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MECHANICAL DESIGN AND THERMAL HYDPAULIC CONSIDERATIONS
POR A SELF-COOLED LITHIUM-LEAD BLANKET

B. MISRA and D. L. SMITH, Fusion Power Program
Argonne National Laboratory

Argonne, Illinois 60439
(312)/972-4513/972-5180

ABSTRACT

Liquid lithium-lead eutectic alloy (17 at-Z Li-
B3 at-% Pb, referred to herein as Li-Pb) 18 cur-
rently being considered as a candidate breeding
material for fusion reactors. Some important
considerations in the design of a Li-Pb blanket
are compatibility with the structure, tritium
contalnment and recovery, and safety. Additional
design complexities arise because of the high
density of Li-Pb, the relatively high melting
temperature (235°C), and the high tritium over-
pressure assoclated with this alloy. In thisg
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 Li-Pb as the
breeder and coolant based on DEMO reactor condi-
tions. The results of the thermo—mechanical
analyses showed that the elongated cylindrical
blanket modules made from efther HT-9 or vana-
dium alloy offer a viable first wall/blanket
design concept.

INTRODUCTION

Deuterium—tritium fueled fusion power reac-—
tors must breed tritium in order to be economi-
cally viable. Hence, tritium dreeding 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. 1”5
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
magnetohydrodynamic effects with heat transfer
and fluid flow are important considerations in
the blanket design. The use of Li~PlL 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 Li-Pb
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precludes full consideration of the above
issues, 2 number of these 1sgues were addressed
to a significant extent in the DEMO study.“ The
purpose of this paper 1s to asgess the viability
of self-cooled Li-Pb blankets of radial flow
design over a limited range of operating condi-
tions. The analyses considered both the thermal
hydraulic znd structural design aspects as des—
cribed in the following sectioms. For this
study both ferritic 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 ¥HD forces are large due to Li-Pb being
an electrically conducting liquid. The corro-
sion product mass transfer problems in a flowing
gystem limit the operating temperature. The low
solubility of tritivm in Li-Pb has a positive
effect on tritium extraction. However, 1t
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 Li-Pb
alloy with water leads to safety concerns for
the intermediate loop or double wall tube heat
exchangers. Puamping of heavy liquid metals such
as 17L1-83Pb in and around magnetic flelds is an
unproven technology. On balance, however, self-
cooling by Li~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 compatbility limits
are projected to place a maximum operating tem~
perature of 450-500°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 thermodynamic effi-
clency; (2) low coolant flow rates to minimize
pumping power losses; (3) high breeder to struc-
ture materlal ratio to yield adequate tritium
breeding; (4) compact size to reduce blanket
material aad tritium {nventory; (5) low struc-
ture matecial temperature to increase blanket
life and to reduce tritium permeation; and (6)
overall plant safety. Since a large number of
conatraints have been placed on the Li-Pb blan-
et 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 | presents a schematic drawlng of
the reference self-cooled blanket module ana-
lyzed herein. The elongated radial-flow cell
shown 1is similar to the STARFIRE backup lithium
blanket concept? and to the lithium-cooled
module concept in Ref. 5. The seml-cylindrical
heads form the first wall, which 1s 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 1s withdrawn through holes in the cell's rear
wall. This concept mininizes voids in the
regleas which are available for breeding and
also minimizes associated neutron streaming
problems. The module walls are pressurized
internally to ~1-2 MPa, becase 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 ian Fig. 2. In this model it 1is
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/m? 0.5

Nuclear heating rate, W/cc:
Structural material (HT-9 or V-alloy) 11.5
Coolant (17L1-83Pb) 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 chanrel, mm:
Be coating, first wall,
coolant channel, baffle plate k]
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Fig. 1. Selected blanket design configuration

for Li-Pb breeder/coolant approach.
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Fig. 2. Geometricsl model.



The surface heat flux on the flrst wall 1is
assumed to have a cos ¢ distribution (¢ = anzle
away from the midpolnt 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
{n the coolant, and two in the baffle plate.
The baffle plate between the first wall and the
hlanket reglon 1s assumed to be perforated to
prevent stagnant thermal regions behind the
baffle.
RESULTS OF THERMAL/HYDRAULIC ANALYSI1S

The steady-state temperature distribution
for three thicknesses of HT-9 structure are
glven in Table I. Typical temperature plots for
a selected set of nodes from the 80-node geo—
metrical model for the 3-mm thickness reference
case are shown In Figs. 3 and 4. The results

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 partlcular 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 modulea. A set of cslculations was
carried out by varying the thickness of the
first wall to estimate how the material thick-
negs affects the temperature distribution. When
this thickness is increaased from 3 to 4.5 mm,
and then to 6 mm, the maximum structural mate-
rial temperature 18 increased by 33°C and 75°C,
respectively. An examination of the circumfer-

show that ~33% of the total temperature rise of ential temperature distribution shown in Fig. 4
TABLE I
Steady~State Temperature Distribution in Elongated Cylinder Cooled by Li-Pb
A. Structural Material (HT-9) Thickness: 3 mm
“ODE  TEMP  MODE  TEMP  NODE TEMP  NCDE TEMP  NODE TEMP  NODE TEMP  NODE TEMP  HODE TEMP  HODE TEMP  NODE TERP
1 0507 2 3359.0 3 3155 4 3211 5 328.1 6 335.1 7 341.6 8 347.2 g 3514 i 3%4.2
IR 333.7 12 307.9 13 313.5 14 320.0 15 3271 16 1341 W7 340.6 18 366.2 19 £0.4 20 353.2
21 301.4 22 305.7 23 3Nz 24 317.8 25 324.8 6 331.8 27 133.3 28  343.9 29 3‘8.; 20 §:3,9
31 38%.6 320 321333 3334 340 346 35 35401 36 3511 37 65,2 I8 3%6.0 39 3837 40 3361
41 62 332,90 63 345.7 ¢4 3633 45 3746 646 381.6 47  333.8 48 381.3 4% 374.4 S0
31 £2 362.2 53 383.5 sS4 331.4 5 334.4 £s 401.5 S7  401.8 3 395.9 59 356.5 62
51 2 375.5 63 412.7 54 G62.2 65 64512 66 GHE.N 67  462.5 68 4451 69  417.7 70
1 72 376 .1 73 418.1 74 443.9 75 463 .6 76 475.6 77 469.3 78 450.5 79 421.3 82
B. Structural Materiagl (HT-9) Thickness: 4.5 mm
2 TERA  NOSE TEMP  NODE TEMP HNODE TEMP  NODE TEMM NODE TEHP HODE TEMP NODE TEHMP NODE TEMP  NCDE TEMP
' D? 324.8 2 309.3 3 3150t 4 321.9 5 29.1 6 336.4 7 3432 8 349.0 9 353.4 10 355.4
11 303.8 12 308.3 13 3141 14 320.8 15 328.1 16 335.4 17 3642.1 18 347.9 19 352.4 2 255.4
o7 %13 220 1%.0 23 03NS 26 3188 23 325.8 26 3331 27 339.9 28 345.7 2% 380.2 30 3331
n 332.% 32 325.8 33 339.3 34 351.7 35 351.9 36 3591 37 372.9 3 3734 39 369.8 40 I¢6.1
1 .5 42 342.6 43 363.1 44 330.5 65  393.5 45  400.5 47 401.7 45 396.8 49  I85.5 50 .9
51 .3 B2 383.2 53 355.6 54 433.0 35 423.4 35 43306 57  4Z9.0 53 4131 55 492 9 60 .6
51 8 62 333.9 63 433.3 64 473.0 65  494.9 66 S02.0 67 45%.0 68 471.8 69 637.7 70 .9
T .3 2 397.5 73 4537 T4 479.7 75 392.3 76 £39.5 27 500.8 78 477.2 7% 441.2 14 L
C. Structural Material (HT-9) Thickness: 6 mm
NGO TEMP  NODE TEMP  MODE TEMP  NDDE TEHMF  NODE  TEHP WCDE TEMP O NCDE TEMP  NODE  TEMP  RODE TE!P KODE  TEHP
1 305.1 2 3191 3 316.5 4 323.8 5 3316 6 339.5 7 3¢5.8 8 333.1 9 333.1 10 41,7
M 3061 12 309.4 13 3i15.4 14 322.8 15 330.6 b 133.4 17 365.7 18 352.1 19 357.1 2 340.6
21 1.8 22 5.8 23 315.2 C4 30.5 25 385.3 0 T 33%.2 27 33,5 28 349.8 29 334.9 1) 58.%
n 318.2 32 333.2 33 345.6 3% 352.¢4 35 373.6 38 251.4 37 185,35 38 3851 39 210 40 374.6
41 a2 3%8.2 643 182.8 44 403.4 45 4131 46 425.9 47 4252 43 419.2 4% 405.9 50 333.¢
51 5 52 330.2 53 4.0 54 4471 55  459.3 45 467.0 57 4635.8 53 450.2 59 427.8 60 400.5
61 2 62 64183 63 47001 64 510.4 65 535.5 6 543.2 67 533.0 68 505.3 69 455.8 70 433.0
71 .6 72 4219 73 475.5 4 517.2 75 56429 76 330.6 77 33%.8 18 5117 79 469.3 B0 419 .4




The surface heat flux on the first wall is
assumed to have a cos ¢ distribution (¢ = 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 iato ten regilons in the circumferential
directior, 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

the coolant (207% due to surface heat flux aand
13%Z 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 cooclant
exlt where it approaches the coolant
temperature.

The gravity load on a particular first wall/

prevent stagnant thermal regions behind the
baffle.

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 varyimng the thickness of the

first well 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,

RESULTS OF THERMAL/HYDRAULIC ANALYSIS

The steady-state temperature distribution
for threce thicknesses of HT-9 structure are
given 1in Table I. Typlical temperature plots for
a selected set of nodes from the 80-node geo-
metrical model for the 3-mm thickness reference

case are shown in Figs. 3 and 4. The results respectively. An exaunination of tl.e circumfer—
show that ~33% of the total temperature rise of eantizl temperature distribution shown in Fig. 4
TARLE 1
Steady-State Temperature Distribution in Elongated Cylinder Cooled by Li-Pb
A. Structural Material (HT-9) Thickness: 3 mm

NODE TEMP NODE TEMP  NODE TEMP NODE TEMP  NODE TEMP  NODE TEM NOOE TEMP NODE TEMP  NODE TEHP  NODE TEHP
1 304.7 2 159.0 3 3.5 4 3211 5 328.1 6 335.1 7 3%1.6 8 347.2 9  351.4 10 384.2
1 383.7 12 307.9 13 313.5 1% 320.0 15 327.1 16 335.1 7 340.6 18 346.2 19 350.4 20 353.2
21 30%.4 22 305.7 23 M1.2 26 32,8 25 324.8 6 331.8 27 333 28 I9 29 8.2 30 330.9
31 309.6 32 32i.3 53 3334 34 38%.6 0 35 3541 36 35101 37 X45.2 I8 386.0 3% 363.7 40  359.1
41 3i15.1 42 332.9 43 348.7 44 363.3 45 374.6 46 3ISV.6 47 383.8 48 313 49 374.4 S0 344.4
51 320.0 52 362.2 53 363.5 56 3’1.4 55 3544 565 40YV.3 57 401.8 583 395.9 59 334.5 63 353.3
61 335.3 62 375.5 63 412.7 64 442.2 65 G612 66 46E.1 67 462.5 68 4451 69  4i7.7 70 383.4
71 336.7 72 379.1 73 4181 74 64439 75 483.6 76 475.6 77 469.3 78 450.5 79 421.3 8% X359

B. Structural Material (HT-9) Thickness: 4.5 mm

i00E MP  NODE TEMP NDDE TEMP HODE TEMP NODE TEHMP  HODE TEMP  NODE TEMP  NODE TEMP  NODE TEHP NODE  TENP
hOD? T%OQ.S 92 309.3 3 3151 321.9 5 3291 6 336.4 7 343.2 8  349.0 9 353.4 10 355.4
11 303.8 12 30%.3 13 3141 14 3208 15 328.1 16 335.4¢ 17 342.) 18 347.9 19 352,64 20 155.4
21 3013 22 %60 23 3. 24 3186 2 325.8 2 333.1 27 339.9 23 345.7 29 350.2 30 3531
51 3126 32 3°5.8 33 339.3 34 351,735 3819 36 359.1 37 372.9 33 373.1 39 369.8 40 3e4.1
41 321.5 42 342.6 43  363.1 644 330.5 45 393.3 4% 400.5 47 4017 48 396.8 49 3885 50 3729
51 19,3 52 383.2 53  385.6 54 4d3.0 55 6423.4 55 432.6 57 419.0 58 419.1 5% 402.0 60 380.6
21 3452 62 3339 &3 432.5 64 473.0 65 494.9 66 502.0 67 494.0 68 4718 69 437.7 70 336.9
71 0367.3 72 397.5 73 4437 T4 4797 75 5%2.3 Y6 509.5 77 S00.8 73 477.2 7§ 441.2 8 378.4

C. Structural Material (HT-9) Thickness: 6 mm

NCOE TEMP  NODE TEMP  NODE TEMP  NODE TEHP NODE TEHP  NCDE TEMP  NCDE  TEMP NODE TEMP  RODE TEMP  NODE TEMP
13051 2 3101 3 36,5 4 3238 57 3316 6 339.5 7 365.8 8 353.1 9 338.1 10 317
1306.1 12 3091 13 315.4 16 322.3 15 330.6 w 3.4 17 3657 18 352.1 19  357.1 2 360.6
21 351.8 2 3t5.8 23 313.2 24 320.5 25 333.3 6 336.2 27 335 28 349.8 29 354.9 0 358.4
31 318.2 32 333.2 33 3E.6 3% 3s2.4 35 373.6 3% Xr.¢ 37 185.3 38 385.1 39 381.1 40 374.6
61 332.7 42 358,2 43 382.8 G4 4D3.4 45 4181 46 4259 47 425.2 4% 419.2 49 405.9 50 333.%
51 364.5 52 380.2 53 414.0 54 441.1 55 459.3 55 467.0 57 463.8 58 650.2 59 422.8 60 400.5
61 132.2 62 4183 63 470.1 64 510.4 65 5355 66 543.2 67 535.0 68 505.3 69 485.8 70 4i3.0
71 3836 72 64219 73 4755 74 517.2 75 542.% 76 B30.6 77 3338 78 511.7 79 469.3 80 419.4




distribution was calculated by varying the
contact coefficient between 1 and 10 W/cm2-X,
The results show that when the contact coeffi-
clent 1s increased by a factor of 10, vhe 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 terms
of deLermining strucural arrangement and thick-
nesses, the Iinternal 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 materfals.
Allowable sresses were based on methods
developed from Sec., III of the ASME Code, except
tnat as a simplification thermal stresses and
primary stresses were each limited to 1.5 Sy.

The selected structural configuration is
shown in Ff{g. 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 (op;) due to AT
through the wall thickness; and (2) overall
thermal stress (o¢o) 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
wag 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 allcwable secon—
dary stress (1.5 Sm). Overall thermal stresses
were elastfcally calculated for the blanket
module cross section, assuming the blanket
mnodule iIs 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 Sqa).
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°c)
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Fig. 5. Blanket module overall thermal

stresgses.

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 winimize 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 CONCLYSIONS

A serles 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 variatfions in thicknmess
of the structural material, coolant channel
thickness, diameter of the cylindrical blanket
modules, interfacial 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/
blantet 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 most of the
cagses 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, ihen 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 1f necessary for longer
surface erosion lifetines.

From the results of the thermal-hydraulic
and stress analyses 1t can be concluded that the
elongated cylindrical blanket modules made irom
HT-9 or V-alloy appear to offer a viable design
concept. Analysis of the intermediate heat
exchangers, fluld trangpor* and power conversion
systems, and tritium containment and extraction
systems are necessary to complete the
evaluation.
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