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ABSTRACT

Liquid llthlura-lead eutectlc alloy (17 at-% Ll-
83 at-% Pb, referred to herein as Ll-Pb) Is cur-
rently being considered as a candidate breeding
material for fusion reactors. Some important
considerations in the design of a Ll-Pb blanket
are compatibility with the structure, tritium
containment and recovery, and safety. Additional
design complexities arise because of the high
density of Ll-Pb, the relatively high melting
temperature (235°C), and the high tritium over-
pressure associated with this alloy. In this
study, the Li-Pb eutectic was considered both as
the breeder and as the coolant. Thermal hydrau-
lic and stress analyses were conducted to assess
the technical feasibility of using U-Pb as the
breeder and coolant based on DEMO reactor condi-
tions. The results of the thermo-oiechanlcal
analyses showed that the elongated cylindrical
blanket modules made from either HT-9 or vana-
dium alloy offer a viable first wall/blanket
design concept.

INTRODUCTION

Dauteriura-trlttum fueled fusion power reac-
tors must breed tritium In order to be economi-
cally viable. Hence, tritium breeding and
extraction must be an Integral part of reactor
design. Solid lithium compounds, liquid
lithium-lead alloys, and liquid lithium have
been considered as the breeding materials.*
One objective of the DEMO study was to evaluate
the potential of the Li-Pb in a tritium breeding
blanket. Tritium containment and extraction,
heat transport and power conversion cycle, and
magnetohydrodyTamic effects with heat transfer
and fluid flow are important considerations in
the blanket design. The use of Ll-Pb as a
breeder material requires consideration of
breeder structure compatibility. The use of
another material as coolant Introduces several
other compatibility Issues, viz., coolant/
breeder and coolant/structure compatibility.
Although the lack of a broad data base for Ll-Pb

precludes full consideration of the above
issues, a number of these issues were addressed
to a significant extent in the DEMO study. *• The
purpose of this paper is to assess Che viability
of self-cooled Li-Pb blankets of radial flow
design over a limited range of operating condi-
tion?. The analyses considered both the thermal
hydraulic end structural design aspects as des-
cribed in the following sections. For this
study both ferrltlc steels (e.g., HT-9) and
vanadium alloys (e.g. , V-15- Cr-5Ti) were con-
sidered as structural materials for Li-Pb blan-
kets, since these materials offer the greatest
potential.

DESIGN CONSIDERATIONS

Self-cooling by the Li-Pb alloy presents a
number of problems. The high density of the
coolant (~10 g/cc) leads to very large gravity
loads and static pressure head. In addition,
Induced KHD forces are large due to Li-Pb being
an electrically conducting liquid. The corro-
sion product mass transfer problems In a flowing
system limit the operating temperature. The low
solubility of tritium in Ll-Pb has a positive
effect on tritium extraction. However, it
results In high tritium overpressure, thus mak-
ing tritium containment more difficult. The
high melting point of Li-Pb (235°C> may lead to
requirements for auxiliary heaters, an added
design complexity. The reactivity of Ll-Pb
alloy with water leads to safety concerns for
the intermediate loop or double wall tube heat
exchangers. Pumping of heavy liquid metals such
as 17LI-83Pb In and around magnetic fields is an
unproven technology. On balance, however, self-
cooling by Ll-Pb offers very significant design
simplifications. Hence, a series of parametric
thermal hydraulic and stress studies were car-
ried out for a liquid Li-Pb alloy self-cooled
blanket design. Corrosion corapatbillty limits
are projected to place a maximum operating tem-
perature of 45O-5OO°C for HT-9 and 550-600°C for
the V-alloys.



The blanket design objectives were to pro-
duce a blanket module with: (1) high coolant
temperatures to maximize thermodynamlc effi-
ciency; (2) low coolant flow rates to minimize
pumping power losses; (3) high breeder to struc-
ture material ratio to yield adequate tritium
breeding; (4) compact size to reduce blanket
material and tritium inventory; (5) low struc-
ture material temperature to increase blanket
life and to reduce tritium permeation; and (6)
overall plant safety. Since a large number of
constraints have been placed on the Li-Pb blan-
ket design, as discussed in foregoing sections,
the full potential of self-cooled Li-Pb blankets
may not be realized.

MODEL FOR THERMAL HYDRAULIC/STRUCTURAL ANALYSIS

Figure 1 presents a schematic drawing of
the reference self-cooled blanket module ana-
lyzed herein. The elongated radial-flow cell
shown is similar to the STARFIRE backup lithium
blanket concept2 and to the lithium-cooled
module concept in Ref. 5. The semi-cylindrical
heads form the first wall, which is cooled from
the back side by flowing Li-Pb. The Li-Pb
enters through a standpipe, flows from a mani-
fold through the gap between a baffle and the
first wall, then reenters the chamber from which
it Is withdrawn through holes in the cell's rear
wall. This concept minioiizes voids in the
regions which are available for breeding and
also minimizes associated neutron streaming
problems. The module walls are pressurized
Internally to -1-2 MPa, beca'se of (1) the Li-Pb
static head resulting from interconnection of
the blanket modules in the sector; (2) the pres-
sure head needed to overcome the blanket MHD
forces and system frictionai losses; and (3) to
pump the Li-Pb through the primary coolant sys-
tems. This pressure level requires that the in-
ternal frames be spaced relatively close to-
gether to break up the large-area flat walls
into smaller panels.

The model for the thermal-hydraulic calcu-
lations is shown in Fig. 2. In this model it is
assumed that the first wall has a beryllium
coating for plasma impurity control. The calcu-
lations are based on the following data and
operating conditions for the reference module:

Surface heat flux, MW/m2 0.5

Nuclear heating rate, W/cc:
Structural material (HT-9 or V-alloy) 11.5
Coolant (17Li-83Pb) 22.2
Be coating (70% dense) 11.3

Coolant temperature, °C:
Inlet/outlet 300/450

Diameter of cylindrical heads, cm 30

Thickness of materials and coolant channel, m
Be coating, first wall,
coolant channel, baffle plate 3

SEM1-EUIPS01DAL
HEAD

Fig. 1. Selected blanket design configuration
for Li-Pb breeder/coolant approach.
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The surface heat flux on the first wall Is
assumed to have a cos $ distribution ($ = an^le
away from the midpoint of each semi-cylinder.
Assuming uniform flux distribution in the
lengthwise direction of the blanket modules, t'le
thermal analysis was carried out based on two-
dimensional heat conduction. The module was
divided into ten regions in the circumferential
direction, with two layers in Hie beryllium
coating, three in the structural material, one
in the coolant, and two in the baffle plate.
The baffle plate between the first wall and the
blanket region is assumed to be perforated to
prevent stagnant, thermal regions behind the
baffle.

RKSULTS OF THERMAL/HYDRAULIC ANALYSIS

The steady-state temperature distribution
for three thicknesses of HT-9 structure are
given in Table I. Typical temperature plots for
a selected set of nodes from the 80-node geo-
metrical model for the 3-mra thickness reference
case are shown in Figs. 3 and 4. The results
show that ~33% of the total temperature rise of

the coolant (20% due to surface heat flux and
135! due to bulk heating) occurs across the first
wall. The maximum surface temperature of the
structural material (HT-9*1 reaches ~415°C
(obtained by extrapolation from nodes 47 and
57). The maximum surface temperature of the
beryllium coating approaches 485°C. The maximum
temperature of the structural material at the
liquid metal interface occurs at the coolant
exit where it approaches the coolint
temperature.

The gravity load on a particular first wall/
blanket module will depend on its location in the
poloidal plane. Hence, the required material
thickness will depend to some extent on the loca-
tion of the modules. A set of calculations was
carried out by varying the thickness of the
first wall to estimate how the material thick-
ness affects the temperature distribution. When
this thickness is increased from 3 to 4.5 mm,
and then to 6 mm, the maximum structural mate-
rial temperature is increased by 33°C and 75°C,
respectively. An examination of the circumfer-
ential temperature distribution shown in Fig. 4

TABLE I

Steady-State Temperature Distribution in Elongated Cylinder Cooled by Ll-Pb
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The surface heat flux on the first wall is
assumed to have a cos $ distribution (41 = angle
away from the midpoint of each semi-cylinder.
Assuming uniform flux distribution in the
lengthwise direction of the blanket modules, the
thermal analysis was carried out based on two-
dimensional heat conduction. The module was
divided into ten regions in the circumferential
direction, with two layers in the beryllium
coating, three in the structural material, one
In the coolant, and two in the baffle plate.
The baffle plate between the first wall and the
blanket region is assumed to be perforated to
prevent stagnant thermal regions behind the
baffle.

RESULTS OF THERMAL/HYDRAULIC ANALYSIS

The steady-state temperature distribution
for three thicknesses of HT-9 structure are
given in Table 1. Typical temperature plots for
a selected set of nodes from the 80-node geo-
metrical model for the 3-mra thickness reference
ease art; shown in Figs. 3 and 4. The results
show that ~33% of the total temperature rise of

the coolant (20% due to surface heat flux and
13% due to bulk heating) occurs across the first
wall. The maximum surface temperature of the
structural material (HT-9) reaches ~415°C
(obtained by extrapolation from nodes 47 and
57). The maximum surface temperature of the
beryllium coating approaches 485°C. The maximum
temperature of the structural material at the
liquid metal interface occurs at the coolant
exit where it approaches the coolant
temperature.

The gravity load on a particular first wall/
blanket module will depend on its location in the
poloidal plane. Hence, the required material
thickness will depend to some extent on the loca-
tion of the modules. A set of calculations was
carried out by varying the thickness of the
first w^ll to estimate how the material thick-
ness affects the temperature distribution. When
this thickness is increased from 3 to 4.5 mm,
and then to 6 mm, the maximum structural mate-
rial temperature is increased by 33°C and 75"C,
respectively. An examination of tl.e circumfer-
ential temperature distribution shown in Fig. 4

TABLE I

Steady-State Temperature Distribution in Elongated Cylinder Cooled by Ll-Pb
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distribution was calculated by varying the
contact coefficient between 1 and 10 W/cm2-K.
The results show that when the contact coeffi-
cient is increased by a factor of 10, uhe coat-
ing temperature decreases by ~45°C.

RESULTS OF STRUCTURAL ANALYSIS

A preliminary elastic stress analysis was
performed to determine the structural require-
ment for a typical double-head module. In terras
of deiermining strucural arrangement and thick-
nesses, the internal pressure is the most impor-
tant applied load. Coolant pressure was assumed
to be 1.4 MPa, due both to static head from In-
terconnected modules and to pumping head pres-
sure. Temperature distributions from the ther-
mal hydraulic analysis described above were used
to determine thermal streses. Both HT-9 and V-
alloy were examined as structural materials.
Allowable sresses were based on methods
developed from Sec. Ill of the ASME Code, except
tnat as a simplification thermal stresses and
primary stresses were each limited to 1.5 Sm.

The selected structural configuration Is
shown in Fig. 1. The internal pressure acts on
the side walls which beam this load to the in-
ternal frames. For modules with differences in
side wall loads due to internal static head dif-
ference and breeder gravity loads, the frames
react these loads in shear to the back wall.
Even though the side walls are cylindrical in
the first wall section, the principal load path
in the skin for internal pressure is still in
the toroidal direction, since the skin beams the
pressure to the tension webs.

Thermal stresses calculated for the temper-
ature conditions In Fig. 5 consisted of two
parts: (2) local thermal stress (atj) due to AT
through the wall thickness; and (2) overall
thermal stress [dto) due to AT on the blanket
cross section (stress in toroidal direction).
Temperature variation through the thickness is
nearly linear, and a simple plate relationship
was used. The baseline configuration analyzed
has a through-thickness AT of 63°C, resulting In
a local thermal sress for HT-9 of 94.6 MPa or
about one-third of the assumed allowable secon-
dary stress (1.5 S m). Overall thermal stresses
were elastically calculated for the blanket
module cross section, assuming the blanket
module is unconstrained either in axial exten-
sion or in bending. The maximum overall thermal
stress (151 MPa) occurs in the cusp area on the
Inboard wall, and represents about two-thirds of
the assumed allowable secondary stress (1.5 S m).
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Fig. 5. Blanket module overall thermal
stresses.

Sensitivity studies performed for both can-
didate structural materials showed that, In
order to maximize the allowable coolant tempera-
ture rise, it Is desirable to minimize the side-
wall thickness and first-wall half cylinder
diameter, and also to minimize the first-wall
coolant channel width. The V-alloy can be used
at higher temperatures than HT-9 because it has
a higher allowable stress and lower thermal
stress. Thus, the vanadium alloy can be used
with a significantly higher coolant temperature
rise (and thus a higher energy conversion effi-
ciency) for a given side wall thickness.

SUMMARY AND CONCt'ISIONS

A series of comparative thermal hydraulic
calculations for the self-cooled Li-Pb breeding
blanket was carried out for HT-9 and vanadium
alloy as the structural materials. The parame-
tric studies considered variations in thickness
of the structural material, coolant channel
thickness, diameter of the cylindrical blanket
modules, interfaclal contact resistance between
the coating and the structural material, and the
temperature rise for the coolant. Because of
the modest heat flux for the DEMO first wall/
blanket modules, there appear to be no struc-
tural problems from the standpoint of tempera-
ture limits even for the lower limit of inter-
facial contact coefficient. For moot of the
cases Included in this analysis the coolant
outlet temperature appears to set the structural



maximum temperature. By using wider coolant
channels, which reduces the required coolant
velocities, the MHD pressure losses can be mini-
mized. If 450°C is assumed to be the upper tem-
perature limit for HT-9, then the coolant tem-
perature rise would be limited to 150°C. For
tae V-alloy the coolant temperature rise may be
as high as 250°C. The 3-mm thickness of the
beryllium coating resulted in a maximum tempera-
ture of 485°C for the reference case. Thicker
coatings can be used if necessary for longer
surface erosion lifetimes.

From the results of the thermal-hydraulic
and stress analyses it can be concluded that the
elongated cylindrical blanket modules made trom
HT-9 or V-alloy appear to offer a viable design
concept. Analysis of the Intermediate heat
exchangers, fluid transport and power conversion
systems, and tritium containment and extraction
systems are necessary to complete the
e/aluation.
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