbLi carrying pipes (in addition to those in the blanket)
would contribute a large Ap, which is comparable with or can even
exceed the MHD pressure drop in the blanket itself. Rough esti-
mates suggest that all individual pressure drops in the ancillary
system could sum up to about 2 MPa. This additional pressure drop
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Fig. 4. Velocity distribution in the poloidal flow in the IB blanket. (a) bulk and gap flows, sandwich FCI. (b) bulk and gap flows, SiC FCL. (c) gap flow, sandwich FCL. (d) gap
flow, SiC FCI. All velocities are scaled by the mean bulk velocity (see Table III). Magnetic field (toroidal) is in Z direction.

Table 2

Summary of the computed MHD pressure drops.

MHD flow

Ap,MPain LT DCLL, IB

Ap, MPa in LT DCLL, OB

Ap, MPa in HT DCLL, IB

Ap, MPa in HT DCLL, OB

Poloidal flow with FCI

Manifold (inlet and outlet)
Access pipe, near-uniform B-field
Access pipe, fringing B-field

Flow redistribution at the top
TOTAL Ap, MPa

0.454
0.379x 2
1.854 x 2
0.403 x 2
0.112
5.839

0.673
0.527 x 2
4.850 x 2
1.247 x 2
0.085
14.007

0.017
0.196 x 2
0.010x 2
0.242 x 2
0.067
0.979

0.026
0313 x2
0.025x 2
0.748 x 2
0.051
2.249

and the maximum pumping capacity of the pump imply a limit on
the MHD pressure drop in the blanket (including the access pipes)
of about 2 MPa. The present calculations of the MHD pressure drop

in the blanket suggest that the HT DCLL will satisfy this limit, while
the MHD pressure drop in the LT DCLL is well above. This very high
MHD pressure drop in the LT DCLL design originates from higher,
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Fig. 5. Results for steady MHD flow through a 3D manifold with non-conducting walls and strong transverse magnetic field at Ha=2190 and Re=625. (a) Velocity profile in
the expansion region. (b) Velocity vectors. (c) Pressure distribution along the centerlines of the channels. (d) Electrical current tracers. (e) Flow tracers.

compared to the HT DCLL, velocities and from the use of a sand-
wich FCI, which does not provide high enough electrical insulation.
This rules out the use of the LT DCLL and the sandwich FCI in the
reference fusion facility unless the FNSF operates at much lower
power.

Another important consideration is the internal PbLi pressure
distribution inside the blanket, which has to be taken into account
when doing the stress analysis of the structural and functional (FCI)
blanket elements. An additional part of the internal pressure is the
static pressure caused by the high density ~9300 kg/m?3 of the fluid,
which is almost 1 MPa at the bottom of the 10-m poloidal duct. This
may have an important impact on the mechanical stresses in the
blanket structure. In the analysis of these stresses, two situations
have to be considered, including (1) the normal operation and (2)
the accidental internal He-LOCA event that can lead to a pressuriza-
tion of the entire blanket to the maxim He-pressure of 8 MPa. In the
accidental case, the allowable maximum stress is higher compared
to the normal operation scenario [25].

To conclude this section, we would like to mention some uncer-
tainties and restrictions of the present analysis. First of all, the
fraction of the volumetric heat absorbed by the PbLi flow of 78%,
as shown in Table 1, comes from a simplified thermal analysis that
does not take into account flow details and, in fact, considers only
the volumetric heating and heat diffusion. In this analysis, the ther-
mal conductivity of the SiC FCI was taken at 2 W/m-K to possibly
minimize the heat loss from the liquid metal into the cooling He
stream. However, taking into account that the temperature dif-
ference between the PbLi and the He is not very high compared
to a DCLL DEMO blanket, higher thermal conductivities <10 W/m-
K seem to be acceptable. In a more rigorous analysis of the heat
loss, this fraction has to be computed as a part of the integrated
MHD/heat transfer analysis as it was done in [21] and [26]. Second,
the analysis of the MHD pressure drop doesn’t include one associ-
ated with the current leaking through the junction area between
two FCI segments. This could be an additional source of high pres-
sure losses due to 3D MHD effects. Unfortunately, very scarce data

for this type of MHD flows are presently available [27]. Anumber of
simplifications were also made in the analysis mostly because the
blanket design was not accomplished by the time of the analysis
or because of the limited analysis tools. For example, two access
pipes with the FCI were considered instead of one co-axial pipe.
Also, the MHD pressure drop was computed only for the inlet man-
ifold and that in the outlet manifold was assumed to be the same.
These uncertainties and limitations should be mitigated in a next,
more detailed analysis.

3. 3D MHD flows in the DCLL blanket

As seen from the MHD thermohydraulic analysis in Section 2
for the reference DCLL blanket, the MHD flow in the manifolds and
that in the access pipes are the two major contributors into the
pressure loss. Such 3D MHD flows are typical examples of situa-
tions where the flow dynamics and the pressure distribution are
fully controlled by the 3D MHD effects associated with the induced
axial currents, whose path is closed in the liquid. At present, in
the blanket design and analysis, such 3D MHD pressure drops are
calculated using semi-empirical correlations (see e.g. [28]):

U2
Apsp =55, M

where & is the local pressure drop coefficient. The experimental data
suggest £=kN, where k is the empirical coefficient that depends
strongly on the flow geometry and N is the interaction parameter
(for definition of N see Section 3.1). Typically, 0.25< k <2 [28]. The
accuracy of such correlations is often very low because the selection
of k is to some degree arbitrary due to the lack of the experimental
or numerical data. In what follows, we present first results of the
ongoing 3D numerical studies at UCLA for MHD flows in the blan-
ket inlet manifold in a uniform magnetic field and also results for
flows in a circular thin-wall pipe in a fringing magnetic field. These
are computed with a 3D MHD unstructured-mesh parallel solver
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HIMAG [29]. The results were then used to costruct correlations for
the 3D MHD pressure drop.

3.1. Modeling manifold flows

Complex duct geometries, first of all flow distributing and col-
lecting manifolds, are key features of any LM blanket, including
the DCLL blanket design. Though these manifolds are small in size
compared to the full length of the liquid metal circuit, they can
significantly contribute to the total pressure drop of the system.
Additionally, the manifolds influence how the flow is distributed
among the poloidal channels in the DCLL blanket, which is a primary
concern since flow imbalance can lead to unacceptable overheating
in underfed channels. Computational studies are currently under-
way at UCLA, which use HyPerComp/UCLA MHD solver, HIMAG, to
solve the full 3D MHD equations on a rectangular collocated mesh
in order to simulate the 3D MHD flow through manifolds. Steady
state solutions were computed for a range of flow and geometry
parameters in order to better understand the physical mechanisms
that characterize the 3D pressure drop AP3p and flow distribu-
tion in order to deduce correlations for AP3p. A manifold flow (see
Fig. 5) was simulated where liquid metal enters the manifold of
height 2a through the feeding duct of width 2d before entering
the expansion region, which has length Lexp and toroidal width 2b.
From the expansion region, the flow proceeds into three or more
parallel channels of the width 2 h each. The flow occurs in a uniform
transverse (toroidal) magnetic field B.

The governing equations for the flow in the manifold were
solved numerically on non-uniform rectangular meshes. In mak-
ing each mesh, it was ensured that there are at least 5 nodes inside
all Hartmann layers on the walls perpendicular to the magnetic
field and 12 nodes inside each side layer on the wall parallel to
the magnetic field. Also, higher mesh resolution was used in the
liquid next to the back wall of the expansion region, which is
perpendicular to the axial direction. Mesh sensitivity study was
performed using three meshes: coarse (110 x 154 x 33), medium
(139 x 191 x 40) and fine (174 x 240 x 50). Most of the computa-
tions were performed using the medium mesh. Fully developed
MHD flow is used as the inlet boundary condition in the feeding
duct and the outlet boundary condition in the form % = Oisusedat
the exit of the manifold. The pressure is set to zero at the outlet and
the no slip condition is used at all fluid-wall interfaces. First sim-
ulations were started with initially uniform flow conditions. Each
simulation was run in parallel on 64 or 128 nodes using a computer
cluster until steady state solutions were reached as determined
by the L2 norm of the residuals reaching the order of 10-10, The
converged solutions were used as initial conditions for subsequent
simulations at higher values of the flow parameters to reduce the
computational time. The minimal computational time was half a
day and the longest simulations ran for a month, depending on the
flow parameters. Generally, computational time increased as the
Reynolds number was increased.

The reference flow in the manifold flow is fully characterized by
the following dimensionless parameters: the Hartmann number,
Ha = bB\/0o/u; the Reynolds number, Re = /’I’TU; the interaction
parameter N = Ha?[Re; the expansion ratio, rexp = b/d; and the chan-
nel size parameter, s =h/b. Here, o is the electrical conductivity, u
is the dynamic viscosity, p is the density of the liquid metal, and U
is the mean bulk velocity in the expansion region.

The flow distribution in this geometry is controlled by the flow
becoming dominantly quasi-two-dimensional in a strong magnetic
field (the flow becomes more uniformly distributed in the direction
of the applied magnetic field as magnetic field is increased, except
for the Hartmann layers) and by the formation of side-layer jets
(Fig. 5a), which decay exponentially in the flow direction. As Lexp

decreases, a larger portion of the flow will enter the central channel
since the jets carry more flow in the center than the sides. The flow
distribution becomes more uniform as the Hartmann number or
Lexp increases.

The first computations that used the full manifold geometry
demonstrated that the largest portion of the total MHD pressure
drop comes from the 3D flow at the manifold inlet where the liquid
enters the expansion region from the feeding duct (Fig. 5¢). Also, the
flow distribution was found to be fully controlled by the expansion
ratio, and, to much smaller degree by the number of parallel ducts,
i.e. the effect of the channel size parameter s was found to be negli-
gibly small. That is why in the next computations, in order to study
the pressure behavior and flow distribution, sudden expansions
were modeled with arange of expansion ratios and flow parameters
rather than modeling the full manifold geometry. Mathematical
analysis of 2D expansions [30] indicates that when N >>Ha3/2, the
pressure is dominated by a balance of viscous and electromagnetic
forces present in the internal shear layer known as Ludford layer
and the 3D MHD pressure drop goes with pU2N/Ha'/2. However,
if N <<Ha3/2, an inertial-electromagnetic force balance dominates
instead and the 3D MHD pressure drop goes with pU2N2/3, Until
recently, the 3D MHD pressure drops have been widely estimated
using the empirical correlations in the form of Eq. (1). While this
correlation was useful for obtaining order of magnitude estima-
tions of 3D MHD pressure drop (see e.g. [19]), this approach is not
very accurate and is not supported by theory. Now, for the first
time, formulas for 3D MHD pressure drop have been determined
for electrically insulated manifolds that are well supported by the
aforementioned analysis of 2D expansions:

2
APs3p = % (kueNHa™'/2 +dye) for Ha*?/N <3 (2)

2
AP3p = % (kieN?/3 + dy)  for Ha®?/N >3 (3)

Here, kye, dve, kje, and dj. are functions of the expansion ratio,
Texp:

kve = 0.31rexp + 3.08, (4)
dye = 342.927y, — 1563.85, (5)
kie = 0.33Texp + 1.19, (6)
die = —11.557¢xp? + 85437y — 264.39. 7)

Equations (2) and (3) together with Egs. (4)-(7) serve as a pres-
sure model that describes the behavior of the 3D pressure drop
in both the viscous-electromagnetic and inertial-electromagnetic
regimes. Fig. 6 shows this pressure model plotted against the com-
puted results (for 1000 < Ha < 6570, 50 < Re <2500 and 4 < rexpe 12)
that were used in its making. The RMSE (root-mean-square devi-
ation) and R? (coefficient of determination) were also calculated,
demonstrating good agreement of the proposed pressure model
with the computed results. That would be ideal to compare the
obtained correlations with experimental data for MHD pressure
drop but such data, to our best knowledge, are not available.
Although relevant experiments were performed in the past [31]
using a test-section similar to that in Fig. 5c, the measurements
in these experiments were limited to the flow distribution in the
parallel channels.

3.2. Modeling pipe flows in a fringing magnetic field

Access pipes are typically long (~6-m long in the reference DCLL
design) and carry the PbLi of the entire blanket, resulting in PbLi
velocities several times higher than in the blanket itself. The most
of the flow in the access pipe occurs in a near-uniform magnetic
field. The associated pressure drop is small providing the pipe is
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Fig. 6. Proposed pressure model for MHD flows in a non-conducting manifold. (a) In the viscous-electromagnetic regime for Ha%2/N < 3. The RMSE and R? for the fit is 540.9
and 0.9989 respectively. (b) In the inertial-EM regime. The RMSE and R? is 76.08 and 0.9980 respectively.

well insulated. The 3D part of the MHD pressure drop is related to
the flow in a fringing magnetic field, where the access pipe enters
the vacuum vessel. It can be significantly higher than the part of
the MHD pressure drop associated with the fully developed flow,
especially in the case of a non-conducting pipe. Computations for
the pipe flows in a fringing magnetic field were performed in [32]
in a wide range of the flow parameters Ha, Re, N for several values
of the wall conductance ratio, including an insulating pipe. In this
study, we approximated the computed data in [32] for the 3D MHD
pressure drop in the form of Eq. (1). The numerical value of the
coefficient k was found to be 0.28, resulting in the following formula
for the 3D MHD pressure drop:
2
Apsp :0281\]%, (8)
where the interaction parameter N is built using the pipe radius as
the length scale.

4. Pre-FNSF R&D in the area of MHD Thermofluids

The specific R&D topics and research needs related to the use of
PbLi as a breeder and coolant were summarized in [27] for a fam-
ily of DCLL blankets, whereas particular requirements for the DCLL
blanket in FNSF were outlined in [33]. The following key research
areas have been proposed as follows: (1) LM MHD and heat transfer,
(2) MHD corrosion of RAFM steel and deposition of corrosion prod-
ucts, (3) specific effects associated with the use of a flow channel
insert, and (4) tritium transport. The near-term R&D studies have
to be performed in the existing non-fusion facilities but some rela-
tively large incremental facility upgrades will be needed to extend
their capabilities towards new important experiments. As stated in
[34], rather than single-effect phenomena, these new experiments
should address multiple-effect phenomena, which are critical to the
successful development of the DCLL and other LM blanket concepts.

It is important that any proposed experiments in a non-fusion
facility prior to FNSF can demonstrate similarity with a real blan-
ket. One approach to ensure such similarity involves utilization
of dimensionless parameters that represent ratios between differ-
ent physical mechanisms or forces acting on the flowing liquid.
Such parameters are the hydrodynamic Reynolds number Re (ratio
of inertia to viscous forces), Hartmann number Ha (Hartmann

Table 3
Dimensionless parameters Ha, Re, Gr and N for the reference DCLL blanket (front
duct).

DCLL Blanket U, m/s (in the Ha Re Gr N
front duct)

HTIB 0.087 37461 74557 6.59 x 10" 18822

LTIB 0.144 37461 124260 6.59x10'" 11379

HT OB 0.203 15123 174480 1.04x 102 1311

LT OB 0.338 15123 290790 1.04x 102 787

squared is the ratio of electromagnetic to viscous forces), inter-
action parameter N (ratio of electromagnetic to inertia force) and
Grashof number Gr (approximates ratio of buoyancy to viscous
force).

These parameters play a major role in the transfer process in
the PbLi MHD flows in the blanket and, therefore, should be used
to characterize coupled MHD and heat and mass transfer phenom-
ena. They can also serve as a metrics to measure the R&D progress
on the pathway from the present experimental facilities to FNSF
and eventually to the DEMO plant. Each blanket component (e.g.
manifolds, inlet/outlet pipes, poloidal ducts, etc.) can be character-
ized withits own sub-set of the parameters. In this study, a set of the
parameters was evaluated for the flows in the front poloidal ducts
for both IB and OB blankets (see Table 3) and then compared with
the same parameters in other blanket concepts and designs using
the so-called Ha-Re and Ha-Gr diagrams [35] as shown in Fig. 7.
As seen from the figure, the reference DCLL blankets are not very
different from other LM blankets. Namely, the MHD flows could
be expected in the regime of quasi-two-dimensional (Q2D) turbu-
lence with high impact from buoyancy forces, which are difficult to
simulate numerically with the modern MHD computational tools.

As proposed in [33] and also discussed in [34], the near-term
R&D studies for the DCLL blanket have to be performed in the exist-
ing non-fusion facilities over the period of about10 years starting
from now. At the end of this period, a larger step should be taken
towards a new experimental blanket facility that will extend MHD
thermofluid studies to more integrated tests at higher operation
parameters for more prototypic configurations including full-scale
blanket mock ups. As an example of the existing facilities that can
serve R&D needs in the area of MHD Thermofluids is the MaPLE
(Magnetohydrodynamic PbLi Experiment) loop at UCLA [36].
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Fig. 8. Schematic of the MaPLE loop and magnet system at UCLA after the upgrade.

This facility has been under operation since 2011. The key com-
ponent of the facility is a resistive water-cooled magnet (currently
in the horizontal position) to study effects of a strong (up to 2T)
magnetic field on PbLi flows in a large magnet air-gap of 0.8 m
x 0.15m x 0.15m. To significantly enhance experimental capa-
bilities, the facility is currently under a major upgrade to allow
for new experiments on multiple-effect phenomena in PbLi MHD
flows. The upgrades include: (1) a new magnet lift/tilt system that
would provide flexible orientation of the 20-ton electromagnet and
the experimental test-section from horizontal to vertical, and (2)

higher heating/cooling capabilities to inject/remove up to 70 kW
of heating power (Fig. 8). These new added features would allow
for experiments with dominating buoyancy effects at a maximum
Grashof number of 10° and a maximum Hartmann number of 1500
at elevated PbLi temperatures up to 500 °C. After about five years
of experiments, the facility needs to be upgraded again to replace
the existing magnet with a stronger (up to 4-5T), larger space
magnet. Three groups of experiments have been identified in the
upgraded MaPLE as a part of DCLL blanket collaboration between
the UCLA and EURofusion, including: (1) mixed-convection flows
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for various flow orientations with respect to gravity, (2) MHD flows
with electro-insulating FCls, and (3) testing of DCLL blanket sub-
components. Detailed experimental planning is underway using
similarity theory and 2-D and 3-D computations with HIMAG, COM-
SOL and UCLA research codes [29].

5. Concluding remarks

One of the most important results of this study is a new accu-
rate formula for calculating the MHD pressure drop for complex
3D MHD flows in a manifold. Using this formula, along with other
computational and analytical tools, resulted in accurate predictions
of the MHD pressure drop for two proposed modifications of the
DCLL blanket. The HT version that uses SiC FCI was demonstrated
to have an acceptable MHD pressure drop. However, the analy-
sis for the LT blanket suggests an unacceptably high MHD pressure
drop of more than 5 and 14 MPa for IB and OB blankets correspond-
ingly. The main causes of such high pressure losses in the LT DCLL
blanket are higher PbLi velocities and the use of a less effective
sandwich FCI compared to a SiC FCI. Although some reduction of
the MHD pressure drop via further blanket optimizations seems
to be possible, such a reduction would not be sufficient to satisfy
the allowable pressure drop limits. Therefore, the implementation
of the LT blanket in FNSF would require operating the reactor at
a significantly lower power. Along with the pressure drop analy-
sis, this study also includes a similarity analysis for the PbLi flows
and preliminary plans for the pre-FNSF R&D in the area of MHD
Thermofluids. The similarity analysis shows that the key dimen-
sionless parameters in the FNSF are not very different from the
DEMO reactor. Therefore, the most important physical processes
in the PbLi flows will be similar between the FNSF and DEMO. The
detailed investigation of these very important complex multiple-
effect processes are, however, beyond the scope of the present
FNSF project as it would require sophisticated 3D computations
of MHD flows coupled with heat and mass transfer processes and
dedicated experiments. The modified MaPLE facility at UCLA will
provide flexible orientations of the test section with respect to
gravity and high heating/cooling capabilities to enable experiments
on convective MHD flows under various flow conditions for dif-
ferent heating schemes and flow geometries. These experiments
along with the supporting modeling are anticipated to address the
most urgent R&D needs that would lead to the successful devel-
opment of the DCLL blanket concept for FNSF and next fusion
devices.
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