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Abstract

The STARFIRE/DEMO Project has performed a conceptual design study of the demonstration
fusion power reactor to follow the FED/INTOR class of experimental tokamaks. This paper
discusses thermo-structural and thermal-hydraulic aspects of two fundamentally different
first wall and tritium breeding blanket concepts for STARFIRE/DEMO. The first concept uses
solid lithium oxide (Lizo) as the tritium breeder in a modular blanket. The First wall is a
flat corrugated panel. Both firet wall and blanket are constructed of titanium-nodified
austenitic stainless steel and are cooled with pressurized high-temperature water. The
second concept features a liquid metal, 17Li~83Pb, as tritium breeder and coolant. The
blanket module's two semi-cylindrical front walls form the first wall, the back faces of
which are cooled by flowing liquid metal. Ferritiec steel and vanadium alloy are the
candidate structural materials.

Thermal-hydraullc analyses were performed for the solid-breeder blanket to investigate
the sensitivity of breeder temperatures to variations in physical parameters (i.e., thermal
conductivity and interface thermal conductance) and fluctuations in power level. The study
is important to assure that breeder temperatures stay within the allowable limits during
blanket operation.

Thermoelastic stress analyses of the LiZO breeder were conducted using a simple
cylindrical model to determine the breeder's propensity to fracture under operational thermal
gradients (410°C to 660°C outward radially from the cylinder's central coolant tube, over a 2
to 6 cm thickness), The analyses indicate high propensity For radial and axial crack
formation and several remedies are being considered to alleviate the cracking problem.

Primary and secondary stress calculations for four different First wall/coolant chanoel
configurations of the solid-breeder blanket were performed to determine their structural
requirements (i.e., thickness). Channels with cross sections bounded by semicircular ares in
the corrugated sheet exhibited lower thermal and mechanical stress levels than arc segments
or sinusoidal shapes.

Thermal-hydraulic analyses were performed for the liquld-breeder blanket to investigate
the sensitivity of structural material temperatures to variations in the structural thickness
énd coolant velocity (or channel width). The results showed that the maximum allowable
temperature for structural materials sets the design limit; no other problems were

anticipated.
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Elastic— and thermal-stress analyses were performed for the liquid-breeder blanket to
determine its structural requirements (1.e., thickness and internal frame spacing). Plastice

analyses will be required for future analytical refinement.
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1. Introduction

The STARFIRE/DEMO Project has performed a conceptual design study of a demonstration
fusion power reactor to follow the Fusion Engineering Device (FED)/International Tokamak
Reactor (INTOR) class of experimental tokamaks. Two fundamentally different DEMO first wall
and tritium-breeding blanket concepts were considersd. The first concept uses solid lithium
oxide (LiZO) as the tritium breeder in a modular blanket. The first wall is a flat
corrugated panel. Both first wall and blanket structural materlals are constructed of
titanium-modified austenitic stainless steel and are cooled with pressurized high-temperature
water. The second concept features a liquid metal, 17Li-83Fb (subsequently referred to as
Li-Pb), as tritium breeder and coolant. Two semi-cylindrical front walls of the blanket
module form the first wall and their back faces are cooled by flowing liquid metal. Ferritic
steel (HT-9) and vanadium alloy (V-15CT—5Ti) are the candidate structural materials,

This paper describes the design features and presents highlights of the thermal-
hydraulic and thermo-structural analyses of the two blanket concepts. Detailed results and

discussions of this work will be published elsewhere [1, 2].

2. Solid Breeder Blanket Concept

2.1 Design Features

The DEMO reference first wall/solid-breeder blanket design concept is illustrated
schematically in Fig., 1. Selected materials, design options, and major operating parameters
are listed in Table I.

The reference blanket design uses the concept of individual first wall/blanket modules
configured as parallelepipeds. These modules are assembled into sectors. Eight of these
sectors, identical except for local modifications (e.g., to accommodate REB diode leads),
comprise the reactor first wall/blanket system.

The first wall (shown in Fig. 1) 1s an actively cooled panel made of Prime Candidate
Alloy (PCA), a titanium-modified advanced austenitic stainless steel. The cooled structural
panel is continuous down both sides of the modules to the rear of the breeding zone. The
inlet and outlet ends of the panel terminate in headers in the manifold zone. The first wall
is mechanically and structurally integrated with the blanket. Actively cooled support frames
within the breeding zone are welded to the back side of the first wall and to the rear wall
of the breeding zone to provide structural rigidity and to avoid flow-induced vibration.

The L120 breeder is contained within the boundary formed by the six sides of the
module. The toroidally-oriented coolant tubes in the breeder zone are arrayed in banks; each
tube makes a single pass through the breeder. Tube spacing radially and poloidally through
the breeding zone is graded in proportion to the local nuclear heating rate, to ensure that
the breeder 1s maintained within the design-basis minimum and maximum temperature limits of
410°C and 660°C, respectively, at all points. For each tube, coolant temperature is
increased from 260°C at the Inlet to 300°C at the outlet by orificing at the tube entrance to
produce the proper flow rate.

Helium purge gas is used to remove tritium from the breeder. The low pressure {~ 1
atm), low flow-rate gas is introduced into the pressure-tight breeding zone at one end of the
module through the rear wall., The gas flows in the toroidal direction through narrow
channels (~ 2 mm dia.} pre-formed in the breeder, and exits through the rear wall at the

other end of the module. The LiZO breeder is fabricated in the form of sintered or hot
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pressed blocks having 30% porosity, which are fitted around the U-bend tubes during assembly
of the blanket. The configuration and the assembly method of the blocks necessary to
accommodate thermal-stress—-induced cracking must be determined through future development

efforts.

2,2 Thermal-hydraulic Analysis

Parametric studies were carried out to determine the changes in breeder temperatures
with variations in such key physical parameters as breeder thermal conductivity (kB)’
breeder-to~coolant—tube interface thermal conductance (hI), and blanket operating parameters
such as reactor power level. The results of these studies, and their implications for the
reference blanket design, are discussed in this section.

The one-dimensional (1-D) cylindrical blanket—cell model shown schematically in Fig. 2a
was used for most of the scoping studies. Although the temperature distribution in the
breeding blanket is three-~dimensional, the cylindrical blanket cell model permits
mathematical simplifications. The assumptions of uniform internal heat generation and
temperature~independent material and fluid properties permit the governing equations to be
solved in closed form, greatly facilitating parametric investigations. Reference geometric
and operating parameters used for the sensitivity study are those given in Table 1. Three
blanket regions, each representative of a blanket region away from the plasma side, were
chosen for investigation. Region 1 was taken near the first wall and has the maximum nuclear
heating rate of 12.94 W/ cc. Region 2 was taken within the breeder zone where the nuclear
heating rate is ~ 25% of that in Region 1. Region 3 was talen near the reflector/shield
where the nuclear heating rate is ~ 4% of that in Region 1. For each reglon, a constant
zone~averaged nuclear heating rate was used.

Table II summarizes the results of the sensitivity studies. Breeder temperatures are
found to be sensitive to each of the parameters, and the degree of sensitivity to each is
comparable. In some cases (kB for example), the range considered for variation is believed
reasonable, taking into account the Irradiation degradation effects on kB. In other cases,
(hI for example), the range considered for variation may involve larger uncertainty than that
for kg.

One might ask why it is so important to stay within the maximum and Che minimum
temperatures. These temperature bounds are imposed from considerations of both tritium
release and microstructural stability. For L120 in particular, the lower temperature bound
(410°C) is set to ensure adequate solid-state tritium diffusion and to avoid LiOT liquid-
phase formation which may seal off the interconnected porosity path for tritium release. The
upper temperature bound {660°C} is set to prevent high—temperature sintering and grain

growth.

2.3 Thermo-structural Analysis

A. 5o0lid Breeder Physical Integrity

Maintaining L120 breeder temperatures during blanket operation within the limits
established by materials considerations 1s considered to be the key to successful tritium
recovery, Previous design calculations showed that the minimum and maximum L120 temperature
requirements can be satisfied by proper selection of coolant conditions, tube dimensions, and

tube spacing. Results in Sec. 2.2, however, also illustrated the important role of breeder-
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to~tube interface thermal conductance, and of
temperatures. All of these calculations were
sintered solid) and retaine its as—fabricated
was made of Li,0 integrity under DEMO blanket

assessment, which focused specifically on the

breeder thermal conductivity, on breeder

made assuming that Lizo remains intact (i.e., a
configuration during operation. An assessment
steady-state operating conditions. The

thermoelastic response of LiZO under thermal

gradients, 1s presented below,

For analytical simpliecity, the L120 solld breeder was represented either by a thick,
hollow cylinder, or by a thin disc with a central hole. Except for the region invelving the
coolant tube, the models are identical to the eylindrical cell model used in the blaoket
thermal hydraulic study (Fig. 2a). Simplifying assumptlons of axlsymmetry and temperature-—
independent materlal properties were made and standard formulae [3] were used for the
principal thermoelastic stress components under conditions of either gemeralized plane strain
(for the thick, hollow cylinder) or plane stress (for the thin dise).

Figure 3 shows the calculated temperatures and stresses im Region 1 of the thick
cylinder; results are similar for Regions 2 and 3. Of the three principal stresses in each
blanket region, 9q and g, are both tensile near the breeder-to-tube interface, and
compressive near the cell outer boundary, Maximum tensile stresses occur at r = a

where ¢ If the maximum tensile principal stress 1s used as a fracture criterion for

=g .
LiZO, oge ca: expect equal likelihood for oe—induced (radial) and az-induced (axial) cracks
to form first from the breeder-to-tube interface. 1In view of the relatively low flexural
strength reported [4] for L120 (1.e., o = 48.3 MPa), the cracking tendency appears very high
since the maximum tensile stresses, 1076.9, 1131.3, and 1203.1 MPa for Regions 1, z, 3,
respectively, have all greatly exceeded the flexural strength.

For the L120 s0lid breeder dimensional change, the contribution to the gap-size change
at the breeder~to-tube interface from LiZO thermal expansion 1s an increase of ~ 0,12 mm.
The axial thermal expansion strains are ~ 1.8%. If the breeder length 1s taken to be the
same as the blanket coolant chanmel length of 3 m, the axial thermal expansion of the breeder
will be ~ 54 mm. These thermal expansion values give a crude Indication of the breeder
dimensional change.

For the thin-disc medel, the maximum tensile stresses can be readily obtained from the
thick—cylinder solution.

One needs only to multiply oL and o, in Fig. 3 by a factor of

(1 - v) to obtaln the plane-stress results. With u = 0.3, th: maximum tensile
circunferential stresses (ae) in the thin disc are, therefore, 753.8, 791.9, and 842.2 MPa
for Regions 1, 2, and 3, respectively., Since all these stresses are still much higher than
the flexural strength of 1i,0, the tendency for the formation of oe—induced radial cracks in
thin-disc Li20 remains high, even though axial crack formation is prevented because 9, is
very small. Notice also that even though o in Fig. 3 is greater than O¢ s the Uruinduced
(circumferential) cracks are unlikely to form compared to the much higher propensity for the
formation of radial and axial cracks., Once those cracks form, stress redistribution occurs,
and the stress patterns are no longer given by those in Fig. 3.

Breeder cracking, if it occurs, will change the blanket configuration and increase the
difficulty in predicting and controlling breeder performance during operation. For example,
the effects of a gap size change due to Li,0 thermal expansion at the breeder/tube interface

must be accounted for in thermal conductance calculations. The cracks themselves, 1if
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unfavorably oriented, can increase the impedance to heat flow and thereby viclate the breeder
maximum temperature limit. In the Lizo reference blanket design concept, the primary heat
flow is in the radial direction, and the formation of clrcumferential (ar—induced) cracks to
impede radial heat flow is least likely. Radial and axial cracks, on the other hand, do not
represent barriers for radial heat conduction, even though the local temperatures will be
influenced by the heat-transfer medium (helium purge gas) between the crack faces. The
creation of new surfaces should also aid tritium release by reducing the diffusion path.

It is for these reasons that the DEMO project 1s considering using metallurgical bonds
and a closely—-controlled conducting medium instead of a helium gap. Segmentation of the
breeder cylinder, both axially and circumferentially, to relieve thermal stresses to levels
below the fracture strength of Li20 is also being considered. High fabrication and assembly
costs, as well as other difficulties may arise with the above approach, and alternative

designs are being contemplated.

B. First Wall Stress Analysis

An important aspect of the first wall design with pressurized water coolant is the
coolant channel configuration. Four optlons have been analyzed for stresses: (1) a grooved
channel in the back of the first wall, covered with a flat plate, (2) a solid first wall with
a corrugated panel in the shape of a sine wave, {(3) a solid first wall with a corrugated
panel in the shape of an arc of a cirele, and (4) a solid first wall with a corrugated panel
in the shape of a semi-—circle.

The four configurations are compared for the same width (W). The sinusoidal pamnel and
the clrcular arc panel are compared for the same width to height (W/h) ratio. Primary and
secondary stresses from mechanical and thermal loading were determined, and the results are
summarized below.

The maximum primary stress intensity (Pm) is plotted in Fig. 4a as a function of the
panel wall thicknese, for unit pressure, at a W/h valie of 4. The naximum stress intensity
at any point is defined by twice the nmaximum shear stress at that point. The lowest primary
nembrane stress occurs for the semicircular case. For widths greater than 10 mm and
thicknesses less than 4 nm, the primary membrane stress in the circular arc is less than that
in either the flat plate or the sinusoidal panel. For lesser widths (W = 5 mm) the
differences among the four geometries are small, Since the DEMO maximum coolant pressure (P}
is 11 MPa, the primary membrane stresses are small compared to the allowable values,
particularly for channel widths ¢ 10 mm; and the primary stress intensities are less than the
allowable S values for either annealed or cold-worked (CW) Type 316 8§S§.

Figure 4b is a plot of the maximum primary local membrane plus bending stresses. Tor
gmall channel widths {~ 5 mm) both the flat plate and the sinusoidal panel have the lowest
stress; however, the differences among the four geometries are not large. TFor larger channel
widths and smaller thicknesses, bending effects are dominant, and the semlicircular panel
exhibits the lowest stress intensity and the flat plate the highest stress intensity. For
the 5 mm channel width, all four geometries satisfy the 1.5 S, requirement for either
annealed or CW Type 316 S5 for all thicknesses conslidered. The same 1s true for 10 mm
channel widths, provided the front plate thickness i1s greater than 2.5 mm.

Figure 4c shows the variation of maximum thermal stress for different AT between the

average temperature of the first wall and the rear panel. The semicircular panel provides
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the lowest stress. The circular arc panel experiences the largest thermal stress, which
occurs at the attachments to the first wall due to bending. Figure 4d shows the total
primary plus secondary stress for panels of 10 mm channel width, for AT = 50°C and 100°C.
The figure also shows the allowable 3 5, limits (dashed 1line) for both annealed and CW Type
316 SS. The CW material is acceptable for all geometries at both AT values. The annealed
material is acceptable only for the semicircular panel at AT = 100°C, but for AT = 50°C the
flat plate and sinusoidal panels alseo satisfy the 3 5, limit,

From the viewpolnt of stress, the semicircular panel configuration is the most
desirable. However, considerations of cooling efficiency and of fabrication cost might
indicate the circular arc or sinusoidal configuration to be a better choice. Further
analyses should also be performed to determine the stress effects of using relatively thin
front plates. These would be permitted by the very low particle flux to most of the first
wall for the DEMO reactor.

3. Liquid Breeder Elanket Concept

3.1 Design Features

The DEMO referemce first wall/liquid-breeder blanket design concept is illustrated
schematically in Fig. 5. Geometry, materials and operating parameters are given in Table
IITI. The reference blanket design uses the concept of integral first wall/blanket modules
configured as double-headed, elongated radial-flow cells, similar to the STARFIRE backup
design using liquid lithium [5]. The walls of the plasma side of the flow cell constitute
the first wall and both ferritic steel (HT-9) and a vanadium alloy (V-15Cr-3Ti) are being
considered as the structural materials. The semi~cylindrical heads are cooled from the
backside by flowing Li-Pb, which serves both as the breeder and the coolant. The Li~Fb
enters the blanket through a standpipe, flows from a manifold through the gap between a
baffle and the first wall, then reenters the chamber from which it is withdrawm through holes
in the rear wall of the cells. This concept minimizes volds In the regions which are
available for breeding, and alsc minimizes assoclated neutron streaming problems. This helps
to assure that the STARFIRE/DEMO blanket would produce a net breeding ratio > 1 in actual
practice. The module walls are pressurized internally to ~ 1-2 MPa, however, owing to (1)
the interconnection of the blanket modules combined with the high density of the Li~Fb, and
(2) the pressure head required to pump the Li-Pb through the primary coolant system. This
requires internal frames spaced relatively close together to break up the large-area flat

walls inte smaller panels.

3.2 Thermal Hydraulic Analysis

A preliminary thermal hydraulic analysis was performed for the Li-Pb self-cooled blanket
concept described in Sec. 3.1, in order to determine the temperature distributions in the
first wall/coolant channel region of the blanket. For the analysis, the parameters of
coolant channel width, first wall thickness, coolant temperature increase {inlet to outlet
for the blanket), and module semi-cylindrical head diameter were varied to lnvestigate a
range of allowable values. The resulting temperature distributions were later used as input
to the thermo-structural analysis described in Sec. 3.3.

Figure 6 shows the model for the thermal hydraulic calculations. In this model, it is
assumed that the first wall has a beryllium coating for plasma impurity control. The
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calculations are based on the information given in Table IV, with assumed nuclear heating
rates of 11.5, 22.2, and 11.27 ¥/ce, respectively, for the structural material,
breeder/coolant, and Be coating.

The surface heat flux on the first wall (diameter = 30 cm) is assumed to have a
cos $ distribution (¢ = angle away from the point closest to the plasma). Assuming uniform
flux distribution in the lengthwise (toroidal) direction of the blanket modules, one can
perform the thermal analysis based on two—dimensional heat coaduction. The module was
divided into ten regions in the 8-directlon, two regioms in the Be coating, and three reglons
in the plate {all in the radial direction). The baffle plate between the first wall and the
blanket region is assumed to be perforated to prevent stagnant thermal regions behind the
baffle. Nominal thicknesses of the Be coatimg, first wall, coolant channel, and baffle plate
were all taken to be 3 mu. To simplify the calculations, thermal interactions between the
first wall region and other regionms are assumed to be negligible.

Table IV summarizes the rtesults of the parametric studies. For the reference case, the
maximum surface temperatures in HT-9 and the beryllium coating occur just past the head
centerline and are 414 and 480°C, respectively. These temperatures vary with structural
thickness and channel width (or coolant veloclty). TFor the cases included in the analyses,
the coolant outlet temperature appears to get the upper temperature limit for the structural
material.

If 450°C is assumed to be the upper temperature limit for HT-9, then the coolant
temperature Tise would be limited to 150°C, For the vanadium alloy, the allowable coolant
temperature rise may be as high as 200°C. This provides additional flexibility in the
blanket design. The thickness of the Be coatiné was assumed to be 3 mm, which resulted in a
maximum temperature of 480°C for the reference case. On the basis of temperature alemne,
thicker coatings can be used, if necessary, for plasma impurity control; however, stress

analyses should be carried out to determine maximum allowable coating thicknesses.

3.3 Stress Analysis of Li-Pb Self-Cooled Blanket Module

To determine the structural requirements for the double—head module concept described in
Sec. 3.1, & preliminary stress analysis was performed for a typical blanket module. The
required structural arrangement, thicknesses, and allowable relationships among the various
design parameters were studied. Coolant pressure was assumed to be 1.4 MPa (including
pumping head pressure). Temperature distributicns from the thermal-hydraulic analysis of
Sec. 3.2 were used to determine thermal stresses. Allowable stresses for both HT-9 ferritic
steel and vanadium alloy were based on the ASME Boiler Code Section III, Division I, Class
2. This defines (1) an allowable stress for primary loads {pressure in this instance) of
1.5 S = 1.5 (Ftu/3) = Ftu/Z, and (2) an allowable stress for primary plus secondary loads
(thermal stresses in this instance) as 3 5, = 3 (Ftu/3) = Fos vhere F_ is the allowable
stress for HT-9 at 450°C taken to be 525 MPa, As a simplification for this analysis, the
latter limit was taken as 1.5 S for primary stresses and 1.5 S for secondary stresses.

Only elastic analysis was performed. Since the limit (Ftu) for primary and secondary
stresses 1s above the yileld stress, significant plasticity can occur during operational
cycling (due to plasma disruptions) of pressures and temperatures. The elastlc analysis
described here is thus only a first approximation to determine the structural requirements;
future effort should include plastic analysis, particularly for lifetime estimation.

The module structural configurations are shown in Fig. 7. Dimensions shown are for the
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HT-9 ferritic steel, The l.4 MPa internal pressure acts on the side walls which beams this
load to the internal frames. TLoads on the side walls for vertically oriented modules are
equal and are self-reacted through the frames, Differences in side wall loads for other
modules due to the internal static head difference and breeder gravity loads are reacted by
the side wall to the frames. The frames, in turn, react these loads in shear to the back
wall. Even though the side walls are cylindrical In the first wall sectlon, the principal
load path in the skin for internal pressure 1s still in the toroidal direction, as the skin
beams the pressure to the tension webs. In the present module design, the hoop tension path
in the poloidal direction does not have a rigid support at the cusp between heads oo the
module center line, and hence is only partially effective. Accordingly, this analysis
conservatively excludes the hoop tension load path.

It is desirable to minimize the structural volume of the blanket module to provide as
large a breeder/coolant volume fraction as possible. Considering only the side walls (sized
by pressure), and minimum gage internal frames (l-mm thick plus 25% for stiffeners), a
minimum structural volume condition for HT-9 was found at a spacing of 8 cm, as shown in
Fig. 8. Although this provides a rationale for selecting a frame spacing and wall thickness,
other criteria (e.g., maximizing coolant temperature rise) modified this solution to a 5.7 em
spacing (still near minimum structural volume fraction).

Thermal stresses were calculated for the temperature conditions given in See. 3.2, They
conslst of two parts: (1} a local thermal stress (atl) due to temperature variation through
the wall thickness; and (2) overall thermal stress (uto) due to temperature variation on the
blanket cross section (stress in toroidal direction). Temperature variation through the
thickness is almost linear, and a simple plate relationship was used for a first estimate.
The baseline configuration analyzed has a AT through the thickness of 62.8°C. This results
in a local thermal stress for HT-9 of 94.6 MPa, This is about a third of the assumed
allowable secondary stress {1,5 Sm). In a blanket sector, adjoining modules may act near-
adiabatically so that through-thickness AT values in the side walls (and thus the related
thermal stresses) will be negligible.

Overall thermal stresses trere elastically calculated for the blanket module cross—
sectlon. The analysis assumes the blanket module is unconstrained either in axial extension
or in bending (e.g., 2 “free” beam). The maximum overall thermal stress (151 MPa) occurs in
the cusp area on the inboard wall. This represents about 2/3 of the assumed allowable
secondary stress (1.5 Sm).

Temperatures for the first wall region of the module were calculated as discussed in
Sec. 3.2 for different values of side wall thickness {tw)’ coolant channel thickness (tc),
eylinder diameter (D)}, and coolant temperature rise (TC). Temperatures for the flat portions
of the side walls were calculated by linearly interpolating between the temperature of the
last element in the first wall and the assumed coolant outlet temperature. The effects of
using both the HT-9 ferritic steel and vanadium alloy were evaluated. The effects of these
variations (taken one at a time) on thermal stresses and allowables were calculated using
linear approximations. By adding these sensitivities together and curve fitting through the
baseline thermal stress, a linear equation for thermal stress was obtained as a function of

the parameters tys € T and D. A similar equation was generated for the average

c* Te?
temperature of the highest temperature element in the front wall region as a function of the
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same parameters. Since the allowable stress for a material is a function of temperature, the
allowable stress was then known as a function of the other parameters. By equating allowable
stress to the calculated thermal stress, a relationship was obtained among the parameters
that would not over—stress the first wall., This relationship 1s shown in Fig. 9 for both HT-
9 and V-15Cr-5Ti. To maximize the allowable ceolant temperature rise, it 1s desirable to
minimize the wall thickness and half-cylinder dlameter, and to a lesser extent to minimize
the thickness of the first wall coolant channel. The vanadium alloy can be used at higher
temperatures than HT-9 becauge 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
hence a higher energy conversion efficiency) for a given wall thickness, as is evident from
inspection of Fig. 9.

In summary, the module configuration using either HT-9 ferritic steel or V-15Cr-5Ti
alloy appears adequate to provide sufficient strength for the assumed pressures and coolant
temperatures. However, the structure is complicated by the internal frames which are
necessary to react pressure loads on the flat side walls. This may make the structure moTe
difficult and expensive to fabricate. Use of the V-15Cr-5Ti alloy allows increased cooling
efficlency, or a reduction in the number of internal frames, due to its better mechanical and

thermal properties.

4. Summary

Deslgn features, thermal-hydraulic and thermo-structural aspects of the STARFIRE/DEMO
tritium breeding blanket have been described for two fundamentally different concepts:
1) solid L120 breeder/pressurized HZO coolant/Ti—modified austenitic stalnless steel, and
2) self-cooled 17Li-83Pb liquid breeder/coolant/ferritic steel or vanadium alloy. First-
order thermal hydraulic and thermo-structural analyses were performed for initial design
caleulations which showed favorable results for the viabllity of each concept as well as

problemmatic areas requiring further investigation.
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Table L. DENO Weference Firtar ¥ali/Blankec Concept Deaeription
{5811& Breedat)

Selacted Materialp

= Tritiun Breedec 1,0 (aoltd; 70T denae)

= Coolant Prescurized l|20

- Triciun Procesasng Plutd Low-velocity Haliua (0.05 HPa)

=~ Structure Tltanlum-nodified Austenitic

Stainless Steel

Selected Deaign Options

= Pirat Wal} Bavclad Corrvugated Panel

= Breeder Coslank Cantninment Szall-dfawetet Tubos

~ Ouher
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- Caalant flow 10 tovoldal direction

= Dual parallel pricary coolant loops
-~ Halnrenance by ssctor removal and replacement
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= Coolant Inlat Temparature 260%C
= Coslant Qutler Temperatyre gt
- Coolast Presaure 11.0 ®pa
- tategraced Neutral Hall Losd (Avepage) 1.8 wint

Table III. DENG Refecence Fiest Wall/Blanket Cancept Descriprinn
(Liguid~metal Areedar)

Selecced Materials

- Trittun Breeder
= Coalant

= Structurs

A7L4-830 (11quid)
17e-837b (l4quid}

Ferriric Steel (HT-9)
Vanadlum Alloy (V-15Cr-5T1)

Sclected Deslan Opricns

~ First Wall Be=clad, Double-headed

Seat-eylindrical Coll
- Breeder Coolant Coatalnzent Elongated Flaw Cells
~ Qther
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- Conlant In redlal direccion
~ Haintenance by sector remcval and replacement

Qperating azeters

- Coslant Inlst Temporature 0%

- Goolant Ouzler Teaperarue as0mg

~ susface Heac Flux Wall load 0.3 M/l
- Coolant Pressure 1.4 HPa
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Table IT. LI,0 %01id Brecder Temporacurs Fensitivicy ta Vaviations
of %y, by, atd Pover Lavel 0

Taax (7€} &T {*e) Yoy 70D AT (*Cyn
Teference Case 660 - [$1:) -
kg {+ 10%) 637 i ale -
(- 10%) 688 e 410 -—
Fy (= 47%) 1148 508 410 -
by U+ 32%) 844 ~16 398 -16
hy {- 181} 680 20 430 20
4§ (+ 1) 109 43 a2 1n
0 (- 162} 612 -43 391 -17

AT » difference betwoen the neu tempeeature {waxfnua or minimus} csleulated
with paraaeter varfacisn and the reference tanperature (paximum or
wlaloum},

Table TV, Li-Pb Llguid Breeder Firet Wall Temperature Senelcivity to
Varisciona of Structural Thickness and Coolast Veleclity
(ot Chanmel Wideh)

Taax 1703
Structural EBe-Coating
Reference Case (NI-9} L14 ARG
Structural Thiecknses, + 307 [113 513
Coglant Velocity, - 33% 425 493
= 50T 426 504
- 70T 467 535

N a/1"



SALECER CELL BOUKDARY: BREEDER CELL BOUNDARY
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7. styuctural sizing for Ll-Pb self-rooled blanket concapr.

WALL TRICKMESS — mm

a
T

N
T

ALLOWABLE EOOLANT TEMALAATURE RISE, T, = %

e

a
T

UNIT YOLUME OF STAUGCTURE
o
I

s’
I's
WALL s
THICKNESS /
4«mluuu /
SIAUCTUASL A

STRUGTURE
VOLUME

-~ VOLUME

. I's
rd
2 < wasis
rd
s 1 MATEAIAL + HT-9 AT 200°C
= R4 2 V4K CODLANT PRLSSLUNG AFPLIED TO SIDEWALL
3 TENSION WEB AVENAGE THICKKESS OF | 3 mm (MINILIURM GAGE)
4 MALFCYLINDER DIAMETEA SO¢m
a ! 1
) s 15 0

FRAME GRACING - tm

Frame epacing in Li~fh self-cooled blanket for minlmum atructural veluze.
Bl %
CRELTE
- 3zem oAz
bl # SUNFACE KEAT FLUX 0.5 mit/m?
® HONSTRUCTURAL GAODVEQ )t Br COATING
® U OEIIGN PICISUAL « 1 4 R 200 )
* ALLOWABLLS FER ATUL CODE, SEC 1M,
ERT
s B oV 1, CLAsTY
® SATICUE, MAGHETIC LOABS, $EI5VIC LOADS
wa KT CONBIGLALD
-
NANADIUI ALLOY
(RSP N)
gr seem |
% GENEAAL HEEATIGNSHIF;
290 |- AN T A0 - 832 e —reEy a0
. N IGINENIIONE N ]
2-300m \\
\ K
20 f= 0= 10em \
L
T LI T
_ CogLanT«
o awte oueur
caoLant
T oot s T
I
i 1
\ BSLRLAAL HEL # §
T 9GBS ~8 50 =22 1y QakD
o 1 1, ) ! ) 1 i
o [ 2 E] . s o 1
1=

— 115 —

9. Allowadle relationships of blankst para=meters.
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