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     The paper describes research needs in primary R&D 
areas for the family of dual-coolant lead-lithium (DCLL) 
blankets. Associated key scaling parameters are 
introduced and evaluated under conditions of FNSF, ITER 
and DEMO and also for the existing non-fusion MHD 
facilities, using the MaPLE loop at UCLA as an example. 
Comparisons among these parameters are recommended 
for measuring the R&D progress on the pathway from the 
present experimental facilities to FNSF. Possible 
experiments both in the existing facilities and FNSF are 
discussed along with the flow diagnostics.   

 
I. INTRODUCTION 
 
     A Fusion Nuclear Science Facility (FNSF) has been 
recognized in the US fusion community as a necessary 
facility to resolve the critical technology issues of in-vessel 
components prior to the construction of a DEMO reactor.1 

The primary mission of FNSF as defined in the earlier 
comprehensive studies since the 1980’s (Ref. 1) is to 
provide the prototypical fusion nuclear environment in 
which the fusion nuclear components and materials can be 
tested and developed. Several FNSF designs were 
proposed under different names and further evaluated in 
the US (Refs. 2-6) and China.7 One promising FNSF 
strategy is to have a base breeding blanket system along 
with specially designed port-based test blanket modules 
(TBMs). Both the base blanket and the TBMs should be 
based upon DEMO relevant blanket designs and materials, 
and both will have testing missions. However, the TBMs 
can be designed for more aggressive experiments with high 
performance parameters. The data obtained from testing 
both the base blanket and TBMs can be used to design next 
base blankets, while the TBMs themselves can serve as 
forerunners for more advanced base blankets. It is 
important to provide stepwise testing of the blankets, 
starting from more conventional designs limited to lower 
temperatures and stresses, and finally arriving at the 
blanket versions comparable in performance with the 
DEMO blanket.  
     Of the liquid metal (LM) blanket concepts, the 
dual-coolant lead-lithium (DCLL) blanket,8 utilizing 
eutectic alloy PbLi as breeder and coolant, is both 
potentially attractive and the near term option.9,10 An 
advanced self-cooled PbLi blanket (SCLL), which uses 

SiC as a structural material is potentially attractive but SiC 
material with required mechanical, electrical, hermetic and 
thermophysical properties11 will likely not be available in 
the FNSF timeframe. In this paper, the main emphasis is on 
the DCLL blanket concept. With DCLL, which is based on 
well-characterized reduced activation ferritic/martensitic 
(RAFM) steel as a structural material and SiC as a 
non-structural functional material, it is possible to achieve 
high thermal blanket efficiency of 45%. In the proposed 
stepwise approach, a low-temperature (LT) DCLL (Ref. 
12) can be used as a first-step base blanket, while more 
advanced high-temperature (HT) DCLL (Ref. 13) as a 
TBM.  
     This paper identifies the key R&D areas and research 
needs related to the use of PbLi as a breeder and coolant for 
the family of DCLL blankets. These R&D areas are: (1) 
LM MHD and heat transfer, (2) MHD corrosion of RAFM 
steel and deposition of corrosion products, (3) specific 
effects associated with the use of a SiC flow channel insert 
(FCI), and (4) tritium transport. One way to measure 
research progress in these areas on the path from the 
present experimental facilities to FNSF is by engineering 
scaling. In this paper the engineering scaling parameters 
are derived for present experimental facilities and then for 
ITER, FNSF and DEMO blankets. Comparisons among 
the base scaling parameters are necessary to understand if 
blankets in these devices act alike and what meaningful 
tests and experiments can be done to better understand 
complex flow physics associated with MHD/heat & mass 
transfer of LM breeders and eventually to design blankets. 
Given this understanding, the possible MHD/Thermofluids 
experiments in FNSF TBMs and required flow diagnostics 
are discussed.  
 
II. KEY R&D AREAS AND R&D NEEDS 
 
II.A. Liquid Metal MHD and Heat Transfer  
 
     Beyond the MHD pressure drop and associated flow 
balancing, there are many important MHD flow 
phenomena that have not yet been uncovered. Therefore 
recent studies in the US (Ref. 14) and worldwide15,16 are 
focusing more on understanding the detailed structure of 
MHD flows, including various 3D and unsteady effects 
associated with flow instabilities, MHD turbulence and 
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buoyancy-driven convection. These complex MHD flow 
processes can affect transport properties of MHD flows in 
drastic ways and have a significant  impact  on  DCLL  
blanket operation and performance. In spite of advances to 
our knowledge of blanket flows in the recent past, the 
MHD thermofluids phenomena in blanket-relevant 
conditions are not yet fully characterized. For example, 
LM MHD flows are closely coupled with heat transfer due 
to buoyancy effects, which may lead to stagnant or even 
reverse flow zones. Understanding and predicting these 
effects requires much better knowledge of MHD flows 
compared to relatively simple pressure drop predictions. 
 
II.B. MHD Flow Induced Corrosion and Redeposition 
 
     Implementation of RAFM steels and PbLi in blanket 
applications still requires material compatibility studies 
related to physical/chemical interactions in the 
RAFM-PbLi system. First of all, the mass loss caused by 
the flow-induced corrosion of the steel walls at 
temperatures in the range 450-550°C needs to be 
characterized. Present PbLi blanket studies limit the 
maximum wall thinning to 20 µm/yr that corresponds to 
the maximum wall temperature at the interface with the 
liquid metal in the hot leg of about 470°C. These limits 
were derived in the past in the US in the Blanket 
Comparison and Selection Study (BCSS) (Ref. 17) but 
should be reevaluated with updated assumptions and data. 
Second, along with a possible deterioration of the 
mechanical integrity of the blanket structure due to the 
wall thinning at the interface with the flowing PbLi, 
another serious concern is the transport of activated 
corrosion products and their precipitation in the cold 
section of the loop that may require an effective cleanup 
system as proposed in Ref. 18. Third, an important 
modeling parameter, the saturation concentration of iron in 
PbLi, needs further evaluations as the existing correlations 
demonstrate scattering of several orders of magnitude. 
Fourth, many physical effects on corrosion/deposition 
processes in the presence of a magnetic field have not been 
characterized yet, such as Q2D MHD turbulence, 
multi-material interactions (e.g. due to presence of SiC), 
and magnetic and temperature field gradients. Also, the 
corrosion processes can be altered by irradiation effects 
and due to impurities in PbLi.  
 
II.C. Specific Effects Associated with the Use of an FCI 
 
     For the SiC FCI material, the goal is low thermal 
conductivity of 1-2 W/m-K and low electrical conductivity 
of about 1 S/m for the inboard DCLL blanket. Higher 
electrical conductivities of about 50 S/m are allowed for 
lower magnetic field outboard blanket modules. When 
using such FCI materials compared to bare ducts, the MHD 
pressure drop reduction by a factor of 50-100 is expected in 
poloidal flows. For the assessment of MHD impacts on the 

flowing PbLi it is important to know the electrical, 
mechanical and thermophysical properties of the FCI in 
realistic operating conditions. This includes, for example, 
changes in electrical conductivity by a strong ionizing 
gamma-field and also due to neutron fluxes, which are 
known to modify the electrical properties of SiC 
composites very significantly, resulting in much lower 
room temperature conductivity and a steeper temperature 
dependency. The important considerations, which still 
require more analysis include: effectiveness of FCI as 
electric/thermal insulator, MHD flows in the thin gap 
between the FCI and the RAFM wall, impact of the joint 
region between two FCI segments on the MHD pressure 
drop and tritium transport, effects of the FCI on heat and 
mass transfer, and FCI flows in abnormal conditions (e.g. 
FCI cracking or PbLi infiltration in the bulk FCI material). 
  
II.D. Tritium Transport 
 
     In the DCLL blanket, tritium losses from the PbLi 
into the helium coolant may occur when the LM breeder is 
moving in the poloidal ducts. Quantitative analysis of the 
mass transfer processes associated with the tritium 
transport in the breeder as well as tritium diffusion through 
the structural and functional materials are important for 
two main reasons. The first is that there can be a substantial 
difficulty in extracting tritium from high temperature, high 
pressure helium coolant. The second is that radioactive 
tritium can make its way from the helium stream into the 
environment leading to serious safety concerns. Current 
studies suggest that efficient tritium extraction from the 
He-coolant is still necessary to meet the limit on tritium 
release to the environment of 1 g/yr as established in safety 
studies. Thus, the R&D for tritium transport in the blanket 
should be closely coupled with the analysis of the tritium 
extraction schemes such as the vacuum permeator.  
     A review of MHD studies for liquid-metal blankets 
performed in the US and worldwide in the recent past and a 
complete reference list can be found in Refs. 15 and 16. As 
examples of more current studies we can refer to 
experimental investigations of MHD pressure drop 
reduction in PbLi flows using MaPLE facility at University 
of California, Los Angeles19 as well as theoretical studies 
of MHD instabilities and Q2D turbulence,20 
mixed-convection flows,21 tritium transport22,23 and MHD 
flow induced corrosion in the RAFM-PbLi system.24 
 
III. ENGINEERING SCALING 
 
     It is important that any proposed experiments can 
demonstrate similarity in the key physical phenomena 
associated with MHD, heat & mass transfer processes in 
the flowing liquid metal.  One approach to ensure such 
similarity involves dimensionless parameters that 
represent ratios between different physical mechanisms or 
forces acting on the flowing liquid. Such parameters are 
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the hydrodynamic Reynolds number Re (ratio of inertia to 
viscous forces), Hartmann number Ha (Hartmann squared 
is the ratio of electromagnetic to viscous forces), 
interaction parameter N (ratio of electromagnetic to inertia 
force) and Grashof number Gr (approximates ratio of 
buoyancy to viscous force). These parameters can be used 
to characterize MHD effects and also play a major role in 
heat and mass transfer processes in the blanket, which are 
coupled with the MHD flow. These parameters 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 characterized with its own sub-set of the 
parameters. In this study, the parameters were evaluated 
for poloidal ducts, which typically occupy more than 90% 
of the total DCLL blanket space. Table I summarizes both 
the dimensional (mean bulk velocity U0, duct half-width L, 
applied magnetic field B0) and  the  dimensionless  
parameters defined as          𝑅𝑒 = 𝑈0𝐿/𝜈 ,  𝐻𝑎 =
𝐵0𝐿�𝜎/𝜈𝜌,𝐺𝑟 = 𝑔𝛽Δ𝑇𝐿3/𝜈2, and 𝑁 = 𝐻𝑎2/𝑅𝑒. Here, ρ, 
ν and σ are the fluid density, kinematic viscosity and 
electrical conductivity correspondingly, and g is the 
acceleration due to gravity. 
     The DCLL DEMO design used here as a basis for 
evaluation of the dimensionless parameters was proposed 
in Ref. 26 and further elaborated in the course of the ITER 
TBM studies in the US (Refs. 27 and 28). The main goal of 
this DEMO design was to assure that the test results of the 
selected ITER-TBM first wall and blanket can be 
extrapolated to conditions of a high performance tokamak 
reactor. The proposed DCLL blanket in this DEMO study 
is a poloidally segmented two-pass blanket. In the 
outboard region, the PbLi inlet and outlet temperatures in 
the blanket are 460 and 700°C, respectively. The 8 MPa 
helium cools the first wall, and all the RAFM structures. 
The helium inlet and outlet temperatures are 300 and 
480°C, respectively. Concentric pipes are used for both 
PbLi and helium coolants circulating in and out of the 

blanket module. The peak neutron wall loading is 3.72 
MW/m2 at the outboard and the average chamber neutron 
wall loading is 2.13 MW/m2. When calculating the 
parameters for the FNSF blanket, a generic toroidal facility 
was assumed with an outboard magnetic field of 4 T and 
the average neutron wall load (NWL) of 1 MW/m2. As an 
example of the non-fusion experimental facility we 
consider the MaPLE (Magnetohydrodynamic PbLi 
Experiment) loop (Fig. 1) at the University of California, 
Los Angeles.19 This facility uses PbLi as a working fluid, 
and allows for up to 1.8 T magnetic field, which is uniform 
in the work space of 80cm x 15cm x 15cm, maximum 
pressure head of 0.15 MPa and maximum PbLi flow rate of 
~40 L/min (without a magnetic field). At this moment the 
facility does not have heat transfer experiments but the 
estimates show that with simple loop modifications the 
maximum achievable Grashof number (based on the 
differential heating temperature scale ΔT) will be of the 
order 107. This value is consistent with earlier 
experimental efforts25 on natural-convection flows in a 
magnetic field where the maximum Gr number was 
1.5×108. Other existing experimental MHD facilities used 
in fusion-relevant studies, for example MEKKA at FzK, 
Germany and MHD loops at IPUL, Latvia (Ref. 16), have 
capabilities similar to MaPLE.   

It is obvious that the existing experimental 
facilities do not allow for high enough Hartmann numbers 
and are limited in heating conditions. As a matter of fact, at 
present there are no practical solutions for volumetric 
heating in non-fusion experimental facilities. FNSF, as a 
fusion machine, will allow for both volumetric and surface 
heating, but the flow parameters in FNSF are still lower 
compared to the DEMO blanket. This is especially 
apparent from the comparison for the Grashof number, 
which is a few orders of magnitude lower in FNSF. The 
direct consequence is that in the FNSF blanket flows, the 
important buoyancy-driven effects can be significantly 
lower compared to those in the DEMO blanket

 
TABLE I. Characteristic Values of the Dimensionless MHD Flow Parameters for the Existing Experimental Facilities 

(MaPLE) and DCLL Blanket under Different Conditions  
Machine or 
Facility 

ITER TBM DEMO DEMO FNSF MaPLE 

Location Outboard Outboard Inboard Base blanket - 
B0, T 4 4 10 4 1.8 
L, m 0.1 0.1 0.1 0.1 0.04 
U0, m/s 0.04 0.07 0.15 0.05-0.1 0.15 
NWL, MW/m2 
(average) 

0.78 2.13 1.33 1.0 - 

Ha 6.5 x 103 1.2x104 3.0x104 6.5x103 1.2x103 (max) 
Re 3.0 x 104 6.0x104 1.2x105 (3-8)x104 4.5x104 (max) 
N 1.4 x 103 2.4x103 7.5x103 (0.7-1.5)x103 up to 104 
Gr 7.0 x 109 2.0x1012 1.6x1012 1.0x1010 up to 107 
Reference Ref. 26 Ref. 26 Ref. 27 - Ref. 19 

FUSION SCIENCE AND TECHNOLOGY  VOL. 68  SEP. 2015 247 



Smolentsev et al.  R&D NEEDS FOR LIQUID METAL BLANKETS AND SYSTEMS FOR FNSF 

    

 
 
However, unlike the base blanket, the TBMs in FNSF can 
be designed for higher temperatures and stresses and then 
more aggressive testing performed to better approach 
DEMO blanket conditions. 
 
IV. SUGGESTED EXPERIMENTS in FNSF 
 
     As mentioned earlier in the paper, TBMs in FNSF 
would allow an aggressive experimental program to 
prepare for the next-step base blankets and to approach 
DEMO blanket conditions as close as possible.  An 
experimental TBM can be designed for higher thermal 
and/or mechanical stresses using, for example, a thicker 
RAFM wall and a thick FCI. Another useful feature, which 
can be incorporated in the TBM design, is a larger blanket 
size L, through which a higher Grashof number can be 
achieved, as this parameter depends on the blanket size as 
L3. In the experiments, the thermal and hydraulic blanket 
responses will be measured in normal and abnormal-like 
operating conditions. There are just a few experimental 
parameters that can be actively varied, including the inlet 
temperature and the flow rate of both PbLi and He flows. 
Of them, the PbLi flow rate seems to be the most important 
parameter as changing it can simulate flow conditions from 
HCLL (helium-cooled lead-lithium) to HT DCLL and even 
SCLL blankets. When planning the experiments, it is 
important to perform careful pre-experimental analysis to 
assure meaningful results. The experiments will require 
various flow diagnostics. The optimal goal is to provide 
measurement tools for local and integral field parameters, 
including detailed temperature and velocity distributions. 
At present such tools, especially those for PbLi flow 
velocimetry, are limited due to high temperatures and 
aggressive nature of PbLi. Although a research on 
implementation of ultrasonic velocimetry is in progress,29 
its applicability to MHD PbLi flows is still questionable 
even in the lab conditions. Other necessary measurement 
techniques, such as temperature measurements using 
thermocouples and electric potential measurements using 

potential probes, are perhaps less problematic. It appears 
that the use of thermocouples is not limited by the neutron 
irradiation conditions as thermocouples have been widely 
used in fission reactors. However, taking into account 
corrosive nature of PbLi and neutron enviroment it is 
uncertain that thermocouples and electric potential sensors 
can be used directly in the flowing PbLi over a long run. 
However, placing them on the solid walls or embedding 
them in the FCI structure will allow for important 
information about temperature, electric current and even 
velocity distribution. Such information can be used as 
indication of any blanket failure, to characterize the MHD 
pressure drop and to make conclusions about FCI 
performance as electrical and thermal insulator. 
Post-experiment examination of the RAFM structures and 
FCIs can also be used to infer effects of corrosion and heat 
transfer averaged over the exposure time.                       
     High temperature/high ΔT experiments. In these 
experiments, the flow rate is reduced from the nominal 
value to achieve higher PbLi exit temperatures and higher 
bulk temperature difference between the flow outlet and 
inlet.  
     High pressure drop experiments. In these 
experiments, the flow rate is increased to increase the 
pressure drop. This will cause nearly proportional 
reduction in the temperature at the blanket exit. Because of 
this reason, experiments where high ΔT and high pressure 
drop are achieved at the same time do not seem to be 
possible. 
     Experiments with a reversed flow. As recommended 
in Ref. 14, the flow in the front duct facing the plasma side 
in the normal operating scenarios should be upward to 
reduce the risk of reverse flow zones near the “hot|” wall 
that may appear due to a strong effect of buoyancy forces. 
In the proposed experiments, the flow in the front duct 
could be intentionally changed to downward to simulate 
conditions that will result in locally reverse flows. 
     Heat transfer experiments. In these experiments, 
which can be performed in the D-D phase (no volumetric 
heating), the inlet He and the inlet PbLi temperatures are 
changed to provide a higher temperature difference 
between the two fluids, leading possibly to the temperature 
drop across the FCI of more than 200 K. 
     “Failed” FCI experiments. The goal of these 
experiments is to evaluate possible consequences of 
abnormal blanket scenarios when the FCI is 
miss-functioning because of cracks or/and liquid metal 
ingress. The behavior of such “failed” FCIs should be 
mimicked somehow, for example, by using loosely 
connected FCI segments.  
 
V. NEAR-TERM EXPERIMENTS AND FACILITY 

UPGRADES 
 
     The near-term R&D studies have to be performed in 
the existing non-fusion facilities. We can refer to the 

Fig. 1. Current view of the MaPLE loop at UCLA. This 
non-fusion facility is used for both testing MHD flows 
and studies of flow-material interactions in PbLi in a 
magnetic field.   
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already mentioned MaPLE loop at UCLA as an example of 
the facilities for MHD thermofluids studies. These 
near-term activities in MaPLE are suggested for a 10-year 
period starting from now. At the end of this period, a larger 
step should be taken from MaPLE towards a new 
experimental blanket facility that will extend present MHD 
thermofluid studies to more integrated tests at higher 
operating parameters. This 10-year period can be 
subdivided into three phases. In Phase I (Year 1-3), single 
effect MHD experiments are performed in a magnetic field 
~ 2 T. An example of such experiments is the rectangular 
duct flow with an insulating FCI. Various FCI materials 
and shapes can be tested, including foam-based SiC, 
SiC/SiC composites and a sandwich (steel-alumina-steel) 
FCI. In Phase II (Year 3-6), the main research focus will be 
on multiple MHD/heat & mass transfer effects, for 
example, MHD flow induced corrosion and mixed 
convection flows. These experiments will require MaPLE 
upgrades, such as tilting the magnet to the vertical position 
and adding the high-temperature leg at ~ 550°C. In Phase 
III (Year 6-10), the magnet system should be replaced with 
a larger and stronger magnet to provide a ~ 5 T magnetic 
field in a uniform field region of ~ 1.5 m x 0.3 m x 0.3 m. 
With this upgrade, either blanket mockups of 1/4 to 1/2 
size or full-size blanket components can be tested.   
 
VI. CONCLUSIONS 
 
     R&D needs for DCLL blankets have been 
summarized in the four key areas. An engineering 
scaling-based approach has been proposed to measure 
progress for LM blankets and systems on the pathway from 
present experimental facilities to FNSF. Key scaling 
parameters have been evaluated and compared for 
non-fusion facilities, ITER, FNSF and DEMO. A set of 
experiments in FNSF has been proposed for port-based 
TBMs. Experiments have been proposed in a non-fusion 
facility MaPLE and FNSF.   
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